- \
v
A4

This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

http://pubs.acs.org/journal/acsodf

Solvothermally Synthesized Nickel-Doped Marigold-Like SnS,
Microflowers for High-Performance Supercapacitor Electrode

Materials

Ravindra Kumar, Ashish Kumar Keshari, Susanta Sinha Roy, Geetika Patel, and Gurupada Maity*

Cite This: ACS Omega 2024, 9, 32828-32836

I: I Read Online

ACCESS |

il Metrics & More |

Article Recommendations |

ABSTRACT: Two-dimensional transition-metal dichalcogenides (TMDs) have emerged
as promising capacitive materials for supercapacitors owing to their layered structure, high
specific capacity, and large surface area. Herein, Ni-doped SnS, microflowers were
successfully synthesized via a facile one-step solvothermal approach. The obtained Ni-
doped SnS, microflowers exhibited a high specific capacitances of 459.5 and 77.22 F g™!
at current densities of 2 and 10 A g~', respectively, in NaClO, electrolyte, which was
found to be higher than that of SnS,-based electrodes in various electrolytes such as
KOH, KCI, Na,SO,4, NaOH, and NaNOj;. Additionally, these microflowers demonstrate a
good specific energy density of up to 51.69 Wh kg™’, at a power density of 3204 Wkg ™.
Moreover, Ni-doped SnS, microflowers exhibit a capacity retention of 78.4% even after
5000 cycles. Better electrochemical performance of the prepared electrode may be
attributed to some important factors, including the utilization of a highly ionic conductive
and less viscous NaClO, electrolyte, incorporation of Ni as a dopant, and the marigold
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flower-like morphology of the Ni-doped SnS,. Thus, Ni-doped SnS, is a promising electrode material in unconventional high-energy

storage technologies.

1. INTRODUCTION

Recently, the global development of industry, agriculture, and
increasing consumption of fossil fuels have resulted in
worsening energy crises and environmental pollution."”
Therefore, it is urgent to develop cost-effective, environment
friendly, cutting-edge devices and technologies. Supercapaci-
tors, as green energy storage devices, have attracted enormous
interest both in industry and academia owing to their
distinctive attributes, including high power density, fast
charge—discharge rate, long lifespan, excellent rate capability,
reversibility, and more. However, their development and
applications are mainly hampered due to their low energy as
well as power density.”™® On the basis of the charge storage
mechanism, supercapacitors may be sorted as electric double-
layer capacitors (EDLCs) where the energy is mainly stored by
ion adsorption/desorption at the electrode/electrolyte inter-
face and pseudocapacitors where the energy is stored in the
term of surface faradic reactions.”® As is well-known, the
electrochemical performance of supercapacitors highly relies
on the intrinsic properties of critical electrode materials utilized
in them.”” From the material properties’ perspective, it is
essential to have high conductivity (electronic/ionic), easy ion
transportation, high porous, and a high surface area.'’
Various carbonaceous materials such as graphene, activated
carbons, and carbon nanotubes (CNTs) have been predom-
inantly utilized as electrode precursors in supercapacitors
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owing to their unmatched physiochemical properties such as
superior electronic conductivity, low cost, low density,
regulated pore structure, high corrosion resistance, hu%e
specific surface area, and electrochemical stability."' ="’
However, their practical applications have been restricted
due to their many unconventional characteristics, including
low energy density (<10 Wh/kg) due to sluggish mass
diffusion, limited charge accumulation, low capacitance, and
complex synthesis procedures.”''*'> Henceforth, it is
imperative to develop a viable alternative of EDLCs as an
electrode for supercapacitor applications. Pseudocapacitive
materials excel in this role, owing to their high energy density
and theoretical specific capacities, which can be attributed to
their faradaic redox reactions.'®'” Therefore, the performance
of the SCs can be improved by selecting and designing
advanced electrode materials.

Transition metal dichalcogenides (TMDs) are grouped as a
class of pseudocapacitive materials and are extensively studied
for energy storage purposes due to their high capacity and high
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power density, which can be attributed to their high surface
areas, layered structure, and electronic conductivities. TMDs
exhibit scientific significance because they possess unique
structures, good physiochemical properties, reversible redox
reactions, low toxicity, low cost, and natural abundance.'®™*°
Among them, tin disulfide (SnS,) has emerged as a promising
electrode material owing to its salient features, such as Cdl,-
type hexagonal layered structure, similar to that predominantly
used graphite, a larger interlayer spacing of 5.9 A’ high
chemical stability, environment-friendliness, and cost-effective-
ness.”””” These devices have been successful to find their
applications in the range of devices, including photocatalysis,”
photoelectrocatalysis,”* dye-sensitized solar cells,”> biosen-
sors,” lithium-ion battery,”” sodium-ion battery,”® and super-
capacitors.”” However, their practical application is limited due
to their inadequate conductivity which leads to poor
electrochemical performance. With the aim of improving the
electrochemical performance of SnS,, many effective strategies
have implemented, such as doping of metal/nonmetal ions,
that alter the band structure of SnS, to improve the
electrochemical performances. These modifications are re-
sponsible for providing new possibilities and improved
performance in the desired applications.*’”>*

In previous research studies, metal-doped SnS, (e.g, Cu,
Mn, Ni, Co, Mo, Pt, Ag, Zn, etc.) has been used for various
applications, such as lithium-ion batteries, sodium-ion
batteries, and electrocatalytic hydrogen evolution reactions
fields.”>~*° Among them, Ni can be used as a crucial dopant
because of its merits, such as less expensive, low toxicity, and
high chemical stability. More importantly, Ni** has an ionic
radius similar to that of Sn*" which helps Ni to be easily doped
into the SnS, lattice.®® Because of the aforementioned
advantages, SnS, nanomaterials doped with Ni are highly
appreciated. Recently, many studies have demonstrated
improved electrochemical performance of nanomaterials
based on SnS, for supercapacitor applications. For example,
Parveen et al. used a one-step solvothermal method to prepare
SnS, nanotructures with different morphologies, employing
with KOH electrolyte solution. They found that flower-like
SnS, exhibits better electrochemical performance with a high
capacity of ~431.82 F g, an energy density of 14.9 Wh kg™,
and a power density of 233 W kg™ at a current density of 1 A
¢! compared with other morphologies such as sheet-like
SnS,.”’ Wang et al. synthesized a 3D flower-like SnS,/MoS,
heterostructure via a hydrothermal process and exhibited the
specific capacitance of 105.7 F g™" at a current density of 2.35
A ¢' with the capacity retention of 90.4% up to 1000 cycles in a
KCl electrolyte solution.”® Also, Mishra et al. synthesized
flower-like SnS, via a one-step solvothermal approach and
reported a specific capacitance of 215 F g™!, energy density of
4.52 Wh kg™', and power density of 43.10 W kg™', at the
current density of 0.38 A g~' with the capacity retention of
66% after 1000 cycles.”” Ansari et al. synthesized 3D flower-
like SnS,@g-C;N, sheets using a facile solvothermal approach
and reported a specific capacitance of 178 F g™', energy density
of 4.7 Wh kg™!, power density of 200 W kg™ at the current
density of 1A g™', and maintained capacity retention of 84% up
to 1500 cycles, in KOH electrolyte solution.”” Also, Ma et al.
synthesized Mo-doped SnS, via a hydrothermal process and
reported a specific capacitance of 213 F g™!, energy density of
7 Wh kg™', and power density of 504 W kg™ at the current
density of 1 A ¢! with capacity retention of 89% up to 1000
cycles in KOH electrolyte solution.*' In their research work,

Asen et al. synthesized SnS,/SnO, nanohetrostructure via a
solvothermal approach and reported a specific capacitance of
149 F ¢! at the current density of 2 A g and also exhibited
capacity retention of 92% up to 3000 cycles in Na,SO,
electrolyte solution.*” In another research, Chauhan et al.
synthesized SnS nanorods via solvothermal route showed a
specific capacitance of 70 F g™' at the current density of 0.5
mAcm ™2 up to 500 cycles in Na,SO, electrolyte solution.*
Sajad et al. synthesized SnS, nanorods via adopting a facile
hydrothermal method and exhibited a specific capacitance of
162 F ¢! at a current density of 3 A g~' with the cycling
stability of 93% after 4000 cycles."* Meng et al. synthesized Ni-
doped SnO, nanoflower via adopting a simple hydrothermal
process and showed a specific capacitance of 410 mF cm™ at
the scan rate of 1 mAcm™ and maintained a cycling stability of
93.6% up to 2500 cycles in NaOH electrolyte solution.*’ More
recently, Chu et al. synthesized Ni, Co-doped SnS,—graphene
aerogel (Ni-SnS,-GA, Co-SnS,-GA, and Mn-SnS,-GA) via a
solvothermal method. In supercapacitor performance Ni-SnS,-
GA, and Co-SnS,-GA showed specific capacitance with values
of 154 and 207 F g/, the energy density of 18.1 Wh kg™', and
power density of 1550 W kg™ for Ni-SnS,-GA, respectively, at
the current density of 1 A g~' and maintained a cycling stability
of 65%, and 93.66% after 2000 cycles in 6 M KOH
electrolyte.”® Previous studies have shown that various SnS,-
based electrodes paired with different electrolytes, such as
KOH, KCI, Na,SO,, NaOH, and NaNOj;, have been employed
for supercapacitor applications. Nevertheless, these pairs
exhibit inferior electrochemical performance characterized by
lower energy density and power density. Hence, it is essential
to use SnS,-based electrodes with appropriate electrolytes to
improve the electrochemical performance of supercapacitors.

Presently, Water-in-Salt Electrolyte (WiSE), such as
NaClO,, has received great interest owing to expended
electrochemical stability window (up to 6 V), decent ionic
conductivity, lower viscosity (5.0 mm® s7'), low vapor
pressure, low cost, and nonflammability high thermal stability.
These properties directly contribute to enhance the energy
density of energy storage devices. However, to the best our
knowledge, no research study has employed a Ni-doped SnS,
electrode along with a NaClO, electrolyte for supercapacitor
applications.””

In the present study, Ni-doped marigold-like SnS, micro-
flower were fabricated via a one-step solvothermal process, and
used as active electrode materials in conjunction with NaClO,
for supercapacitor applications. The samples were charac-
terized by several characterization techniques, including X-ray
differaction (XRD), Raman measurements, X-ray photo-
electron spectroscopy (XPS), field emission scanning electron
microscope (FESEM), and Transmission Electron Microscopy
(TEM). The electrochemical performances of the as-
synthesized Ni-doped marigold-like SnS, microflower elec-
trode were examined through electrochemical tests, such as
cyclic voltammetry (CV) curves, galvanostatic charge—
discharge (GCD) curves, and electrochemical spectroscopy
(EIS). The doping of Ni and utilization of NaClO, as an
electrolyte are effective strategies to enhance the electro-
chemical performances of SnS,-based supercapacitor.

2. EXPERIMENTAL SECTION

2.1. Chemical and Materials. Tin(1I) chloride dihydrate
(SnCl,-2H,0), nickle (II) chloride hexahydrate (NiCl,
6H,0), and thioacetamide (C,H;NS) were purchased from
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Sigma-Aldrich. All materials were used without further
purification.

2.2. Preparation of Ni-Doped Marigold-Like SnS,
Microflower and Pure SnS,. SnS, and Ni-doped SnS,
powders were synthesized through a facile one-step solvo-
thermal method. In this typical procedure, 0.3506 g of SnCl4-
SH,O is initially dissolved in a 30 mL mixture of ethanol and
isopropanol. Following stirring for 10 min, 0.036 g of NiCl,-
6H,0 was added to the above solution. After another stirring
for 10 min, 0.1503 g of thioacetamide was dissolved in the
above solution.

Next, the mixture was stirred for another 10 min to obtain a
homogeneous solution. Subsequently, this homogeneous
solution was transferred into an autoclave and reacted at 200
°C for 24 h. After allowing the reactor to cool down naturally
to room temperature, the samples were washed several times
with deionized water and absolute ethanol. Finally, the samples
were dried in an oven at 80 °C overnight. According to the Ni-
to-SnS, mass ratio ((x g/0.1827 g) X 100% = 10%), the
corresponding samples are referred to as 10% Ni-SnS,. For
comparison, pure SnS, was synthesized following the
procedure with using NiCl,-6H,0. A schematic diagram of
the Ni-SnS, synthesis process using the one-step solvothermal
method is shown in Figure 1.

® Sn =
o O —> B —
L KoNT

200 °C for 24 hours

FE-SEM image

Magnetic stirring

Figure 1. Schematic diagram of the Ni-SnS, synthesis process using
the one-step solvothermal method.

2.3. Preparation of Electrodes. The procedure for
preparing the working electrodes of the obtained samples is
summarized below. Active material, carbon black, and
polyvinylidene fluoride (PVDF) were mixed in a weight ratio
of 7:2:1, and N-methyl-2-pyrrlodone (NMP) was dropped into
the mixture to obtain a slurry. The slurry was evenly speared
onto a carbon cloth (CC) and then dried at about 120 °C in
vacuum overnight. The mass loading of the active materials on
CC was calculated to be 3.5 mg/cm®

2.4. Characterization Methods. The morphologies and
structures of the as-synthesized Ni-doped SnS, microflowers
were analyzed by field-emission scanning electron microscopy
(FESEM) using FESEM JEOL JSM 7600 PLUS, Tokyo, Japan.
The crystal structure and elemental composition of the
prepared samples were confirmed by X-ray diffraction
(XRD) in coupled #-20 diffraction (Bruker D8 discover,
Karlsruhe, Germany) using Cu—Ka radiation. Also, trans-
mission electron microscopy (TEM) measurements were
utilized for further structural confirmation. Raman spectra
were obtained using a Renishaw microscope with He—Ne laser
operating at a wavelength of 514 nm as the excitation source.
In order to determine the elemental composition of the
samples, energy-dispersive X-ray (EDX) measurements were
performed. For further analysis, X-ray photoelectron spectros-
copy (XPS) measurements were carried out.

2.5. Electrochemical Measurements. The electrochem-
ical capacitive performance of the prepared samples was
measured using an Autolab potentiostat/galvanostat 302N
instrument (Metrohm B.V. Utrecht, the Netherlands)
controlled by Nova (version 1.10) software uisng a three-
electrode system. These performances were tested in a 1 M
NaClO, aqueous electrolyte solution. In order to prepare a 1
M solution of NaClO, electrolyte, we have dissolved 4.89 g of
NaClO, in 40 mL of distilled water. Platinum (Pt) rod and
silver—silver chloride (Ag/AgCl) were used as the counter

T T
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Figure 2. (a) XRD pattern, (b) Raman spectra, (c) TEM image, (d) HRTEM image of Ni-SnS, microflowers (SAED pattern shown in inset).
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Figure 3. (a) Full X-ray photoelectron spectra of Ni-SnS,. (b) High-resolution X-ray photoelectron spectra of Sn 3d. (c) High-resolution X-ray
photoelectron spectra of S 2p. (d) High-resolution X-ray photoelectron spectra of Ni 2p.
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Figure 4. SEM images of (a) SnS, and (b) Ni-SnS,. (c) EDX spectra of Ni-SnS,.

electrode and reference electrode, respectively. The Ni-doped
SnS, microflower working electrode was prepared directly as
described in the previous section. Cyclic voltammetry (CV)
measurements were recorded within the potential window of
+0.9 to —0.2 V (vs Ag/AgCl) at a sweep rate of 10—50 mV s~".
Galvanostatic charge—discharge (GCD) performancse were
recorded within the potential range of 0.0 to —1.0 V (vs Ag/
AgCl) within the current range of 1 to 10 A g™".
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3. RESULT AND DISCUSSION

3.1. Structural Characterizations. The XRD patterns of
the as-prepared powder are shown in Figure 2a. Most of the
distinguishable XRD peaks of the obtained sample were well
indexed with the standard card (PDF#23—0677) and are
consistent with previous reports. These XRD peaks can be
assigned to the hexagonal SnS, having the same crystalline
structure.”>**** The diffraction peaks were obtained at 15.15°,
28.47°, 32.32° 42.05°, and 50.18°, respectively, which

https://doi.org/10.1021/acsomega.4c03452
ACS Omega 2024, 9, 32828—-32836
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Figure 5. (a) CV curves at various scan rates; (b) specific capacitance as a function of scan rates; (c) GCD curves at various current densities; and

(d) specific capacitance at different current densities.

correspond to the (001), (100) (101), (110), and (111) planes
of SnS, Additionally, the two diffraction peaks at 26.7° and
38.0° indicate the impurity phase of SnO, which is due to the
oxidation of the prepared samples in the atmosphere.

The structural quality of the Ni-SnS, microflower samples
was also further characterized by Raman spectroscopy using
the laser with a wavelength of 514 nm as the excitation source
attained at room temperature. Figure 2b clearly shows the
Raman spectra collected from pure SnS, and Ni-SnS,
microflower, from which it was observed that there was only
a single Raman peak centered at 312 cm™" that can be ascribed
to the A;; mode of SnS,.*” Apparently, from the obtained
Raman spectra, it can be clearly seen that there were no
additional peaks indicating the absence of other Raman modes
of SnS, Infact, the Raman characterization of the as-
synthesized Ni-SnS, microflower more clearly shows the
stretching mode of S—Sn—S bonds which is also consistent
with previous studies.’” These results confirm the formation of
the SnS, phase. It should be noted here that there is a
decrement in peak intensity and an increment in broadening of
the Raman spectra of Ni-doped sample compared to the pure
one. These results suggest that the doped sample exhibits a
more amorphous nature than the pure sample. Further,
structural confirmation of the as-prepared sample was done
by the TEM measurements. Figure 2¢ shows the TEM image
of the Ni-SnS, microflower. It is clearly observed that the
morphology looks like a marigold-like microflower. The high-
resolution TEM (HRTEM) of this sample is shown in Figure
2d. As can be seen from the figure, the d spacing was found to
be 0.278 nm, which corresponds to the SnS, (101) diffraction
plane. The SAED pattern of the sample is shown in the inset,
and it is consistent with the XRD results. The chemical
compositions and valence states of Ni-SnS, microspheres
sample were examined via XPS, as shown in Figure 3a. No
other impurity signals were observed except for Sn, S, C, O,

32832

and Ni in Ni-SnS,, indicating that Ni cation was successfully
introduced into SnS,. Additionally, in Figure 3a, the core-level
XPS spectra of Ni 2p and Sn 3s are also observed (marked as
“Sat.”). Figure 3b shows the high-resolution survey spectrum of
Sn 3d, showing two clear peaks located at 495.3 and 486.6 eV
corresponding to Sn 3d;,, and Sn 3ds,, respectively, attributed
to tetravalent Sn** without any apparent peaks corresponding
to divalent Sn?*.>° The S 2p spectrum shown in Figure 3c
shows two peaks located at 162.6 and 161.5 eV, which can be
ascribed to S 2p;,, and S 2p;),, respectively, which can be
ascribed to divalent $?~.°”°" Figure 3d shows a peak centered
at 854.8 €V corresponding to which is ascribed to Ni**.”

The surface morphologies and structures of the as-
synthesized pure and Ni-doped SnS, samples were confirmed
by FESEM, as shown Figure 4ab. From high-magnification
FESEM of pure SnS,, as seen in Figure 4a, a microflower-like
structure was observed. Figure 4b clearly shows the growth of
Ni-SnS, microflower (see in inset Figure 4b).

Figure 4c demonstrates the EDX spectra of the Ni-SnS,
microflowers. It can be observed that the obtained sample
contains the elements Sn, S, and Ni. Additionally, the atomic
percentage compositions of the present elements Sn, S, and Ni
are also shown in Figure 4C that indicates the uniform
distribution of all elements in the sample.

3.2. Electrochemical Investigations. The electrochem-
ical performance of the Ni-SnS, microflowers are evaluated in a
three-electrode system using 1 M sodium perchlorate
(NaClOy,) as an electrolyte solution and Ni-SnS, as a working
electrode. Figure S shows the cyclic voltammograms (CVs) of
the prepared electrode at rates S mV s™', 10 mV s, 25 mV
s7, and, S0 mV s™! in the potential range of —0.2 to +0.9 V. It
can be observed from CV curves that the area of Ni-SnS, is
found to be increased with the increasing scan rate.

The specific capacitance (C,) values of the electrode were
calculated utilizing the following formula:

https://doi.org/10.1021/acsomega.4c03452
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Figure 6. (a) CV curves of SnS, and Ni-SnS, at 25 mV s™' (b) GCD curves of SnS, and Ni-SnS, at 2 A g™".

A

C=—r—
P 2mkAV (1)

where A, m, k, and AV are the areas, masses of the active
electrode materials, sweeping rates, and potential windows,
respectively. The specific capacitance values of 39.25, 36.37,
29.30, and 24.82 F g~ were obtained for Ni-SnS, microspheres
at scan rates of 5 mV s}, 10 mV s™%, 25 mV s™, and 50 mV
s™!, respectively. Figure Sb shows the specific capacitance at
different current densities. The galvanostaic charge—discharge
(GCD) curves for the fabricated electrodes of the Ni-SnS,
microspheres were recorded at different current densities of 2,
3,5,7,and 10 A g_1 within the potential range of 0.0 to 0.9 V
(vs Ag/AgCl), as shown in Figure Sc. As can be observed from
the GCD curves, there is a significant deviation from the
triangular shapes, indicating that the prepared material exhibits
pseudocapacitive characteristics, which is in good agreement
with the CVs result.

The specific capacitance values from the GCD curves were
calculated by using the following equation:

1At

T mAV (2)

where C, is the specific capacitance (F g'), I is the current
density (A g™'), At is the discharging time (s), AV is the
potential window, and m is the loaded mass of the active
material.

The specific capacitances of the prepared electrode were
calculated by using eq 2 are 459.5, 340.0, 201.2, 155.0, 77.22 F
g_1 for the nanostructures at the current density of 2, 3, S, 7,
and 10 Ag'", respectively. The prepared electrode from the Ni-
SnS, microflowers exhibits the higher specific capacitance,
which may be attributed to the doping of Ni metal that
improves the active sites that are helpful to improve the
electrochemical performances of supercapacitors. Moreover, as
well-known, the morphology also influences the electro-
chemical performance of the prepared electrode. Figure Sd
shows the specific capacitance at different current densities.

For comparison, the electrochemical performances between
pure SnS, and Ni-SnS,, CV tests were conducted at the scan
rate of 25 mV s~! with potentials ranging from —0.2 to +0.9 V,
as shown in Figure 6a. Figure 6a shows that the area of Ni-SnS,
is larger than that of pure SnS,, indicating that the doped Ni-
SnS, has a higher specific capacitance compared to pure SnS,.
In the same text, GCD tests were also conducted at the current
density of 2 A ™" with potential ranging from —0.1 to 0.9V, as
depicted in the Figure 6b. Similarly, it can be seen that the
discharging time of Ni-SnS, is longer than that of pure SnS,,
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further indicating that the doped Ni-SnS, has a larger specific
capacitance compared to pure SnS,, in good agreement with
the CV results. The marigold flower-like Ni-SnS, microflower
enhances the effective reactions between the electrolyte ions
and active electrode materials, attributed to the enhancement
of the active sites due to Ni doping in the SnS, crystal. This
leads to a positive impact and improves the capacitive
performance of the as-prepared electrode compared to pure
SnS,.

To understand the capacitive behavior of the prepared
samples, in-depth electrochemical impedance spectroscopy
(EIS) tests were conducted, and the Nyquist plots were
obtained, as shown in Figure 7. From the Nyquist plots, we can

40

304
—_ i m Pure SnSy
C 20 e 10 %Ni-SnSy
g ~ Fitted Pure SnS
N 104 — Fitted 10 % Ni-SnS;

0-
0 5 10 15 20 25 30 35 40

Z'(Q)

Figure 7. Nyquist plots of the SnS, and Ni-SnS, sample.

see that there was a nearly vertical straight line in the low-
frequency range, which indicates better capacitive behavior and
excellent conductivity of the samples. Moreover, from the
obtained data, it can be seen that pure SnS, exhibits the higher
interface impedance compared to Ni-SnS,, for which Ni-SnS,
exhibits better conductivity. The straight line shows an
excellent capacitive behavior with little resistant component
inclusions, suggesting that the highly conductive Ni-SnS2
electrode material is the source of low resistance to ionic
diffusion.””*""** This can be ascribed to doping of Ni ions,
which resulted in crystal defects, and effectively improved the
conductivity of the pure SnS,.

Table 1 shows a comparison between the specific
capacitances of previously reported various SnS,-based
materials. Various nanostructures were synthesized via differ-
ent chemical routes, such as the hydrothermal method and
solvothermal methods. The present work demonstrates the
one-step solvothermal process for preparing Ni-SnS, micro-
flower. The solvothermal approach has been widely adopted
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Table 1. A Comparison among Specific Capacitances of
Various SnS,-Based Materials for Supercapacitor Energy
Storage

specific current density
materials capacitance or scan rate electrolyte references
SnS,-g -C3N, 178 Fg! 1Ag™? 3.5 KOH 40
Mo-doped SnS, 213 F g™* 1Ag™! 345 41
KOH
Ni/SnS, 410 1 mA cm™ 1M 45
nanoflower mF cm™ NaOH
Ni-MnO, 2526 Fg! SmVs! NaNO, 53
SnS, 431 F g 1Ag™! 2MKOH 37
nanostructures
SnS nanorods 70F ¢! 1 mA cm™ 1M 43
Na,SO,
SnS,/MoS, 105 F g™! 23A¢g" 1 MKCl 38
SnS, flower-like 215 F g™ 038 Ag" 1MKCl 39
Ni-SnS,-graphene 112 F g™! 1Ag! 6 MKOH 46
aerogel
Co-SnS,-graphene 175 F g™! 1Ag™! 6 MKOH 46
aerogel
Mo-SnS,- 323 F g 1Ag™ 6MKOH 46
graphene
aerogel
SnS,—$n0, 149 F g™ 2Ag" 0.5 2
nanostructure Na,SO,
Ni/ 459.5F gt 2Ag7! 1M this work
SnS,microflower NaClO,

because of its high efficiency, low processing time, and ease of
handling. In the present work, one can clearly observe from the
Table 1 that Ni-SnS, microflower exhibits better capacitive
performance compared to the pure SnS,. Therefore, the
prepared Ni-SnS, microstructures can be utilized as active
materials with comparatively good capacitive behavior for
supercapacitor storage applications. In the present work, the
high capacitance of Ni-SnS, was found as compared to
previous reports, which might be due to three main factors: (i)
the use of a water-in-salt electrolyte (WiSE), such as NaClO,,
possessing high ionic conductivity and lower viscosity;" (ii)
doping of Ni, introducing various oxidation sates; and (iii)
highly regular-shaped marigold-like structure.

capacitive retention was studied by performing cycle stability
at the current density of 2 A g' and the retention was
observed to be 78.4% up to 5000 cycles, as shown in Figure 8a.

The GCD curves were used to calculate the energy density
(E) in Wh kg™' and power density (P) in W kg™' by the

following equations, and thus, they were plotted as shown in
Figure 8b.

2
g Sav)y
7.6 (3)
_E
At (4)

where Cg is the specific capacitance of the suercapacitor (V),
AV is the potential window of the supercapacitor (V), and At
is the discharge time (s).

Figure 8b presents the Ragone plot, which compares the
energy vs power densities of our Ni-SnS, microflowers with
other reports. From Figure 8b, one can easily observe that
previously reported, SnS,-based electrodes with different
electrolytes (KOH, KCl, Na,SO,, NaOH, and NaNO,)
exhibited lower energy and power densities. Furthermore,
from Figure 8b, it can be seen that the energy density
(maximum 51.69 Wh kg™" at 2 A g7, also power density 3204
W kg™!) decreases as the power density increases, but there is
78.4% retention even at 15220 W kg™' which indicates that
Ni-SnS, is capable of showing excellent rate performance. It is
worth noting here that the energy and power density of our
samples shows higher than those of previously reported SnS,-
based materials. Moreover, high power density can be reached
for practical applications without losing remarkable energy
capacitance.

4. CONCLUSIONS

In summary, Ni-doped SnS, microflowers were successfully
synthesized using a one-step solvothermal approach and
exhibited better electrochemical performance compared to
SnS,. Moreover, the CC substrate with high mechanical
strength to maintain the integrality of the Ni-doped SnS,
microflower electrode during electrochemical testing. The
prepared Ni-doped SnS, exhibited better electrochemical
performance than SnS,. The as-prepared Ni-doped SnS,
electrode displayed a high specific capacitance of 459.5 F g™
at a current density of 2 A g7, in the three-electrode systems
and maintained the capacity retention of 78.4% after 5000
cycles. The high capacitance of Ni-SnS, mainly resulted from
three main factors: (i) the use of a water-in-salt electrolyte
(WiSE), NaClO,, with high ionic conductivity and lower
viscosity; (ii) doping with Ni, which exhibits various oxidation
sates; (iii) the presence of a marigold-like morphology. Such
better capacitive behaviors imply that the SnS, microflower-

100+
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20
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Figure 8. (a) Cyclic stability results. (b) Energy density and power density of the electrode at different charge/discharge rates and comparison with

previous reports.
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like, are promising active electrode materials for practical
applications in various energy storage devices.
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