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ABSTRACT

Hydrogen evolution reaction (HER) through electrocatalytic water splitting is
regarded as a promising route to produce hydrogen in a large scale. Designing a
low-cost, large-scale, and highly active electrolytic hydrogen production catalyst
is still a huge challenge. Incorporation of high-loading redox-active materials with
small amounts of graphene is a general protocol to achieve high-performance cat-
alysts. Herein, reduced graphene oxide (RGO) and Au NPs cocatalysts-modified
NiS hybrid composite photocatalysts were successfully synthesized via a facile
hydrothermal method for hydrogen evolution reaction (HER). XRD results sug-
gest the NiS with rhombohedral phase (# JCPDS No. 65-2117). Both SEM and TEM
results reveal that Au with NiS sample has clear spherical-shaped nanoparticles
sizes in the range of 3040 nm are coated on the rGO nanosheets. The estimated
optical band gap energy is in the order of Au NPs/NiS@rGO (2.36 eV) < Nis@rGO
(2.67 eV) <pure NiS (2.91 eV). The surface areas of NiS, NiS@rGO, and Au-NiS@
rGO were calculated to be 64.58, 87.6, and 106.35 m?g ™!, respectively. The Au-
NiS@rGO exhibits significantly enhanced catalytic activity for hydrogen evolu-
tion reaction (HER) in both the acid and alkaline electrolytes in comparison with
the pristine NiS. The Au-NiS@rGO delivers a striking catalytic kinetic metrics
of a small Tafel slope of 54 mV dec’! alow overpotential of 252 mV at a current
density of 10 mA cm™?, and long operation stability of 4 day in the acid electro-
lyte. The improved HER activity of the Au-NiS@rGO hybrid composite catalyst
is attributed to the synergistic effect of the surface plasmon resonance of Au NPs
and enhanced electron transfer on RGO. This work could offer a facile and low-
cost strategy for the construction of composite photocatalysts with high-efficiency
hydrogen generation activity.
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1 Introduction

Global warming and environmental deteriorating as
a universal issue has tremendously motivated many
researchers to focus on the renewable and clean energy
sources. Hydrogen generation and storage [1] is one
of the most promising solutions to resolve this issue.
Hydrogen as a clean, safe, reproducible, and sustain-
able source has attracted many attentions in various
fields of hydrogen storage as fuel cells and hydrogen
evolution reaction [2, 3]. Although electrochemical
splitting of water or electrolysis is a mature technol-
ogy to generate high-purity hydrogen on a large scale
to satisfy the future global energy demands [4, 5], the
utilization of expensive Pt, the most efficient electro-
catalyst for hydrogen evolution reaction (HER) with
a near-zero onset potential benefited from a mini-
mum free-energy change for the hydrogen adsorp-
tion on its surfaces, has largely curtailed the practical
deployment of electrolysis for the massive produc-
tion of hydrogen in energy utility sectors as the clean
energy carrier due to its high cost. Therefore, it is
imperative to develop non-precious electrocatalysts
toward cost-effective hydrogen production. Among
all, H, production via photocatalytic water splitting
by semiconductors such as TiO,, WO;, ZnO, etc. is the
most economical, simplest, and clean method [6-8].
This production of H, by photocatalytic water split-
ting has become an emerging area of research inter-
est with great potential due to the global demand for
alternative energy and environmental remediation [9,
10]. Further, one of the serious hurdles faced by most
of the photocatalysts is the high electron-hole recom-
bination rate, which leads to a low solar-to-hydro-
gen conversion efficiency [11]. Various approaches
are adopted to solve this problem; for example, the
conductive carbon materials such as graphene are
combined with photocatalysts to prevent the photo-
induced electron-hole pairs from recombination [12].
On the other hand, the combination of the photocata-
lyst with noble metal nanostructures has received
much attention due to their surface plasmon resonance
(SPR) properties. It has been well proved that the SPR
effect not only improves the optical absorption of dyes
but also enhances electron-hole formation in the pho-
tocatalysts [13-16].

Nickel sulfide (NiS) exhibits a strong tendency to
form complex coordination. The electron density on
nickel increases by the donating electrons of sulfide
(S,7) to nickel metal atoms, which makes the NiS
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readily available to identically suitable moieties to
interact and form a complex. In the view of this, NiS
is being used as an active catalyst material for the HER
activity due to its electronic interaction and abundant
redox centers. Moreover, NiS has n-type narrow band
gap (0.3-0.5 eV), responds to both visible and infrared
light, and has attracted widespread attention as a co-
catalyst [17]. However, pristine NiS associates with
the instability during electrochemical reactions due
to the changes in volume and electronic conductivity
[18]. To achieve an efficient photocatalyst, combining
NiS with carbon-based materials, such as graphene,
is an effective means, and this has been immensely
deployed in various energy conversion applications.
The unique properties of graphene can facilitate the
migration of photogenerated electrons to the active
site, which can minimize the recombination of charge
carriers and promote photocatalytic hydrogen genera-
tion. Owing to the stability issue, reduced graphene
oxide (rGO) is being employed as an effective sup-
porting material which stabilizes the redox reactions
of NiS. Indeed, the hydrogen evolution efficient of
NiS can be synergistically enhanced by introducing
another component as cocatalysts to form NiS/rGO
hybrid composite. Nickel sulfide (NiS) as a good alter-
native co-catalyst is cheap and can replace Pt in pho-
tocatalytic water splitting system [19, 20]. Au NPs as
co-catalyst shows higher hydrogen evolution activity
than those of noble metals in photocatalytic hydrogen
evolution. Therefore, it can be speculated that combin-
ing NiS with rGO and Au NPs may provide a feasible
approach to deal with the drawbacks of low efficiency
and poor photo-stability simultaneously, which has
remained unavailable so far. In this study, we have
synthesized the highly active and stable photocatalyst
for HER through facile hydrothermal route. Firstly,
the Au nanoparticles (Au NP), which display the SPR
at wavelengths of 400 nm, are anchored onto the rGO
surface. Secondly, the noble metal Au, on the other
hand, contributes to the activity by forming a Schottky
barrier at the metal — semiconductor interface. This
Schottky barrier can serve as an effective electron trap
causing high density of states at the Fermi level (EF) of
the interface and minimizing the charge carrier recom-
bination. This electronic factor contributes to charge
separation and utilization. Finally, the rGO-based sup-
port, due to the presence of an sp2-hybridized hexago-
nal carbon network, can transport electrons rapidly
across its two-dimensional (2D) network to the active
site of hydrogen generation, thus enhancing charge
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utilization toward increasing the efficiency of photo-
catalysts. Then, the resulting composite serves as the
substrate to load highly active NiS to form Au-NiS@
rGO hybrid composite. To the best knowledge, it is
the first time to investigate the Au-NiS@rGO hybrid
composite for hydrogen evolution. HER performance
of the Au-NiS@rGO catalyst was systematically inves-
tigated. The Au NPs show a higher catalytic activity
than the pristine NiS nanocrystals in both acid and
alkaline solutions. Our work expands the bimetallic
sulfide family as efficient HER catalysts.

2 Experimental section
2.1 Materials and chemicals

Nickel nitrate (Ni(NOj),. 6H,O, Purity =99.99%),
Natural graphite powder (Purity =99.99%; average
particle size =45 um), Gold nitrate, (AuNOj;), and
thiourea (CH,N,S, Purity =99.99%), were purchased
from Sigma-Aldrich. Potassium permanganate
(KMnQO,), sodium nitrate (NaNOj3), potassium hexa-
cyanoferrate (K4Fe(CN)4.3H,0), Sulfuric acid (98%),
hydrochloric acid, and hydrogen peroxide (30%) are
analytical grade and procured from Merck Special-
ties Private Limited, India and used without further
purification. All the aqueous solutions were prepared
by using Milli-Q water, which were used during the
experiments.

2.2 Synthesis of GO

Typically, flake graphite (10 g), KMnO, (6 g), and
K,FeO, (4 g) as the oxidants, and boric acid (0.01 g)
as a stabilizer were first dispersed in 100 mL of con-
centrated sulfuric acid in a vessel and stirred for
1.5 h at less than 5 °C. After the addition of another
KMnOj (5 g), the vessel was transferred into a water
bath at about 35 °C and stirred for another 3 h to
complete the deep oxidation. Next, as 250 mL of
deionized water was slowly added, the temperature
was adjusted to 95 °C and held for 15 min, when the
diluted suspension turned brown, indicating the
hydrolysis and absolute exfoliation of intercalated
graphite oxide. Finally, this brown suspension was
further treated with 12 mL H,O, (30%) to reduce the
residual oxidants and intermediates to soluble sulfate,
then centrifuged at 10,000 rpm for 20 min to remove
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the residual graphite, and washed with 1 mol/L HCl
and deionized water repeatedly, producing the ter-
minal GO.

2.3 Synthesis of Au/NiS@rGO

First, 2D rGO was prepared via the modified Hum-
mers’ method [21]. The nanocomposite Au/NiS@rGO
(0.5:1:1 w/w) was synthesized by adopting the eco-
friendly hydrothermal method using thiourea as an
oxidizing agent in alkaline medium. It is to be noted
that no surfactant molecules are added in the prepa-
ration to retain the metallic nanoparticle, and this
makes the procedure simple. In a typical procedure,
0.5 g of rGO was well dispersed in 50 mL of water by
sonication. Then, 50 mL of aqueous solutions of metal
precursors AuNO; (0.04 g) and Ni(NO3) (0.06 g) were
added, while maintaining the molar ratio of Au-Ni
(0.2:1). Subsequently, 10 mL thiourea solutions (con-
tained 75 mg CH,N,S) were added above the mixed
solution and stirred for 20 min. Then, the whole mix-
ture was stirred vigorously for 2 h at room tempera-
ture and transferred into an autoclave. The autoclave
was put into a furnace at 180 °C for 12 h and allowed
to cool to room temperature. The product was sepa-
rated by centrifugation, washed with distilled water
and absolute ethanol several times to remove impuri-
ties, and dried in a vacuum oven at 45 °C. Lastly, the
composite multidimensional photocatalyst of Au/NiS@
rGO was obtained. Finally, Au/NiS@rGO, which the
quality scores of Au was 5 wt%, was synthesized. The
same procedure was employed to synthesize the NiS
nanoparticles without the use of AuNOj; and rGO. The
schematic representation of the synthesis process is
shown in Figure S1. The synthesis reaction equation
is as follows:

Au(NO;) + Ni(SCN), + 2NH,NO;
— AuNiS + NH*" 1 + OH™ 1 + NOj 1

2.4 Characterization
The phase constitution of the photocatalysts was
characterized by X-ray diffraction (XRD) (D2 phaser

BRUKER, Cu-Ka=0.15418 nm). The morphologies
and microstructure of the sample were examined
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using scanning electron microscopy (JEOL JSM-
7000F, JAPAN), Transmission electron microscopy
(TEM), and high-resolution transmission electron
microscopy (HRTEM) (TEM, Philips, Tecnai 20). The
UV absorption spectra of the sample were performed
on a UV-Vis spectrophotometer (Shimadzu UV 3600,
Japan). The chemical analysis was performed on a
X-ray Photoelectron Spectrometer (XPS, Thermo KAI-
pha Spectrometer) using Al-Ka X-rays, 1486.6 eV). The
Raman spectra were obtained using (JobineYvon,
HR800) at room temperature in an ambient air. Elec-
trochemical measurements were performed with a
standard three-electrode setup (The Multi Autolab
PGSTAT204).

2.5 Electrochemical measurements

The electrocatalytic hydrogen evolution activity of
Au-NiS@rGO nanocomposites was measured by a
three-electrode system. The reference electrode was
Ag/AgCl electrode. The platinum electrode with an
area of 1 cm x 1 cm was used as the counter electrode.
The 0.5 mol/L H,SO, aqueous solution was used as
the electrolyte. The preparation method of working
electrode is as follows: Au-NiS@rGO powder was
dispersed in a 1 mL solution consisting of 242.5 pL
deionized water, 727.5 uL ethanol, and 30 pL 5 wt%
Nafion. Then, after 30 min of ultrasound, a uniform
suspension was formed and slowly dripped onto the
0.159 mg cm 2 glassy carbon electrode. After natu-
ral drying, the Au-NiS@rGO working electrode was
obtained. Electricity chemistry workstation (Zennium
Pro) on properties of Au-NiS@rGO was analyzed. By
linear sweep voltammetry scanning (LSV) (scanning
rate is 5 mV/s), the linear scanning curve of catalyst
hydrogen evolution process was measured. The curves
of the overpotential and the log current density were
plotted to obtain the Tafel curves for evaluating the
kinetic properties of the catalyst. The electrode mate-
rial was tested by electrochemical impedance spectros-
copy (EIS), and the frequency range was 0.1-100 kHz.

3 Results and discussion
3.1 Structural analysis
The purity, crystallinity, and the phase formation

of the prepared products synthesized are deter-
mined by XRD as shown in Fig. 1. The XRD pattern
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Fig. 1 Powder XRD pattern of the samples

of wrinkled rGO nanosheets distinguishable by two
identical peaks appearing at 10.41° and 42.31° associ-
ated with (001) and (111) confirms its presence [22].
All the primary diffraction peaks located at 26 =30.06°,
35.38°, 40.21°, 48.65°, 52.56°, 57.15°, and 72.39° corre-
spond to the miller indices related to the planes (101),
(021), (211), (131), (401), (321), and (312), which are
matched for NiS with rhombohedral phase (# JCPDS
No. 65-2117). There is no nickel oxide or hydroxide
characteristic peaks detected, depicting the purity of
the material. As presented in the XRD pattern of NiS/
rGO composite in which the hydrothermal reduction
process of GO started to anchor on NiS, the diffraction
peaks of rGO diminished due to hydrophobic charac-
teristics; however, the rGO network supports attrac-
tive electron transfer in the composite. These results
were further supported by the SEM characterization
and indicated that rGO could assist the growth of NiS
because of the confirming function of rGO [23]. The
average grain size was calculated from Debye Scher-
rer’s formula.

_ Ki
- pcosb

where d is the mean crystallite size, K is the shape fac-
tor taken as 0.89, A is the wavelength of the incident
beam, f is the full width at half maximum, and 0 is the
Bragg angle. The average crystalline size was found as
25 nm and 19 nm for NiS and Au/NiS@rGO compos-
ite samples, respectively. Williamson-Hall plots have
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been further provided to identify the crystalline size,
and the resultant plot of NiS and Au/NiS@rGO com-
posite sample is shown in Figure S2 and S3. The slope
and intercept value of the line fitted to the data points
correspond to the strain value and average crystallite
size, respectively. The values are 28 nm 20 nm for NiS
and Au/NiS@rGO composite sample, respectively.
These results are good agreement with the crystalline
size calculated from Debye formula.

3.2 Morphological analysis

The morphologies of the formed Au-NiS@rGO and
NiS are characterized with SEM as depicted in Fig. 2.
From Fig. 2a, the clear sheet like morphology of rGO
was identified. We can clearly see that a large amount
of NiS nanoparticles and Au NPs are attached to the
pleated rGO surface from a typical SEM image of
Au-NiS@rGO (Fig. 2b) and also it is difficult to dis-
tinguish them from each other. This happens due to
the following proposed mechanism: (i) initially, NiS
crystallizes into nanoparticles and (ii) the oxygen-
containing groups and defects of rGO can serve as the
nucleation sites for NiS sheets, inhibiting them from
growing into a spherical like nanoparticles. It can be
found that Au/NiO NPs are embedded into the rGO
sheets to form a good contact, which is beneficial to the
catalytic reaction. Furthermore, the lattice interplanar
spacing with an interplanar distance is about 0.335 and
0.36 nm, corresponding to the (101) and (211) plane of
rhombohedral phase (JCPDS No. 65-2117). The crystal-
lites have lattice fringes of 0.29 nm, which is ascribed

Fig. 2 SEM images of a
rGO; b Au/NiS@rGO; TEM
image of ¢ rGO, d Au/NiS@
rGO; e HRTEM of Au/NiS@
rGO; EDS mapping of f Au;
gC;hSandiNi
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to the (101) plane of NiS (JCPDS JCPDS No. 65-2117)
(Fig. 2e). Moreover, the corresponding SAED pattern
(inset Fig. 2e) showed bright dot spots and the esti-
mated miller indices are in good agreement with the
XRD results. The elemental mapping results suggest
that the uniform distribution of Au, C, S, and Ni can
be observed (Fig. 2f-i). This condition further con-
firms the successful doping of AuNPs and NiS nano-
particles on the rGO surface, and the product is quite
pure. The Au, S, and Ni elements exhibit continuous
and uniform distribution in rGO, indicating that Au/
NiS NPs are homogeneously dispersed in rGO sheets.
Moreover, the obtained atomic ratio of Au (5.5%), Ni
(65.8%), S (25.2%), and C (4.5%) is 0.1:1:1:0.5. This ratio
is matched well with the initial concentration, which
is used in the experimental process.

3.3 Raman spectra analysis

The Raman spectra of GO and AuNPs-Nis@rGO are
shown in Fig. 3a. Notably, Raman spectroscopy is an
effective method for characterizing the structure of
graphene substrate materials. Therefore, we further
studied the existence of rGO in AuNPs-NiS nanocom-
posites by Raman spectroscopy in Fig. 3a. As reported
in other studies, the D peak is mainly caused by the
breathing-mode vibration of sp3 carbon, which is gen-
erally considered the disordered vibration peak of
graphene, which is used to characterize the structural
defects or edges in graphene samples. This peak occurs
at near 1352 cm™. The G peak is considered the char-
acteristic peak caused by the in-plane vibration of the

@ Springer



3 Page6of13

J Mater Sci: Mater Electron (2024) 35:3

Fig. 3 a Raman spectra, b 100
. ‘ — Nis
UV absorption spectra and ‘l) b) )
— NiS/IrGO
b K-M plot of the prepared 80 — AUINIS@rGO
samples; ¢ PL spectra of NiS. _
. . ~~ J
NiS@rGO and Au-NiS@rGO 7|  Auniserco s o
~ @
z £
g g 40
z =
L Y
&
20
GO
. . . - - 0 . . . . .
200 500 800 1100 1400 1700 2000 350 400 450 500 550 600 650 700
Raman shift/cm? Wavelength (nm)
25
C) — NiS Excitation (Apa,=425 nm) [ —— Nis
—— NiSIrGO (I) —— NiSIFGO
2.0 — AuINIS@rGO —— Au/NIS@rGO
-~
3
o 1.5 Z
s g
s £
1.0 Z
e
=
=
0.59 2.36 eV
2.91eV
1.0 15 20 25 30 35 40 45 350 400 450 500 550 600 650 700
Photon energy (eV) Wavelength (nm)

sp2 hybrid carbon atom, which occurs near 1584 cm™
[24, 25]. The degree of graphitization can be expressed
by the strength ratio of D and G bands. Although the
Raman spectra of all samples showed G and D peaks,
they had some significant differences. Compared with
the GO prepared under the same experimental con-
ditions, the intensity ratio of the D band and the G
band (Ip/I;) of the AuNPs-NiS/rGO is significantly
increased, whereas the I,/ reflects the defect den-
sity of graphene materials. The increase of I/l ratio
in Au/NiS@rGO composite is due to the defects of
GO increase with the reduction of oxygen-containing
functional groups and GO is transformed into rGO. In
addition, the increase in I/I; indicates the successful
GO reduction in the AuNPs-NiS/rGO nanocomposite.
Ip/I; ratio of the AuNPs-NiS/rGO nanocomposite is
indicative of its excellent GO reduction.

3.4 Optical properties

To explore the optical absorption ability and recom-
bination property of electrons and holes in the three
samples, UV-vis DRS and PL emission spectra were
used to analyze the optical properties. In Fig. 3b, all
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three samples clearly show optical absorption under
visible light. The E, values estimated from Fig. 3¢ show
the order of Au NPs/NiS@rGO (2.36 eV) < Nis@rGO
(2.67 eV) <pure NiS (2.91 eV) (Fig. 3c). Thus, it is seen
that the band gap of Au NPs/NiS@rGO is more posi-
tive than 1.23 eV (decomposition voltage of water) and
in the range of the ideal band gap of 1.8-2.4 eV. The
composite photocatalysts Au NPs/NiS@rGO display
stronger broad background absorption in the region
of 600-800 nm because of the narrow band of NiS [26,
27] and the SPR effect of Au [28]. A considerable red
shift and narrowing the band gap energy are due to Au
nanoparticles (Au NP), which display the SPR at wave-
lengths of 400 nm, and are anchored onto the rGO
surface. In addition, the noble metal Au, on the other
hand, contributes to the activity by forming a Schottky
barrier at the metal - semiconductor interface. Then
the intimate contact of rGO, Au, and NiS could make
for the vectorial migrate of charge carriers among the
components, enhancing the photogenerated carri-
ers separation and the photocatalytic efficiency. The
charge carrier trapping, transfer, and separation could
be investigated with the photoluminescence (PL) emis-
sion spectra, which could help understanding the fate
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of photo-induced electrons and holes in semiconduc-
tor. PL spectra in Fig. 3d give the similar trend that
the peak of NiS at 550 nm is higher than Au NPs/NiS@
rGO at 545 nm. The peak at around 500-550 nm is due
to the surface defects and can form the exciton energy
level near the bottom of the conduction band, which
allows them to act as trapping sites and hinders the
recombination of photogenerated chargers. Moreo-
ver, the PL peaks of NiS and NiS@rGO exhibit almost
unchanged position compared with the counterparts
before combination with rGO, but decrease remark-
ably in intensity. The phenomenon displays that the
recombination of photoexcited holes and electrons is
well inhibited. Further introduction of Au to the het-
erostructures makes the PL peak of Au NPs/NiS@rGO
drastically quenched, whose absorption is enhanced
during the whole visible light range in line with the
result given by the UV-vis diffuse reflectance spectra
above. The observation reasonably suggests that noble
metal Au and rGO cooperate to effectively suppress
photogenerated electron-hole recombination [29].
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3.5 Surface area analysis

The effectiveness of the electrocatalyst of the elec-
trode materials for the HER depends heavily on their
large specific surface area and pore size. Therefore,
N, adsorption—-desorption was carried out to meas-
ure the samples’ effective surface areas. NiS, NiS@
rGO, and Au-NiS@rGO all exhibit a type-IV isotherm
for N, adsorption/desorption (Fig. 4a), indicating
the existence of a mesoporous architecture [30-32].
Using the Brunauer-Emmett-Teller (BET) model,
the surface areas of NiS, NiS@rGO, and Au-NiS@
rGO were determined to be 64.58, 87.6, and 106.35
m?g!, respectively. According to the Barrett-Joyner-
Halenda technique, the average pore width of NiS is
7.2 nm and that of Au-NiS@rGO is 14.2 nm (Fig. 4b).
The results demonstrate that the surface area is dra-
matically enhanced by the creation of the Au-NiS@
rGO composites, which significantly encourages
adsorption and, in turn, boosts the HER activity.

100 0.25
a) — Nis N b) — Nis ¢) Au 4f
— Nis@rGO 2 — NiS@rGO
B 8 —— Au/NiS@rGO g 0204 —— Au/NIS@rGO
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Fig. 4 a N, adsorption—desorption spectra and b pore size distribution of NiS. NiS@rGO and Au-NiS@rGO samples; high-resolution

XPS spectra of ¢ Au4f; d Ni2p; e S2pand fC 1s
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3.6 XPS analysis

The elemental and valence state analysis provided by
the XPS was used to corroborate the effective synthesis
of Au-NiS@rGO composites. The two peaks at 83.9 eV
and 87.57 eV, which represent Au 4f,, and Au 4f;, of
Au0 [33] (Fig. 4c), verified the existence of Au NPs in
the composite. One minor peak at 858.5 eV (Fig. 4d)
and one significant peak at 163.3 eV (Fig. 4e) in the
Ni 2p and S 2p spectral were very close to the stated
values for NiS [34]. The C 1 s core-level spectrum is
depicted in Fig. 4f, and it exhibits three peaks at 284.7,
285.7, and 288.5 eV that can be ascribed to rGO using
functioning group analysis [35].

3.7 Electrocatalytic activity

In a 0.5 M H,S0O, electrolyte with a graphite rod as
the counter electrode, the performance of HER of Au-
NiS@rGO and pure NiS was studied. The two sam-
ples’ corrected curves of polar for iR are displayed in
Fig. 5a. The HER metrics of Au-NiS@rGO are supe-
rior to those of pure NiS, with the former showing a
lower onset potential for 187 mV at a current density
of 1 mA cm™ and the latter having a faster increase in

J Mater Sci: Mater Electron (2024) 35:3

cathodic currents at more negative potential. At a cur-
rent density of 10 mAcm™?, the Au-NiS@rGO exhibits a
little overpotential (1)) of 245 mV. The NiS has a value
of 342 mV, thus this is lower. Au-NiS@rGO provides a
cathodic current density of 34.98 mAcm™ at an over-
potential of 30 mV, which is an increase of tenfold over
the NiS sample’s value (3.41 mAcm?). Tafel plots for
the two samples are shown together in Fig. 5b. For
Au-NiS@rGO, the Tafel slope is predicted to be 56
mVdec™, while for bare NiS, it is predicted to be 77
mVdec™. Since a steeper Tafel slope indicates slower
HER dynamics and lower activity, a smaller value
for Au-NiS@rGO is recommended. With a Tafel slope
of 55 mV dec-1, we can infer that the Volmer reac-
tion is the rate-determining step in the HER process
on Au-NiS@rGO (H"+e” H*; H" +e - + H* H,). Tafel
plots can be extrapolated to determine the exchange
current density (j,), which is 0.66 mAcm™ for the Au-
NiS@rGO and 0.27 mAcm™ for pure NiS. In addition,
the HER performance of a commercial Pt/C catalyst
was evaluated, and it was found to have a tiny Tafel
slope of 31 mVdec ! and a low overpotential of 29 mV
at a current density of 10 mAcm™. Figure 5c depicts
the current density as a function of scanning rate,
and linear relationships can be used to describe these

Fig. 5 Electrochemical HER 0

. b) "
performance in the 0.5 M — Nis o
o 8¢
H,SO,. a, b Polarization & 04 0.25] — NiS@rGO
curves and corresponding Ea . — AuNis@reo
. <
Tafel plots of the Au/NiS@ £ 0] T 0201 ¢
i ~ =i ) e
rGO, the NiS, and the com- Z 3 Iy o
mercial Pt/C. ¢, d Cdl and S 0l & o1s]
< — P ’
EIS measurements of the Au/ < N:S g e’
. . @ - 50
NiS@rGO and the NiS S 0 — NiIS@rGO 0104 _—_/
S — Au/NIS@rGO
33 mVidec
504 . . , 0.10 : :
-0.4 0.2 0.0 0.2 0.4 0.3 -0.15 0.0 0.15 0.3
Overpotential (V vs SCE) Logj (mA/cm?)
300 40
0 d) —o—Nis
—o—Nis 354 —o— Au-NiS@rGO
250+ —o— Au-NiS@rGO (* ) 3
& / th L R Rer
£ N
f(’ 200 Q@ —~ 254 / \O
ES £ | -
2 1504 / 5 / \ .
g Y Y
=) — ° h OI ) % \O
Ig 1004 /0 104 K- ) % \
) o o 3
s @ S
504
Q,_.—-O/o . b %. o
—4"=Q1 A o - 7S = 0 1 20 30 4 5 6 70

@ Springer

Scan rate (mVs")

Z' (ohm)



] Mater Sci: Mater Electron (2024) 35:3

variations. For Au-NiS@rGO, the Cdl is determined
to be 4.4981 mFcm™2. In comparison to NiS, Au-NiS@
rGO possesses a substantially greater ECSA, which is
responsible for its superior HER efficacy (value = 0.639
mFcm2). Measurements of electrochemical impedance
spectroscopy (EIS) were additionally performed at an
overpotential of 345 mV vs. RHE to probe the charge
transfer kinetics. Nyquist plots are shown in a semi-
circular form in Fig. 5d. The charge transfer resistance
(Rct) of Au-NiS@rGO is just 14.2, which is significantly
lower than NiS’s value (37.3Q)). This finding suggests
that the conductive rGO nanosheets contribute to the
Au-NiS@rGO’s quicker charge transfer kinetics. The
improved HER performance can be attributed to the
Au-NiS@rGO'’s bigger ECSA and decreased charge
transfer resistance compared to the NiS. The H,SO,
electrolyte’s effect on the Au-NiS@rGO catalyst’s
stability was studied. The Au-NiS@rGO LSV curves
shown in Fig. 6a are almost identical to the first one
after 5000 cycles, with a tiny negative shift of 14 mV at
100mAcm™. At an overpotential of 260 mV vs. RHE,
Fig. 6b depicts the time-dependent current density
curve of the Au-NiS@rGO. Hydrogen evolution in
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the Au-NiS@rGO has been seen to persist for 5 days
without any discernible current decay, demonstrating
the material’s exceptional stability. Figure 6c¢ displays
cyclic voltammograms (CVs) of Au-NiS@rGO and
NiS. When considering the entire potential range, the
total number of active sites correlates with the inte-
grating charge [36]. Active site densities are expected
to be 1.49 x 10'® em™ for NiS and 1.85 x 10'® em™ for
Au-NiS@rGO nanohybrids. As a result, the enhanced
number of active sites may speed up either the Vol-
mer step or the dissociation of water. More active edge
sites can be made available for HER because of the
accumulation of Au-NiS NPs on the rGOs, as shown
by the increased density of active sites [37]. Table 1
also includes the HER parameters. The results of this
study’s HER activity are described in Table 2, which
shows that they are significantly higher than those
found in previously reported studies [38-46]. Photo-
current responses have long been used as evidence
that charge transfer and dissociation play important
roles in determining catalytic activity during photo-
catalysis. Under visible light irradiation, Fig. 7a dis-
plays the photocurrent responses of NiS, NiS@rGO,
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curves of the Aw/NiS@rGO a) b)
e 4
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5000 CV cycles. b Chronop- £ H g
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Table 1 HER parameters of

Au NPs-loaded NiS@rGO Sample Onset (mV) n/mV , Tafel slope1 jO=(mA cm™ ECSzA
. i=10mA cm™ (mV Dec ™) (cm*®)
composite
NiS 167 232 64 1.3E73 467
NiS@rGO 161 215 58 27E7 1165
Au/NiS@rGO 252 198 54 39E7 1876
Table 2 Comparison . Catalyst Electrolyte Overpotential at Tafel slope References
performan(?e of HER activity 10 mA cm=2 (mV vs. (mV dec™)
between this work and RHE)
already published works
CuS-Au 0.5 M H,SO, 167 75 [38]
3D MoS,-tGO@Mo 0.5 M H,SO, 128 64 [39]
Fe-NiS/NiS, 1.0 M H,SO, 179 61 [40]
NiS/Ni,P 1.0 M KOH 121 98 [41]
CoS/NiS@CuS 0.5 M H,SO, 190 89 [42]
a-NiS/CdS p-n 1.0 M KOH 121 92 [43]
NiS/ CdS/MIL-101 0.5 M H,SO, 190 89 [44]
Mo-NiS@NiTe 1.0 M KOH 34 57 [45]
NiS @CuBi,0,/ERGO 1.0 M KOH 210 76 [46]
Au/NiS@rGO 0.5 M H,SO, 252 54 This work
Fig. 7 a Photocurrent 30 — ———
responses of NiS, NiS @rGO, a) — Nis@rGo b) — NiS@rGO
and Au-NiS @rGO samples 259 — AuNis@reo — AuNIS@rGO
under visible light irradiation. N NN IN TN
b Time decay profile of NiS, g_ 2.01 ?
NiS@rGO, and Au-NiS@ £ g
rGO samples. ¢ Schematic £ 19 RERERERER 2
representation of the HER % 1.0] g
performance of Au NPs- CEE ] ] ~ 1 =
loaded NiS @rGO composite 0.5
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and Au-NiS@rGO. Recombination of photo-induced
electron-hole pairs is evidenced by a rapid decay
of the photocurrent to zero when the light source is
turned off. All samples show transitory photocurrent
responses that are reversible and rather constant in the
presence and absence of illumination. With a greater
photocurrent, Au-NiS@rGO hybrid photocatalysts
exhibit a more effective charge transfer process and
a longer lifespan of electron-hole pairs as opposed to
pure NiS. To further confirm the charge transfer pro-
cess, dependent on time, photoluminescence spectra
were also investigated. As can be seen in Fig. 7b, the
PL decay kinetics of the Ag/NiS@rGO heterostructures
is faster than that of bare NiS (averaged time constant,
12.45 ps). Large contact areas between NiS and rGO
were responsible for the efficient extinction, which led
to the quicker decay. High electron conductivity via
the carbon network (Fig. 7c) and the Schottky barrier
at the metal-metal interface (Fig. 7b) may be responsi-
ble for the improved photocatalytic activity of H, evo-
lution. The nanocomposite’s ability to absorb visible
light is enhanced by the special properties of Au nano-
particles, such as SPR. Excited to their surface plasmon
state by absorbed photon energy, plasmonic metals
generate an electric field in their immediate vicinity.
This initiates the HER reaction by driving an electron
to the semiconductor surface via a carbon-based sup-
port. To further boost overall electrocatalytic efficiency
toward the hydrogen evolution reaction, Au doping
has also formed flaws in NiS planes, which may have
activated unsaturated active sites as indicated above.

4 Conclusion

In conclusion, a hybrid composite photocatalyst of Au-
loaded NiS/rGO has been demonstrated to have excel-
lent HER performance. Because of the SPR impact and
the space confinement effect among the rGO layer, the
loaded Ag and rGO successfully stifled the expansion
of the NiS nanostructure. Excellent HER activity was
shown by the porous Au-NiS/rGO nanohybrids in an
alkaline solution, with a tiny overpotential of 252 mV
at a current density of 10 mAcm™ and a small Tafel
slope of 54 mV dec. Together, the 2D nanostructure,
the high electrical conductivity, and the abundance of
active sites contributed to the increased HER activity.
One possible use for these nanohybrids is as a cata-
lyst for the efficient splitting of water into hydrogen
and oxygen. Three factors contribute to the enhanced

Page1l0f13 3

HER activity: (1) the abundant heterogeneous connec-
tion between NiS and rGO can expose dense catalytic
locations and increase electron transfer, synergisti-
cally promoting electrocatalytic activity in a broad
pH range; (2) the increased interlayer distance of NiS
reveals more insignificant active edge sites; and (3) the
high inherent electrical conductivity of rGO allows the
rate of charges transfer among electrode and active
catalytic site.
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