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ABSTRACT

Supercapacitors or electrochemical capacitors are receiving greater interest because of their high-power density, long life, and low mainte-
nance. We have synthesized CuS nanoparticles and graphene oxide (CuS-GO) nanocomposites for supercapacitor applications because of
their low cost and excellent electrochemical properties. The phase purity of each material was determined using powder XRD studies. The
bandgap was determined by UV-visible spectrophotometric studies. Scanning electron microscope and transmission electron microscope
images revealed the nano-scale morphology of the synthesized particles. All the electrochemical measurements were conducted in a standard
three-electrode configuration, using a platinum wire as the counter electrode and Hg/HgO as the reference electrode. CuS$ and its composites
with graphene oxide on nickel foam were used as working electrodes. All the electrochemical measurements were performed in 3M KOH
solution. The CuS-GO nanocomposite electrode showed a specific capacitance of 250 F/g, 225 F/g, 182 F/g, 166 F/g, 161 F/g, and 158 F/g ata
current density of 0.5 A/g, 1 A/g, 5 A/g, 10 A/g, 15 A/g, and 20 A/g, respectively. CuS-GO electrodes showed a specific capacitance retention
of 70% after 5000 charge-discharge cycles at a current density of 5 A/g.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
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INTRODUCTION

supercapacitors because of their low electrical conductivity. It has
been reported that transition-metal sulfides such as CuS exhibit bet-

Electrochemical supercapacitors are used in a variety of appli-
cations where charge has to be accepted and delivered quickly and
where high-power density is required.'” Supercapacitors can sat-
isfy many modern energy needs, with applications from hybrid
electric vehicles to portable electronic devices. Various transition
metal oxides and transition metal sulfide materials have been
explored for supercapacitor applications. The most common among
these materials are MnQ,," Co304,” WO3°, ZnO,” RuO,,’ and
binary metal oxides such as MnCo, 04,” NiMo0O4,"” CoM004,'! and
NiCo,04."” Transition metal oxides have limited applications in

ter electrical conductivity (107 S/cm)" and thermal stability than
their corresponding oxides; hence, they are found to be suitable for
supercapacitor applications. Copper sulfide (CuS) has been found
to be promising for supercapacitor applications because of its high
theoretical capacity, low cost, abundance in nature, and environ-
mental friendliness. Venkadesh and co-workers'* synthesized Cu$S
materials by the solvothermal method and showed that the morphol-
ogy of CuS nanostructures depends on the solvent. “Cauliflower,”
“microflower,” and nanoparticles of a diameter of 300 nm + 20 nm,
43 nm + 5 nm, and 30 nm + 3 nm, respectively, were obtained
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when water, ethanol, and water/ethanol, respectively, were used as
the solvent during synthesis. Raj and co-workers'” reported that the
electrochemical supercapacitor behavior of low temperature chemi-
cal bath deposition (CBD) grown 2D nanostructured CusS thin films
depends on crystallinity of the electrodes. It was reported that the
thin films sintered at 250 °C showed better crystallinity than as-
prepared films. The sintered and as-prepared CusS thin films showed
a specific capacitance of 55.55 F/g and 30 F/g, respectively, at a
current density of 3 A/g.
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Carbon-based materials like graphene oxides in supercapacitor W ‘ -
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electrodes contribute to charge—storage capability through the elec- |
tric double layer effect, while oxides of transition metals contribute U | | 1. \ a
to charge-storage via oxidation-reduction reactions that transfer -W WJ WW”WUWWWM
charge between electrolytes and electrodes. Singhal et al.'® syn- | A . -
thesized a graphene oxide (GO)/MnO; nanocomposite by adding 10 20 30 40 50 60 70 80
KMnOy in a solution of water and ethanol (3:1), containing 10
mg of GO. They found that the capacitance of MnO; and MnO,- Angle (20)
GO electrodes was 300 F/g and 350 F/g, respectively, at a current FIG. 1. X-ray diffraction patter of CuS and CuS-GO composites.
of 0.5 A/g. Chen and co-workers'” found that the electrochemical
performance of as-prepared nanocomposites could be enhanced by
the chemical interaction between graphene oxide (GO) and MnOs.
They showed that chemically synthesized GO-MnO; nanocompos- 31 Cus| a
ite materials retained about 84.1% of the initial capacitance after
1000 cycles, compared to 69.0% retained by nano-MnO,. It was also
reported that MnO,/GO nanocomposites showed a specific capac-
itance of 244 F/g at a current density of 0.1 A/g, with a capacity 2
retention of approximately 94.3% after 500 cycles.'®
The specific capacitance of CuS/graphene oxide nanocompos-
ites was found to improve compared to bare CuS. It was reported
that at a current density of 1 A/g, the specific capacitance of graphene
oxide/CuS nanocomposites was 332.8 F/g, compared to 90.5 F/g 1
for bare CuS. The excellent performance was ascribed to the “short
diffusion path and large surface area of the unique hierarchical
nanostructure with nanoflake building blocks for bulk accessibility
of faradaic reactions.”'’ 0 i . . i
In this paper, we report the synthesis of CuS and CuS/graphene 1 2 3 4 5 6 7
oxide (GO) nanocomposites via the hydrothermal method for high
rate supercapacitor applications.
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EXPERIMENTAL »
Synthesis procedure

The precursor materials copper (II) acetate monohydrate 12
[Cu(OOCCH3.H,0), 98.0%-102%], thiourea [CH4N>S, 99.0%], and N 10-
1-butanol [CH3(CH;)30H, 99.0%] were purchased from Alfa Aesar _é
and were used as received. Graphene oxide (Graphenea, Spain) were 3 0.8
also used as received. 0.6 -

To synthesize CuS materials, an appropriate amount of copper
acetate was dissolved in a water-butanol solution for 30 min. After 0.4 4
mixing copper acetate in the water-butanol solution, thiourea was
added to this solution, followed by stirring for 1 h. The final solution 0.2
was then transferred into a Teflon-lined stainless-steel autoclave and 00
heated at 180 °C for 24 h. The resulting precipitate of CuS was recov- ’ 1 6
ered using a centrifuge, washed with deionized (DI) water, and dried
in air for 24 h. A similar procedure was followed for the synthesis hv V)
of CuS-graphene oxide composites where the only change was to ,
add 30 mg GO into the water-butanol solution prior to adding the LSS 2 T 00 () S8 e () EE-ED Eaii pez 25
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FIG. 3. TEM studies of (a) CuS and (b) CuS-GO composites. 30 =
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copper acetate. The pure CuS samples and those with 30 mg GO are
referred to as CuS and CuS-GO, respectively.

Characterizations
The crystal structure and phase purity of the synthesized mate- —_ 100 4 300 mV/s
rials were studied in an air atmosphere and at room temperature, by &0 75 4
x-ray diffraction, using a Rigaku Mini flex-II diffractometer (CuKq <
wavelength 1.5406 A), at a scan rate of 10°/min. Data were collected o 50 =
at every 0.02°. The surface morphology of the synthesized materi- ;i
als was studied using a FEI Tecnai-12 Spirit transmission electron & 254
microscope (TEM). Images were acquired at an accelerating voltage % 04
of 120 kV. Scanning electron microscopic studies were carried out -
using a Hitachi tabletop scanning electron microscope (SEM, Model E 2254
Hitachi TM 1000). Samples were prepared by mixing ethyl alcohol o
with synthesized powders, sonicating the solution, and then dipping = -50+
holey-carbon TEM grids into the solution and allowing the grids to o 754
dry. Optical characterizations were carried out using a UV-visible -
spectrophotometer (Thermo Fisher, Evolution 220). -100 CuS-GO
Working electrodes were prepared by mixing 80 wt.% of Y T Y T T T Y
the synthesized sample, 10 wt. % of acetylene black, and 10 wt. % 0.0 0.1 0.2 0.3 0.4 0.5 0.6
of polyv.inylidene difluoride (PVDF) in the presence of N-methyl Potential (V, Hg/]—[gO)
pyrrolidinone (NMP). After thoroughly mixing, the paste was
applied onto pre-cleaned nickel electrodes, and the loading of the FIG. 5. Cyclic voltammogram of (a) CuS and (b) CuS-GO nanocomposite elec-
synthesized sample was measured by weighing the nickel foam T’;otceies at room temperature in 3M KOH electrolyte solution as a function of scan

before and after electrode preparation using an analytical balance

FIG. 4. SEM images of (a) CuS and (b)
CuS-GO composites.
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(model MS105DU, Mettler Toledo, max. 120 g, 0.01 mg of resolu-
tion). The electrochemical behavior of CuS and CuS-GO composites
was studied using a VersaSTAT 4-500 electrochemical workstation
(Princeton Applied Research, USA). All the electrochemical mea-
surements were conducted in a standard three-electrode configura-
tion, where a platinum wire and a Hg/HgO electrode was used as the
counter and the reference electrode, respectively. CuS and its com-
posites with graphene oxide on nickel foam were used as working
electrodes. All the measurements were performed at room tempera-
ture in 3M KOH solution. Electrochemical properties of the synthe-
sized samples were investigated using cyclic voltammetry (CV) and
galvanostatic charge-discharge studies.

RESULTS AND DISCUSSIONS

Figure 1 shows the x-ray diffraction pattern of CuS and CuS-
GO nanocomposites. The planes obtained at (100), (101), (102),
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FIG. 6. Cyclic voltammogram of CuS and CuS-GO nanocomposite electrodes at
a scan rate of (a) 10 mV/s (b) 50 mV/s in 3M KOH solution.
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(006), (110), (108), and (116) represents covellite CuS hexagonal
structure. No additional peaks were found in CuS-GO composite
materials as compared to CuS. These results are in agreement with
those reported earlier in the literature.'””’ The average crystallite
sizes were found using the Scherrer equation,

)
" BCosb’

Here, k is constant, A is the CuK, wavelength, p is the FWHM, and 0
is the diffraction angle. The average crystallite size for CuS nanopar-
ticles and CuS-GO nanocomposites were found to be about 48.3 nm
and 38.1 nm, respectively.

Figure 2 shows the Tauc plots of CuS and CuS-GO nanomate-
rials. The bandgap energy for CuS and CuS-GO nanomaterials was
found to be 3.48 eV and 2.46 eV, respectively.

Figures 3(a) and 3(b) show the TEM images of CuS and CuS-
GO nanocomposites. It can be seen from the figures that all of the
materials showed a hexagonal structure. The average particle size
of CuS nanomaterials was found to be 95 nm and 69 nm along the
long and short axis, respectively. The average particle size of CuS-
GO nanocomposites was found to be 64 nm and 37 nm along the
long and short axis, respectively. The results confirm that CuS-GO
nanocomposites have a large surface area compared to pure CuS
nanoparticles.

Figures 4(a) and 4(b) show SEM images of CuS and CuS-
GO nanocomposite materials. The SEM images of bare CuS
[Fig. 4(a)] show well defined nanocrystals, which agglomerate to
create a microstructure. It can be seen from SEM images of CuS-
GO nanocomposites that GO prevents the agglomeration of CuS
nanocrystals. A similar kind of observation was earlier reported by
Li and co-workers."”

Figures 5(a) and 5(b) show the cyclic voltammogram of CuS
and CuS-GO electrodes in a potential window of 0 V-0.6 V and
between scan rates of 1 mV/s to 300 mV/s. It can be seen from
Figs. 5(a) and 5(b) that the oxidation and reduction peaks are clearly
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FIG. 7. Variation in specific capacitance of CuS and CuS-GO nanocomposite
electrodes as a function of scan rate.

AIP Advances 10, 035307 (2020); doi: 10.1063/1.5132713
© Author(s) 2020

10, 035307-4



AIP Advances ARTICLE

TABLE I. Specific capacitance as a function of scan rate.

scitation.org/journal/adv

Specific capacitance (F/g)

Specific capacitance (F/g)

Scan rate (mV/s) CuS CuS-GO Scan rate (mV/s) CuS CuS-GO
1 437 597 125 129 262
337 471 150 120 230
10 279 420 175 112 218
20 231 374 200 106 208
30 202 346 225 101 198
50 176 312 250 96 190
75 155 283 275 92 181
100 140 262 300 88 170

visible, indicating that both CuS and CuS-GO show a pseudo-
capacitive behavior. It can also be seen from Fig. 5 that upon increas-
ing the scan rate, the shapes of the CV curves remain the same,
indicating that the electrodes are electrochemically stable at high
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FIG. 8. Galvanostatic charge—discharge characteristics of CuS and CuS-GO
nanocomposite electrodes at a current density of (a) 5 A/g and (b) 10 A/g.

scan rates, that is, they have better mass transport and high rate
capability.”' Figures 6(a) and 6(b) show the cyclic voltammograms
of CuS and CuS-GO nanocomposite materials at a scan rate of 5
mV/s and 10 mV/s, respectively. It can be seen from Fig. 6 that CuS-
GO nanocomposites show a larger integrated area of the CV curves
at both scan rates, indicating the increased charge storage capacity
of CuS$ upon incorporation of GO in CuS. This may be because of
the large surface area of GO.”

The specific capacitance of the synthesized samples was calcu-
lated using the following equation:

_[Idv
TAVx9xm’

Here, I is the current, AV is the potential window, 9 represents the
scan rate, and m is the mass of the synthesized samples.

Figure 7 shows the specific capacitance of CuS and CuS-
GO electrodes as a function of scan rate. It can be seen from
Fig. 7 that CuS-GO nanocomposite materials showed better specific
capacitance than pure CuS. The specific capacitance of CuS and
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FIG. 9. Specific capacitance of CuS and CuS-GO nanocomposite electrodes as a
function of current density.
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TABLE II. Specific capacitance as a function of current density.

Specific capacitance (F/g)

Specific capacitance (F/g)

Current Current

density (A/g) CuS CuS-GO density (A/g) CuS CuS-GO
0.5 158 250 5 104 182
0.75 138 238 7 102 175

1 128 225 10 99 166
1.5 120 213 15 96 161

2 116 206 20 91 158

3 110 196

CuS-GO nanomaterials were found to be 437 F/g and 597 F/g,
respectively, at a scan rate of 1 mV/s. Table I summarizes the spe-
cific capacitance of CuS and CuS-GO nanocomposites as a function
of scan rate. It can be seen from Table I that the specific capacitance
decreases gradually with increasing scan rate. This may be due to
the low electrolyte ion diffusion at a high scan rate. A similar type
of observation was reported by Zhao and co-workers” and Xu and

Figures 8(a) and 8(b) show the charge-discharge behavior of
CuS and CuS-GO electrodes at current densities of 5 A/g and 10 A/g.
It can be seen from Figs. 8(a) and 8(b) that as the current density
increases, the discharge time decreases. The discharge time of CuS—
GO electrodes [Fig. 8(b)] was found to be higher than that of CuS
electrodes [Fig. 8(a)], indicating that the CuS-GO nanocomposite

co-workers,”’ where they reported that at a high scanning rate, ions 120
in electrolytes cannot enter the material efficiently, so the utilization ) ’ ' '
S . . : ~ 1401 a
rate of the electrode material is relatively low, which results in less <
specific capacitance < 1204 P B et imtmmtma —3= | ] ()() z
. = =
The specific capacitance of CuS and CuS-GO electrodes 2 2
was calculated from galvanostatic charge-discharge measurements, E 100+ - 80 é“
using the following equation: S 80 =
S F60 o
_ I x At [>] 60 J =
Co = Anm’ 3 E L 40 _E
= | =
where I is the discharge current (A), At is the discharge time (s), AV i 40 8
is the potential window (V), and m is the mass (g) of the synthesized = 204 20
sampl © Cus
ples.
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FIG. 10. Ragone plot of CuS and CuS-GO nanocomposite electrodes.

FIG. 11. Cyclic performance of (a) CuS and (b) CuS-GO nanocomposite elec-
trodes at a current density of 5 A/g.
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showed better specific capacitance than pure CuS. Figure 9 shows the
specific capacitance of CuS and CuS-GO nanomaterials as a func-
tion of current density. The specific capacitance of CuS was found
to be 158 F/g, 128 F/g, 104 F/g, 99 F/g, 96 F/g, and 91 F/g at current
densities of 0.5 A/g, 1 A/g, 5 A/g, 10 A/g, 15 A/g, and 20 A/g, respec-
tively. The specific capacitance of CuS was found to be improved in
CuS-GO nanocomposites. The CuS-GO nanocomposite electrodes
showed a specific capacitance of 250 F/g, 225 F/g, 182 F/g, 166 F/g,
161 F/g, and 158 F/g at a current density of 0.5 A/g, 1 A/g, 5 A/g,
10 A/g, 15 A/g, and 20 A/g, respectively. The high specific capac-
itance of CuS-GO nanocomposites may be due to the high surface
area of GO, thus resulting in more electrolyte-electrode interactions.
Table TI summarizes the specific capacitance of CuS and CuS-GO
nanomaterials as a function of current density. It can be seen from
Table II that at a high current rate of 20 A/g, CuS electrodes show
58% of the specific capacitance shown at 0.5 A/g. On the other hand,
at 20 A/g, CuS-GO nanocomposite electrodes show 63% of the spe-
cific capacitance shown at 0.5 A/g. Furthermore, the lower value of
specific capacitance at high current densities than its value at a low
current density can be attributed to the low ion diffusion rate at
higher current densities.

Electrochemical performance of supercapacitors can be evalu-
ated by studying energy density and power density. The energy den-
sity (W, Wh kg™") and power density (P, W kg™") can be calculated
using the following equations:

W = CpAV?/2,
P = W/At,

4)
(5)
where At (s) is the discharge time.

155700

155800

It can be seen from the Ragone plots of CuS and CuS-GO elec-
trodes (Fig. 10) that CusS electrodes show a maximum power density
of 5.0 kW/kg at an energy density of 3.2 Wh/kg and CuS-GO elec-
trodes show a maximum power density of 5.3 kW/kg at an energy
density of 6.2 Wh/kg. These results support CuS and CuS-GO as
promising materials for energy storage applications.

Electrochemical stability is an important factor for use of super-
capacitors in practical applications. Figure 11 shows the cyclic
behavior of the first 5000 cycles of CuS and CuS-GO electrodes at
a scan rate of 5 A/g. It can be seen from Fig. 11 that CuS electrodes
have approximately 80% capacity retention after 5000 charge-
discharge cycles, while CuS-GO electrodes show 70% capacity reten-
tion after 5000 charge—discharge cycles. Furthermore, Fig. 12 shows
the characteristic of the first 10 and last 10 charge discharge cycles
of CuS and CuS-GO electrodes at a current density of 5 A/g. It can
be seen from Fig. 12 that both the electrodes reach up to 0.6 V even
after 5000 charge-discharge cycles, which indicates that electrodes
are stable upon cycling even at a high current rate of 5 A/g.

CONCLUSIONS

We have successfully synthesized CuS and CuS-GO nanocom-
posites. The x-ray diffraction pattern confirms the phase purity of
the synthesized nanocomposites. TEM studies confirm that CuS
and CuS-GO composites are nanosized. The specific capacitance of
CuS-GO nanocomposites was found to increase compared to that of
pure CuS. The specific capacitance of CuS and CuS-GO nanocom-
posites were found to be 158 F/g and 250 F/g, respectively, at a
current density of 0.5 A/g. The CuS-GO nanocomposite electrodes
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show a specific capacitance of 158 F/g at a current density of 20 A/g.
Specific capacitance retention was studied at a current density of
5 A/g for 5000 cycles and was found to be 80% and 70% for Cu$ and
CuS-GO nanocomposites, respectively. These results confirm that
CuS and CuS-GO nanocomposites can be used for supercapacitor
applications.
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