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Abstract

Vanadium sulfide (VS,) nanomaterials have been deposited on surface-modified stainless steel mesh (SMSSM) by
facial hydrothermal method and subsequent effects of acidic etching on surface morphology and supercapacitive
performance of the electrode were studied. The acid etching process improves the coupling interaction between the
stainless steel mesh and active materials. The optimized 1% etched SMSSM with VS, (1%/VS,) loaded electrode reveals
the porous fine nanoparticles composed surface nanostructure. The prepared 19%/VS, electrode exhibited an excel-
lent areal capacitance of 45.83 mF/cm?, which is two times higher than that of a non-etched VS, loaded electrode.
These results showed that the acidic etching process significantly improved the surface nanostructure of the VS,
material that improved the capacitance of the SMSSM substrate.
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Introduction

The rapid development of alternative energy storage/con-
version systems has become a major consideration due to
the growing concern about environmental issues and the
reduction of fossil fuels [1]. Electrochemical capacitors,
batteries, supercapacitors are commonly available charge
storage devices used in different electronics and portable
appliances. In which, electrochemical supercapacitors
have excellent electrochemical features, and they bridge
the gap between chemical batteries and ordinary capaci-
tors. Supercapacitors have a great pledge to the next gen-
eration power system due to their superior properties
such as high power density, quick charge and discharge
rate, excellent irreversibility, and long life cycle [2]. To
date, many efforts have been devoted to the latter using
binary and ternary transition metal sulfides and they
were well-considered and studied [3-5]. Out of which,
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transition metal dichalcogenides such as MoS,, VS,, WS,,
CoS, and NiS, [6—10] offer two-dimensional (2D) layered
structure and it has been considerably investigated for
electrochemical application. Strangely, exfoliated mon-
olayer transition metal dichalcogenides manifest several
properties from bulk materials and exhibit the high spe-
cific surface area, good electrical conductivity, and excel-
lent chemical versatility [11, 12].

VS, is one of the transition metal dichalcogenide elec-
trode materials that has been recently used in electro-
chemical capacitors due to their layered structure, and
diverse chemical and physical properties [13]. In the VS,,
V is sandwiched in between the S layer and has a large
interlayer space of 5.76 A, which makes it a complete
stacked entity through the force of Van der Waals [14].
The aforementioned framework provides wide plenty
of open electrolyte ion channels with upgrades interca-
lation/deintercalation process and metallic properties
to intensify the charge transfer kinetics. However, the
electrochemical performance of the supercapacitor not
only depends on the electrode material but also depends
upon the current collector, electrolyte and interface
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contact between the electrode/electrolyte. Generally,
nanomaterials were deposited on substrate electrodes
that have a smooth surface and comparably impenetra-
ble microstructures that restrict their electrochemical
performance. The solution has been paid to improve the
surface adherence of the electrode using the surface etch-
ing process. The surface etching is one of the best ways
to improve the surface area, porosity, and wettability of
the electrode [15, 16]. The electrochemical performance
of the electrode drastically improved due to the tuning of
the electrode surface area that enhances the more elec-
troactive sites for electrochemical reactions.

In the present work, VS, was hydrothermally prepared
on the cost-effective surface-modified stainless steel
mesh (SMSSM) substrate. The effects of surface modi-
fication with acid etching on the microstructure, and
electrochemical properties of the VS, films were inves-
tigated. The electrochemical characteristics were con-
ducted through cyclic voltammetry, charge/discharge
and impedance techniques. VS, deposited on etched
SMSSM substrate has the merit of advantages with uni-
form nanomaterial growth is highly desirable for energy
storage applications.

Experimental section

Surface modification and synthesis of VS,

The chemical, Ammonium metavanadate (NH,VO,,
99.99% trace metals basis), thioacetamide (CH;CSNH,,
ACS reagent,>99.0%), Lithium chloride powder
(LiCl, >99.98% trace metals basis), Sulfuric acid (H,SO,,
ACS reagent, 95.0-98.0%) were received from Sigma
Aldrich and used without any further purification. Ini-
tially, SMSSM was washed with distilled water and then
used for surface modification. The etching solution was
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prepared in the ratio 1 M H,SO, 1 M LiCl in distilled
water for the SMSSM substrate etching. The surface
modification was applied with 0%, 0.5%, 1% and 1.5%
etching solution at 100 °C for 1 h. Further, the hydrother-
mal process was used for the VS, nanomaterial loading
on etched and non-etched SMSSM substrate. For the
preparation of VS,, typically 7.5 mmol CH;CSNH, were
dissolved in 40 ml distilled water and stirred for 10 min
and then added 1 mmol NH,VO,. The solution was con-
tinuously stirred at 40 °C for 30 min. Further, the final
solution was transferred to the 45 ml Teflon-lined stain-
less steel autoclave along with the piece of a SMSSM
and the hydrothermal reaction kept at 180° C for 14 h.
After natural cooling to room temperature, the blackish
colored SMSSM sample was collected and washed sev-
eral times by distilled water, dried at 60 °C for 10 h. For
the comparative preparation of VS, on etched SMSSM,
the experiments were conducted on different (0, 0.5%,
1% and 1.5%) etched substrate. The optical images of
the etched samples with and without VS, deposition are
shown inset of Fig. 5f.

Results and discussion

In order to visualize the surface morphology and micro-
structure of the prepared samples, field emission scan-
ning electron microscopy was used and insight their
elemental distribution and chemical composition were
analyzed using an energy dispersive spectroscopy (EDS).
The surface microstructures of the surface-modified 0%,
0.5%, 1% and 1.5% etched SMSSM substrate is shown
in Fig. 1la—d at low magnification (10 k x) and the inset
shows the highly magnified images (100 k x). The effect
of surface etching on the microstructure of the SMSSM
substrate can be realized in Fig. la—d. The smooth,

Fig. 1 FESEM images of the surface-modified SMSSM substrate at different etching of a 0%, b 0.5%, ¢ 1% and d 1.5% at the x 10 k magnification
(5 um scale bar), e-h the magnified local images at high magnifications [x 100 k magnification (5 nm scale bar)]
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compact surface is observed for bare SMSSM (Fig. 1a).
The smooth surface becomes more porous with increas-
ing the surface etching percentage from 0 to 1.5%. As
seen in Fig. 1c, the entire surface becomes more porous
and exhibits the fine nanospheres like surface structure.
Fig. le—h shows the magnified image with a uniform
coated SMSSM substrate. For 1.5% etched SMSSM, the
agglomerated nanoflakes structure with non-uniformity
is observed. With increasing the etching concentrations,
the SSM surface exhibits the granular nano-features with
large grains. Overall, comparing the nanostructures of
the etched SMSSM, at 1% etched sample exhibits good
electrochemical performance (seen in electrochemical
studies Fig. 5a, b).

The 1% etched SMSSM substrate further used for
nanomaterial deposition. The SEM images of the VS,
hydrothermally deposition on 1% non-etched and etched
SMSSM substrate as seen in Fig. 2a—c and d-f, respec-
tively. The low magnified SEM images of the VS, depos-
ited on non-etched and 1% etched samples visualized
nanomaterials were well uniformly grown on the SMSSM
substrate. High-magnified SEM images (Fig. 2f) of the
etched 1%/VS, samples have a porous surface. Also, it is
seen that nanoparticles are distributed over the SMSSM.
While SEM images for the non-etched/VS, samples as
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shown in Fig. 2a—c exhibits the smooth microstructure.
The etched sample has good porosity and uniform con-
verge of the nanomaterials on the SMSSM substrate.
The elemental spectra of the VS, on non-etched and
1% etched samples represent the peaks of V and S of
the deposited material are shown in Fig. 2g, h. Besides,
other peaks also observed in the EDS spectrums that
are related to the SMSSM substrate for both samples.
The atomic weight percentages of 1: 2 for V: S has con-
firmed the formation of VS,. To get more information
about the morphological and structural features of the
1%/VS, samples, the transmission electron microscopic
(TEM) analysis carried out and corresponding results are
presented in Fig. 3a, b. As seen in Fig. 3a, the formation
of nanoparticle like structure is observed and which are
consisting of the SEM analysis. The high-resolution TEM
(HRTEM) shows the interlayer spacing between two
adjacent monolayers is as large as 0.57 nm corresponding
to the (001) plane of the VS, (Fig. 3b).

X-ray diffractometer (PANalytical, Cu-Ka radiation,
A=0.15418 nm) was used to determine the crystal struc-
ture and phase confirmation of the prepared samples.
XRD patterns for the SSM, 1% etched SSM and 1%/VS,
SSM samples are shown in Fig. 4. As seen in the XRD
spectrum, the major peaks observed at 43. 5°, 50.7° and
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Fig. 2 The low and high-magnified SEM images of VS, on a-c non-etched and d—f 1% etched SSM substrate. The EDS spectrum of VS, on the g

non-etched and h 1% etched SSM substrate
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Fig. 4 X-ray diffraction patterns of stainless steel mesh (SSM), 1%
etched SSM and 1%/VS, SSM samples. The peaks of the SSM are
denoted by *

74.6° are related to the stainless steel indexing the (111),
(200) and (220) lattice planes of austenite phase (JCPDS
No. 33-0397) [17]. While, for the 1%/VS, SSM, the
intensity of the pattern is weakened. Therefore, we can
conclude that only the peaks of SMSSM substrate are
detected which may be explained by the nanocrystalline
of the 1%/VS, sample.

Electrochemical studies

The electrochemical measurements of the prepared
samples were conducted in the three-electrode setup
in IVIUM technologies (Eindhoven, The Netherlands)
designed electrochemical impedance analyzers. SMSSM
substrate with supported prepared material with 1 cm?
active area serves as a working electrode, platinum plate

serve as a counter electrode. Ag/AgCl serves as a refer-
ence electrode with 1 M Na,SO, as an electrolyte solu-
tion. The cyclic voltammetry (CV) and charge/discharge
(GCD) tests were investigated with different scan rates.
Electrochemical impedance spectroscopy (EIS) was per-
formed in the frequency range of 0.1 to 1 M Hz. The
areal capacitance of the prepared materials was calcu-
lated using the following equation at constant charge/dis-
charge current density.

_Ixty

Cy =
A VxA

(1)

where, C, is the areal capacitance of the prepared elec-
trode material. V and [ are the potential windows and
current density. A is the area of active electrode material
(cm?). The electrochemical studies and effect of etch-
ing of the different etched samples was investigated in
cyclic voltammetry and impedance analysis. Figure 5a
shows the cyclic voltammograms at constant scan rate of
20 mV/s for the 0%, 0.5%, 1% and 1.5% etched SMSSM
samples. It is clearly seen that with etching concentra-
tion, the current density of the electrode increased and
then decreased. The current density of the 1% etched
sample was increased ten times higher than without
the etched sample. In addition, for 1% etched electrode
exhibits the maximum utilized area under the CV curve
suggesting may have a good charge storage capacity of
the etched sample. The areal capacitance of the surface-
modified samples further calculated from Eq. (1). The
calculated corresponding areal capacitances of the etched
samples are shown in Fig. 5b.

The etched sample reveals the excellent electrochemi-
cal performance for 1% etching with an areal capacitance
of 3.8 mF/cm? The other samples with 0%, 0.5%, and
1.5% etching, the calculated areal capacitances are found
to be 0.13, 1.3, and 2.7 mF/cm? respectively. Further,
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Fig. 5 The electrochemical characterizations of the surface-modified SSM samples; a cyclic voltammograms of the SMSSM substrate at different
etching concentrations, b the graph of areal capacitance as a function of etching concentration. Electrochemical impedance results in the 0.1 Hz to
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the corresponding impedance dataset was conducted
to study internal resistance, charge transfer resistance
and Warburg impedance of the etched samples. Nyquist
plots for the different etched samples are illustrated in
Fig. 5¢ and its enlarged view as a seen inset of the plot.
The non-etched sample reveals the large charge trans-
fer resistance, with increasing the etching concentra-
tion the surface becomes more porous and conductivity
improved and hence the resistance gradually decreased.
The charge transfer resistance diminishes from 40.44 Q/
cm? for 0% etched to 1.2 Q/cm? for a 1% etched sample.
The smaller charge transfer resistance of 1% etched sam-
ple demonstrates faster electron charge transfer kinetic
which is due to the highly porous nature of the sample.
The further reaction time constant was calculated from
the Bode plot for each etched sample. The Bode phase
angle plot for 0, 0.5, 1 and 1.5% etched samples as seen
in Fig. 5d. It is seen that, with increasing the etching con-
centration, the charge transfer resistance of the samples
reduces significantly, and the phase angle goes up sud-
denly indicating the fast reaction rate and a smaller relax-
ation time constant [18]. The relaxation time constant are
found to be 0.48, 0.0051, 0.0015 and 0.002 s for the 0, 0.5,
1 and 1.5% etched samples, respectively. In addition, the

electrochemical measurements were conducted with the
VS, nanomaterial deposited on an individual etched sam-
ple. The comparative cyclic voltammograms of the VS,
nanomaterial deposited on etched samples are shown in
Fig. 5e. The current density of the electrodes increased
with the etching percentage increasing due to the sur-
face electroactive sites opened that effectively enhanced
the electrochemical performance of the electrodes. The
charge storage capacity of VS, nanomaterial deposited
etched samples were calculated and results are displayed
in Fig. 5f. The areal capacitance of 1.7, 6.7, 8.4 and 6.25
mF/cm? were obtained for the 0%/VS,, 0.5%/VS,, 1%/VS,
and 1.5%/VS,, respectively. Therefore, it is confirmed that
a 1% etched electrode reveals the superior electrochemi-
cal performance with good electric conductivity and
low charge transfer resistance once compare with less or
more etched electrode samples.

Figure 6a illustrates the cyclic voltammograms of the
1%/VS, electrode at different scanning rates ranging from
2 to 100 mV/s in -0.2 to 0.4 V vs Ag/AgCl. The rectan-
gular-shaped CV curves with a large area under curve
exhibit good charge storage capacity of the 1%/VS, elec-
trode. The areal capacitance versus the scan rate of the
1%/VS, electrode is shown in Fig. 6b. The maximum areal
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Fig. 6 a Cyclic voltammograms of the 1%/VS, electrode recorded at different scan rates ranging from 2 to 100 mV/s scan rate. b Areal capacitance
of the 1%/VS, electrode as a function of scan rates. ¢ The charge/discharge profiles of the 1%/VS, electrode at various current densities recorded in
the 0to 0.4V vs Ag/AgCl potential window. d The capacitances of the 1%/VS, electrode calculated at a current density ranging from 0.2 to 1.7 mA/
cm? e The Nyquist plot of the 1%/VS, electrode and the inset shows the equivalent circuit used to fit the impedance data. f The Bode phase and

capacitance of 45.83 mF/cm? at 2 mV/s scan rate and it
decreased to 18.5 F/cm? at 100 mV/s scan rate show-
ing the 40.1% rate capability of the electrode. With an
increase in the scan rate, the capacitances of the elec-
trode decreased due to the redox reaction response in
the bulk material are limited. While, at a low scan rate,
the electroactive material is fully utilized, resulting in
high capacitance [5, 19]. Further, the charge/discharge
measurements of the 1%/VS, electrode were conducted
in different charge/discharge current densities (Fig. 6c).
The triangular shape of the charge/discharge curves of
the 1%/VS, electrode showing the capacitive behavior of
the material. The areal capacitances of 28.7, 21.25, 17, 15
and 13.8 mF/cm? are calculated at current densities of
0.2, 0.5, 1, 1.5 and 1.7 mF/cm?, respectively with 48.1%
rate capability (Fig. 6d) from the charge/discharge curves.
It means that the surface etching can improve the areal
capacitance of the electrode, which is nearly two times
higher than VS, ultrathin nanosheets [20].
Electrochemical impedance analyses were investi-
gated to analyze the capacitive properties of the 1%/
VS, electrode in the three-electrode system in a 0.1

to 1 M Hz frequency range. The Nyquist plot of the
1%/VS, electrode as seen in Fig. 6e consists of three
regions; (1) the equivalent series resistance in the high-
frequency region is related to the interfacial resistance,
electrolyte resistance and intrinsic resistance of the
electrode material. (2) In the middle frequency region,
the charge transfer resistance, and (3) in the low-fre-
quency region, the straight line represents the War-
burg impedance related to the ionic diffusion [21]. The
electrolyte resistance of 2.09 Q/cm? and charge trans-
fer resistance of 6.1 Q/cm? is observed for a 1%/VS,
electrode. The Bode phase angle and magnitude plot
of the 1%/VS, electrode is shown in Fig. 6f. The phase
angle tends to — 90° at lower frequency region indicat-
ing the capacitive type nature of the electrode material.
In addition, the Bode magnitude plot exhibits the log
|Z| as a function of frequency (Fig. 6f). The determined
relaxation time (t=1/f,) constant is 0.015 s at 63.5 Hz
at mid-high frequency indicating the fast reaction time
constant, where the 1%/VS, electrode shows resistive to
capacitive behavior. Bode magnitude plot reveals that
a 1%/VS, electrode shows a better capacitive perfor-
mance in the low-frequency range.
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Conclusions

In summary, the surface-modified stainless steel mesh
substrates have been successfully obtained with differ-
ent etching concentration and VS, nanomaterial loaded
on the etched substrate. The SEM results proved that
the surface porosity and roughness of the samples are
improved after etching the SMSSM substrate. In addi-
tion, the effect of VS, nanomaterial loading on non-
etched and 1% etched samples are systematically studied
with the help of electrochemical characterizations. The
obtained results reveal that the areal capacitance of 1%/
VS, deposited electrode found to be 17 mF/cm? that is
ten times greater than the non-etched SMSSM electrode.
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Energy dispersive spectroscopy; SEM: Scanning electron microscopy; TEM:
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metry; GCD: Galvanostatic charge/discharge; CA: Areal capacitance.
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