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ABSTRACT: Copper tin sulfide, Cu,SnS, (CTS), a ternary
transition-metal chalcogenide with unique properties, including
superior electrical conductivity, distinct crystal structure, and high
theoretical capacity, is a potential candidate for supercapacitor
(SC) electrode materials. However, there are few studies reporting
the application of Cu,SnS, or its composites as electrode materials
for SCs. The reported performance of the Cu,SnS, electrode is
insufficient regarding cycle stability, rate capability, and specific
capacity; probably resulting from poor electrical conductivity,
restacking, and agglomeration of the active material during - S ™ N R—
continued charge—discharge cycles. Such limitations can be Soaz raten (05 " cpteumer Current Density (mA/cn)
overcome by incorporating graphene as a support material and

employing a binder-free, facile, electrodeposition technique. This work reports the fabrication of a copper tin sulfide-reduced
graphene oxide/nickel foam composite electrode (CTS—rGO/NF) through stepwise, facile electrodeposition of rGO and CTS on a
NF substrate. Electrochemical evaluations confirmed the enhanced supercapacitive performance of the CTS—rGO/NF electrode
compared to that of CTS/NF. A remarkably improved specific capacitance of 820.83 F g~' was achieved for the CTS—rGO/NF
composite electrode at a current density of S mA cm™?, which is higher than that of CTS/NF (516.67 F g™'). The CTS—rGO/NF
composite electrode also exhibited a high-rate capability of 73.1% for galvanostatic charge—discharge (GCD) current densities,
ranging from 5 to 12 mA cm 2, and improved cycling stability with over a 92% capacitance retention after 1000 continuous GCD
cycles; demonstrating its excellent performance as an electrode material for energy storage applications, encompassing SCs. The
enhanced performance of the CTS—rGO/NF electrode could be attributed to the synergetic effect of the enhanced conductivity and
surface area introduced by the inclusion of rGO in the composite.
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1. INTRODUCTION energy density and higher cost;>”° therefore, it is highly
desirable to improve the energy density of SCs to approach
that of batteries, which could enable their use as a primary
power source.

The performance of a SC device depends on the electrode,
electrolyte used, and the working potential range, among which
the type and characteristics of the electrode material and the
method of preparation play a significant role.” Electrode
materials that have been used for pseudocapacitor applications
include transition-metal oxides/hydroxides,” " transition-
metal sulfides,'"' ™" and conducting polymers.”>'® Transi-
tion-metal oxides/hydroxides have proved as excellent
materials for pseudocapacitor application with average

The ever-rising global population and introduction of new
technologies along with concerns of environmental pollution
have intensified the demand for environmentally friendly
alternative electricity generation, storage, and conversion
materials. This has led to intense research on energy storage
and conversion technologies, including batteries and super-
capacitors (SCs). Although batteries are the most utilized and
preferred devices for energy conversion and storage, owing to
delivery of high energy density and long-term charge storage,
they are limited by their lower power density, short life cycle,
and therefore not suitable for applications requiring high-
power delivery.' SCs on the contrary present a number of great
advantages including long life cycle, high power density, high

efficiency, high specific capacitance, low maintenance cost, Received: November 12, 2023
flexible operating temperature, quick charging, and fast power Revised:  January 17, 2024
delivery.' = Hence, SCs are ideal for applications that require Accepted:  January 23, 2024

short-term power boosts, such as emergency power supplies Published: February 12, 2024

and peak power assistance for batteries in electric vehicles.' ™
Despite their benefits, SCs suffer from the drawbacks of lower
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Figure 1. Schematic of the preparation of (a) CTS/NF and (b) CTS—rGO/NF composite electrodes by a facile potentiostatic electrodeposition

method.

capacitance but are limited due to poor rate capability and
electrical conductivity, while conducting polymer-based
electrodes exhibit exceptional electrochemical redox activity
but suffer from poor cycle stability.'® In contrast, transition-
metal sulfides offer higher specific capacity, rate capability, and
have gained immense attention for the last two decades, owing
to their unique morphology and crystal structure, environ-
mental stability, easy availability of precursors, facile synthesis
methodologies, and low solubility in most electrolytes.”'”"*
Among these transition-metal sulfides, more focus has recently
been paid to ternary transition-metal sulfides, such as
NiCo,S,,"”*° CuCo,S,"" MnCo,S,,”> and copper tin sulfides
(CTS),*™*° due to their improved performance owing to the
existence of multiple metals with differing oxidation states and
higher electrical conductivity than binary metal sulfides."*”

CTS (Cu,SnS; and Cu,SnS,) compounds have lately
fascinated researchers owing to their low cost, low toxicity,
excellent electrical conductivity (with hole density reaching up
to ~10%> cm™3), narrow band gap, and reliable chemical and
electrochemical stability.”****” Accordingly, CTS (Cu,SnS;
and Cu,SnS,) materials have recently been investigated as an
electrode material for SCs and batteries with promising results,
with Cu,SnS, exhibiting superior performance.”>>° This could
be attributed to enhanced electrical conductivity due to the
higher Cu content and defects introduced thereof. Besides, the
gap between the voltametric oxidation and reduction peak
potentials of Cu,SnS, is smaller than those of other CTS
compounds, resulting in improved reversibility of the redox
reaction.”® Furthermore, the existence of a large interplanar
spacing in their crystal structure provides enormous and
efficient access for ion intercalation, which can undeniably
enhance their capacitive performance.”® Density functional
theory calculations have also shown that Cu,SnS, undergoes
smaller volumetric expansion and forms more stable electrodes
upon ion intercalation—deintercalation for Li battery applica-
tion.”
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Despite its potential suitability for SC** and battery
application,”®*’ there are few studies reporting the application
of Cu,SnS, composites as an electrode material for SCs.
Compared to other ternary transition-metal sulfides such as
Ni,Co,S,, the reported performance of the Cu,SnS, electrode
is insufficient regarding cycle stability, rate capability, and
specific capacity probably resulting from poor electrical
conductivity, restacking, and agglomeration of the active
material during continued charge—discharge processes.”

Hence, a strategy to improve the performance of the
Cu,SnS, material must be sought. Such strategies include using
a binder-free film deposition technique such as electrochemical
deposition and forming a composite with carbon-based
materials, notably graphene. Besides its simplicity, the
electrochemical deposition method allows for binder-free,
direct binding of the electroactive material on the conductive
substrate enhancing the effective contact area between active
materials and electrolytes, and the substrate thereby effectively
reducing the impedance of the electrode for ion and electron
transport (charge transfer) leading to the much improved
electrochemical performance.’®™>® The performance of the
pristine Cu,SnS, materials can also be enhanced by the
formation of a composite with graphene. Studies have shown
that incorporating reduced graphene oxide (rGO) with
transition-metal sulfides has been shown to enhance their
capacitive performance by a factor of more than ~1.5 X (see
Table S1).">***> Forming a composite with rGO enhances the
performance of the active material as it introduces improve-
ments in surface area, electrical conductivity, and structural
stability.’® To the best of our knowledge, electrochemical
deposition of copper tin sulfide (Cu,SnS,) or Cu,SnS,/rGO
nanocomposite on the nickel foam (NF) substrate (labeled as
CTS/NF and CTS-rGO/NF) for use as SC electrode materials
has not been reported yet.

Owing to the excellent intrinsic characteristics of Cu,SnS,,
simplicity of the electrochemical synthesis method, and
advantage offered by the incorporation of rGO along with
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the limited research reports available, an attempt has been
made to fabricate a high-performance CTS/NF and CTS—
rGO/NF nanocomposite electrodes through a facile potentio-
static electrodeposition of Cu,SnS, and rGO on an NF
substrate, for use in SCs. The fabricated electrodes were
evaluated for SC applications and found to exhibit excellent
pseudocapacitive characteristics. Compared with CTS/NF, the
CTS/rGO/NF nanocomposite electrode exhibited a high
specific capacitance of 820.83 F g~' at a current density of S
mA/cm? [1.6 times that of pristine CTS/NF electrode (516.67
F ¢!)] ; high-rate capability of 73.1% when the current density
increased from S to 12 mA/cm?; and improved cycling stability
with a capacitance retention of 92.7% after 1000 continuous
galvanostatic charge—discharge (GCD) cycles demonstrating
its capability as a promising electrode material for SC
application.

2. EXPERIMENTAL SECTION

2.1. Chemicals. Copper(Il) chloride dihydrate (CuCl,:
2H,0), Tin(IV) chloride tetrahydrate (SnCl,-4H,0), sodium
thiosulfate pentahydrate (Na,S,0;- SH,0), trisodium citrate,
sodium tartarate, NF substrate (1 X 1.5 X 1.7 mm), fluorine-
doped tin oxide (FTO)-coated conductive glass substrate,
graphite powder (99%, 45 mm), sulfuric acid [H,SO,, 98%(m/
m)], phosphoric acid (H;PO,) potassium permanganate
(KMnO,), sodium sulfite (Na,SO;), hydrogen peroxide
[H,0,, 30%(v/v)], hydrochloric acid (HCI), potassium
hydroxide (KOH), ethanol, and deionized (DI) water were
used for synthesis and characterization of CTS/NF and CTS—
rGO/NF composite electrodes.

2.2. Preparation of CTS/NF Electrodes. The (CTS)
Cu,SnS, was deposited electrochemically on the NF substrate
from a 100 mL solution of an aqueous electrolyte containing
0.04 mol CuCl,, 0.01 mol SnCl,, 0.05 mol Na,S,0;, 0.1 mol
tartaric acid, and 0.2 mol trisodium citrate at a pH of 5.0 and a
cathodic deposition potential of —1.10 V versus Ag/AgCl
reference electrode using a three-electrode electrochemical
system (IVIUMSTAT potentiostat) for S min (Figure la)
following the procedures described in the literature.””*® The
as-prepared CTS/NF electrode was then rinsed with distilled
water and dried in a vacuum oven at 60 °C for 12 h. The CTS/
NF was used as the working electrode with Pt foil and Ag/
AgCl serving as the counter and reference electrode,
respectively. Before the electrodeposition process, the NF
substrate was ultrasonically cleaned with HCI, ethanol, and
deionized water consecutively, for 20 min each, respectively.

2.3. Synthesis of Graphene Oxide. Graphene oxide
(GO) was synthesized by adopting Marcano’s method with
slight modifications.” Prior to the synthesis, graphite powder
and KMnO, in the ratio of 1:6 were powdered with a mortar
and pestle and were precooled to S °C in a refrigerator along
with a separate mixture of 100 mL of conc. H,SO, and H;PO,
mixed in the ratio of 9:1(v/v). The precooled mixtures were
then transferred to a larger 1 L beaker and then placed in a
chilled water bath and continuously stirred for about 1 h while
keeping the temperature below 25 °C; at this stage, the color
of the mixture changed to greenish black. The mixture was
then heated and continuously stirred for about 12 h in a water
bath with the temperature maintained below 55 °C, after
which the solution becomes brownish. The mixture was then
allowed to cool to room temperature, after which the reaction
mixture was poured into a beaker containing 400 mL of ice and
cold DI water to quench the reaction followed by the addition
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of S mL of 30%(v/v) H,0, while stirring with a glass rod; after
which the color of the solution changed to golden yellow,
marking the formation of GO. Additional DI water (400 mL)
was then added to the solution after S min, then the GO was
allowed to settle for an hour, and the supernatant discarded.
This was followed by successive washing with 1 M HCI, DI
water, ethanol, and deionized water many times with
intermediate centrifugation (at 6000 rpm for 10 min) and
decantation to obtain a brownish-colored GO gel. Finally, the
GO gel was dried at 60 °C under vacuum for about 24 h. The
schematic depicting the synthesis of GO is presented in Figure
SI.

2.4. Preparation of the CTS—rGO/NF Composite
Electrode. The CTS—rGO/NF composite was fabricated by
stepwise electrochemical deposition of rGO followed by CTS
under slightly different potentials. First the rGO was deposited
on an NF substrate by electrochemical reduction of GO
ultrasonically dispersed in an electrolyte solution containing
Na,SO; using a deposition potential of —1.2 V versus the Ag/
AgCl reference electrode. CTS was further electrodeposited on
the surface of the rGO/NF substrate at a constant potential of
—1.10 V for 5 min from 100 mL of a mixed aqueous solution
containing 0.04 mol of CuCl,, 0.01 mol of SnCl,, 0.05 mol of
Na,S,0;, 0.1 mol of tartaric acid, and 0.2 mol of trisodium
citrate at a pH of 5.0 using a three-electrode electrochemical
system. The rGO/NF acted as the working electrode with Pt
foil and Ag/AgCl electrode acting as counter and reference
electrodes, respectively. The fabricated electrode was then
rinsed with deionized water and dried at 60 °C in a vacuum
oven for 12 h. For XRD characterization, the CTS and CTS-
rGO were also deposited on an FTO substrate in a similar way
described for their deposition on the NF substrate.

2.5. Material Characterization. The as-prepared materi-
als were extensively characterized by using different techniques.
The phase and crystal structure were obtained from the X-ray
diffraction patterns obtained by Shimadzu Maxima 7000 X-ray
diffractometer and an FEI Tecnai G*> F20 Super twin
transmission electron microscope (TEM) with a beam energy
of 300 kV. The morphology and microstructures of CTS/NF
and CTS/rGO/NF electrodes were examined using a Hitachi
$-4800 scanning electron microscope (SEM) equipped with
energy-dispersive spectroscopy (EDS). An UV—visible spec-
trometer (Azzota. SM-1600) and a Fourier transform infrared
spectrometer (PerkinElmer) were also used for character-
ization of GO.

2.6. Electrochemical Characterization. The electro-
chemical performances of the electrodes were evaluated
through cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS), and galvanostatic charge—discharge
(GCD) techniques using an IVIUMSTAT potentiostat
(Ivium Technologies) with the fabricated electrodes function-
ing as the working electrode, an Ag/AgCl as a reference
electrode, and platinum wire as the counter electrode in 1.0 M
KOH electrolyte. The constant potential EIS measurements
were carried out in the frequency range of 10,000 Hz—0.1 Hz
with an AC amplitude of S mV and a constant potential of 0.0
V. The CV characterization was carried out within the
potential window ranging from 0.0—0.6 V vs Ag/AgCl with a
scan rate ranging from 10 to 50 mV/s. The GCD
measurements were carried out at different charging/
discharging current densities of S, 6, 7, 8, 10, and 12 mA/
cm?® under an applied potential ranging from 0—0.6 V. To
evaluate the cycling capability of CTS/NF and CTS/rGO/NF
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Figure 2. (a) Powder XRD patterns of GO, FTO, CTS/FTO, and CTS—rGO/FTO with reference patterns for orthorhombic Cu,SnS,, (b) UV—

visible, and (c) FT-IR spectra of GO.

electrodes, GCD cycles were performed at a constant current
density of 7 mA/cm? within a potential window of 0—0.6 V in
1 M KOH aqueous electrolyte for consecutive 1000 cycles.
The specific capacitance (Cg), in F g™', of the electrode
materials was calculated from GCD data using eq 1°7*

IX At

CS(GCD) = 7m < AV

(1)
where At is the discharge time in s, I is the current density per
unit area in mA/cm?, AV is an operating potential window in
volts, and m is the mass in grams of the deposited electrode
material.”*

3. RESULTS AND DISCUSSION

3.1. Synthesis, Structure, and Morphology Character-
ization. rGO was deposited on the NF substrate through
constant potential cathodic electrochemical reduction of the
aqueous GO suspension. During the electrochemical reduction
process, the negatively charged GO migrated to the cathode
surface and was reduced to rGO. For deposition of CTS on the
NF and rGO/NF substrate, a constant cathodic potential of
—1.0 V was maintained, prompting the oxidation of thiosulfate
ions into sulfide and sulfite ion followed by reduction of Cu**
to Cu* by the sulfite ion. The Cu* and Sn** then reacted with
the sulfide ion to produce black CTS depositing of the NF
substrate. The proposed eguations for electrodeposition of
CTS are given in eqn. 2—4.”

48,077 + 8¢~ — 48> + 45803 (2)
2Cu™t + 4805 — 2Cut + 3505 (3)
4Cu™ + Sn,T + 48> — Cu,SnS, (4)

The schematic of the fabrication of CTS/NF and CTS—rGO/
NF electrodes through cathodic electrodeposition of CTS and
CTS—rGO on NF substrates is displayed in Figure 1. The
optical photographs of the electrode materials (CTS/NF,
rGO/NF, and CTS—rGO/NF) are displayed in Figure S2.
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Figure 2a displays the XRD patterns of GO powder; bare
FTO, CTS/FTO, and CTS—rGO/FTO electrodes. The XRD
patterns of the bare FTO substrate, CTS/FTO, and CTS—
rGO/FTO displayed six distinct major peaks centered at 26
values of 26.45, 33.66, 37.64, 51.45, 61.52, and 65.46°, which
correspond to the SnO, in the FTO substrate (ICDD # 00—
046—1088). Besides the characteristic XRD patterns of the
FTO substrate, the XRD patterns of CTS/FTO and CTS—
rGO/FTO present minor peaks positioned at 26 values of
26.28, 28.56, 30.93, 46.60, and 50.57°, which can be indexed to
the (400), (102), (112), (431), and (223) planes of
orthorhombic Cu4SnS4 (ICDD #: 00—027—0196).*' Fur-
thermore, some XRD peaks of the CTS material may get
overlapped with those of the FTO substrate. For GO, the XRD
pattern shows a prominent peak at around 26 = 8.92°,
corresponding to a layer-to-layer distance (d-spacing) of 0.991
nm, which indicates a very high degree of intercalation, and
agrees with values reported in the literature.””** The patterns
showed a larger interlayer spacing for GO than graphite
powder layers (0.335 nm) due to the insertion of oxygen-
containing functional groups between the layers. The absence
of graphite’s characteristic peak positioned at 260 = 26°
confirmed the sufficient and uniform oxidation level of GO.*

Besides XRD, the successful synthesis of GO was confirmed
by UV—visible and FT-IR studies. The UV—visible absorption
spectra (Figure 2b) recorded for the aqueous suspension of
GO showed an absorption peak at 229 nm and the shoulder
peak at 300 nm. The peak at 229 nm corresponds to 7 — 7*
transitions for the C = C bonding, while the broad shoulder at
300 nm corresponds to the n — 7* transition of the carbonyl
groups (C = O) confirming the formation of GO.”** The
FT-IR spectra of GO depicted in Figure 2c display peaks
revealing the existence of various oxygen containing functional
groups such as carbonyl, epoxide, and OH, revealing the
successful oxidation of graphite. The broad peak extending
from 3100—3400 cm ™" is due to the stretching vibration of the
— H group. The peaks centered at 1735, 1620, 1224, 1170, and
1030 cm™" correlate to the C = O stretching vibration of the
carbonyl group, the C = C vibration of the skeletal alkene
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Figure 3. SEM images of (a,b) CTS/NF, (c) CTS-tGO/NF, (d) CTS-+GO; TEM (e), HRTEM (f), IFFT (g), energy-filtered SEM image, and the
corresponding EDS elemental mapping for the CTS-rGO composite (h—1).
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rGO—CTS/NF composite electrode tested in 1 M KOH electrolyte.
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Figure S. (a) Comparison of C; of CTS/NF and CTS—rGO/NF at various current densities, (b) capacity retention plots of CTS/NF and CTS—
rGO/NF electrodes for 1000 GCD cycle stability test at a current density of 7 mA/cm?, (c) EIS Nyquist plots of CTS/NF and CTS—rGO/NF,
and (d) EIS Bode plot showing phase angle for the CTS/NF and CTS—rGO/NF electrodes.

group, C—OH functional group, and C—O stretching of the
epoxide and alkoxy groups, respectively. The presence of
alkene, carbonyl, epoxide, alkoxy, and hydroxyl functional
group ensures the successful synthesis of GO.*’

Figure 3a—c displays the SEM images of the CTS/NF and
CTS-rGO/NEF electrodes at different resolutions. The SEM
images reveal interconnected nanospike clusters covering the
surface of the NF substrate; the clusters are composed of
nanospikes of CTS grown on the NF substrate. Such clusters
of nanospikes are capable of providing a high contact area with
the electrolyte and a decrease in the diffusion path for ion
transfer, thus leading to the enhanced performance. Figure
3d—e depicts the SEM and TEM images, respectively, of the
CTS-rGO composite obtained by ultrasonic removal from the
NF substrate, revealing the existence of rGO nanosheets in the
composite. As shown in Figure 3h—1, the SEM—EDS elemental
mapping of the fabricated materials revealed the existence and
uniform distribution of the elements Cu, Sn, S, and C. The
HRTEM image with the corresponding IFFT obtained by
Gatan software (Figure 3f—g) revealed lattice fringes with a
lattice spacing of 0.339 nm corresponding to the (4 0 0) planes
of orthorhombic phase of Cu,SnS,, which is in good
agreement with the result of the XRD analysis.

3.2. Electrochemical Performance Evaluation. The
electrochemical performance of CTS/NF and CTS—rGO/NF
composite electrodes was evaluated by various techniques
including CV, GCD, and EIS. A typical three-electrode cell
configuration with Ag/AgCl and Pt wire serving as the
reference and counter electrodes, respectively, and the CTS/
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NF or CTS—rGO/NF as the working electrode with 1 M
KOH solution as an electrolyte were used for the electro-
chemical evaluation of the fabricated electrode materials.

For CV characterization of the electrode materials, a
potential range of 0.0—0.6 V was maintained over various
voltage scan rates ranging from 10—50 mV/s in 1 M aqueous
KOH electrolyte. CV analysis was used to identify the
existence and contribution of faradic and nonfaradic processes
for the charge storage mechanism. Figure 4a presents
comparison of CV curves of CTS/NF and CTS—rGO/NF at
a scan rate of 10 mV/s within a potential range of 0.0—0.6 V.
The CV curves exhibit a pair of redox peaks that agree with the
typical behavior of CTS (Cu,SnS; and Cu,SnS,) materials
reported previously,”>*® indicating pseudocapacitive, battery
type, and faradic behavior. The pair of redox peaks for CTS/
NF and CTS—rGO/NF occur at about 0.45 and 0.26 V; 0.43
and 0.25 V, respectively. The anodic peak can be attributed to
the reaction: Cu*— Cu?" or Sn**— Sn*; while that of the
cathodic peak corresponds to the reaction: Cu**— Cu' or
Sn**— Sn**.** Moreover, from the CV plot, it can be noted
that the CTS—rGO/NF electrode showed a higher peak
current density, larger area under the curve, and reduced peak
separation potential than the pristine CTS/NF electrode,
revealing the enhanced capacitive performance of the CTS—
rGO/NF electrode material. The increased capacitance for
CTS—rGO/NF can be attributed to the synergistic involve-
ment of the conductive and high surface graphene layers,
which also protected the CTS nanospike clusters from collapse
and agglomeration.>
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CV curves of the CTS/NF and CTS—rGO/NF electrodes at
different scan rates are displayed in Figures S3a and 4c,
respectively. A pair of distinct redox peaks can be observed for
both electrodes at various scan rates. As the scan rate increased
from 10 to SO mV/s, the anodic peaks shifted to a higher
potential while cathodic peaks shifted to a lower potential,
which may be due to resistive effects involved with the
electrode, polarization, and fast electrode kinetics with the
increasing scan rate, consistent with the quasi-reversible
characteristics of the redox reaction.”*® Besides, the peak
current increased proportionally with the increase in the scan
rate with no sign of peak attenuation, indicating good
reversibility of the quasi-redox reactions and hence excellent
pseudocapacitive behavior. From CV plots, the capacity of the
SC electrode is directly proportional to the absolute area of the
CV curve and inversely proportional to the value of the scan
rate, suggesting that higher capacity is achieved at low scan
rates. The higher capacitance at the lower scan rate could be
credited to the efficient diffusion reaction of the electrolyte
with the internal electroactive sites of the electrode. At higher
scan rates, the electrolyte ions cannot efficiently interact with
the electrode material, so the electrode material cannot be
utilized sufficiently resulting in lower capacitance.*” Moreover,
the peak currents correlate linearly with the inverse of the
square root of the scan rate, suggesting domination of the
diffusion controlled faradic redox processes for charge
storage.zz’40

Along with CV, the performance of the electrode materials
was also evaluated by its charging—discharging capabilities at
varied current densities. As shown in Figure 4b, the GCD
curves of both CTS/NF and CTS—rGO/NF electrodes exhibit
nonlinear curves, different from the triangular GCD curves of
Electrochemical double-layer capacitor (EDLCs) indicating
battery-type pseudocapacitive behavior. The GCD curves are
almost symmetrical, indicating a rapid current—voltage
response and excellent electrochemical reversibility of the
electrode material. Voltage plateaus are in the range of 0.4—0.5
and 0.2—0.3 V for the charge and discharge curves,
respectively, consistent with the redox peaks observed in the
CV curves. It can be noted that the CTS—rGO/NF electrode
exhibited enhanced capacitive performance than the CTS/NF
electrode, as evidenced by the longer discharge times.

Figures 4d and S3b depict GCD curves of the CTS—rGO/
NF and CTS/NF electrode materials, respectively, at various
charge—discharge current densities ranging from S to 12 mA/
cm®. The specific capacitance, Cs (F g'), of the electrode
materials was calculated using eq 1 and yielded a value of
820.83, 760.00, 723.33, 686.67, 633.33, and 600.00 F g™ at
current densities of 5, 6, 7, 8, 10, and 12 mA/cm?, respectively,
for the CTS—rGO/NF electrode material, while that of bare
CTS/NF electrode recorded a much lower capacitance value
of 516.67, 460.83, 410.01, 360.21, 300.02, and 240.11 F g~". It
can be observed that at all current densities, the specific
capacitance of the CTS—rGO/NF electrode is higher than that
of the CTS/NF electrode. Figure Sa depicts the variation in
specific capacitance of the CTS/NF and CTS—rGO/NF
electrodes, as calculated from GCD data. As observed from the
results, the CTS—rGO/NF electrode retained 73.1% of its
initial capacitance at a current density of 12 mA/ cm?, with the
CTS/NEF electrode retaining only 46.5% of its initial
capacitance, suggesting the enhanced performance of the
composite electrode as evidenced by its higher capacitance
values and rate capability. The enhanced performance of the
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CTS—rGO/NF electrode could be attributed to the enhance-
ment in conductivity along with increased surface area due to
the introduction of rGO. Moreover, the results show that for
both electrode materials, Cs decreased as the current density
increases, which is related to the kinetics of the electrode
reactions. The higher capacitance at the lower current densities
results from the efficient interaction of the electrolyte with the
internal electroactive sites of the electrode, while at higher
current densities, the electrolyte ions cannot efficiently interact
with the electrode material due to the diffusion-limited
electrode kinetics, so the active utilization of the electrode
material is low resulting in lower capacitance.”® Additionally,
other factors such as higher IR losses and concentration
polarization could be res_Ponsible for reduced capacitance at
higher current densities."

Long-term continuous charge—discharge cycling or the
cycling stability of the electrode is a critical issue and an
important parameter for practical SC applications. The cycling
stability of the electrode materials was evaluated by running a
continuous GCD cycle for about 1000 cycles at a constant
current density of 7 mA/ cm?. For the CTS/NF electrode, as
depicted in the capacitance retention plot (Figure Sb), the
capacitance gradually decreases and maintains a capacitance
retention of 72.34% of the initial value, while the CTS—rGO/
NF electrode capacitance retention of 92.70% of the initial
value was maintained after the 1000 GCD cycles, which is
much higher than that of the bare CTS/NF electrode. The
results demonstrated the good cycling stability of the CTS—
rGO/NF composite electrode and its suitability in SC
application.

Charge-transfer ability, conductivity, and the associated
resistance of the energy storage electrode at the electrode—
electrolyte interface were evaluated using EIS. The EIS
measurement was further utilized to investigate rGO’s role in
enhancing the capacitive performance of the CTS—rGO/NF
composite electrode. EIS curves of the CTS/NF and CTS—
rGO/NEF electrodes are shown in Figure Sc. All spectra
consisted of a typical semicircle, followed by a straight line.
The high-frequency region in the spectra provides information
about the electrode and electrolyte resistance (Rg). The
diameter of the semicircle in the spectrum relates to the
resistance arising from the charge-transfer (Rer) kinetics,
which is associated with the electrode/electrolyte interface.
The line gradient in the low-frequency region measures the
diffusion resistance called the Warburg impedance (W).* For
the CTS—rGO/NF electrode, a relatively vertical slope was
observed in the low-frequency area compared to that of the
CTS/NF electrode, which reveals the lower diffusion
resistance between the working electrode and the electrolyte.
The values, of Rg, Rer, were obtained by fitting the EIS spectra
with the equivalent circuit shown in the inset of Figure Sc.
Through the EIS fitting, the CTS—rGO/NF electrode yielded
a smaller Rg of 1.13 €, relative to that of the CTS/NF
electrode (1.89 Q). Moreover, the CTS—rGO/NF electrode
exhibited a smaller Rcr of 2.23 € compared to that of the
CTS/NF electrode (3.22 Q), revealing the improved charge-
transfer ability of the CTS—rGO/NF electrode relative to that
of the CTS/NF electrode. This demonstrated a fact that the
high conductivity and large-surface area of rGO ensured both
the lower charge transfer and ion diffusion resistance and
enhanced capacitive performance. Moreover, the Bode phase
angle plot (Figure Sd) indicates that the phase angle measured
in the low-frequency region for CTS—rGO/NF is 76.2°, which
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Table 1. Summary of Supercapacitive Performance of CTS-Based Materials Reported in the Literature with Reference to This
Work
electrode material potential window (V) electrolyte specific capacitance (F g") cycling stability (%/cycle) reference
Cu,SnS; 0.13-0.53 3 M KOH 1015 @1 A g™ 60/2000 @2 A g! =
Cu,SnS, 0.0-0.50 1 M NaOH 684 @20 mA/cm* 72/2000 @40 mA/cm? 24
Cu,SnS, 0.1-0.65 1 M KOH 183 @l Ag™! 88.5/2000 @1 A g~ 2
Cu,SnS, 0.0—0.60 1 M KOH 516.67 @5 mA/cm? 72.3/1000 @7 mA/cm? This work
Cu,SnS,—1GO 0.0—0.60 1 M KOH 820.83 F @5 mA/cm> 92.7% ; 1000 @7 mA/cm>
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Figure 6. Linear fit plot of (a,b) peak current (I) vs. square root of scan rate (0'/2); (¢,d) I/0"/?/ vs. v/* with insets of % contribution of diffusion
controlled faradic processes and capacitive processes under different scan rates, as derived from CV data of CTS/NF and CTS—rGO/NF

electrodes, respectively.

is higher than pristine CTS/NF electrode (55.5°), further
demonstrates the enhanced capacitive nature of the CTS—
rGO/NF composite electrode.”

Overall, electrochemical evaluations of the fabricated
materials revealed the enhanced performance of the CTS—
rGO/NF electrode. The performance of the fabricated
electrode materials reported in this paper is better than
CTS-based materials reported in the literature, as shown in
Table 1.27>°

3.3. Supercapacitor Charge Storage Mechanism. The
capacitance of the SC electrode arises from capacitive (cap.),
faradic and nonfaradic surface processes, and diffusion (diff.)
controlled faradic processes that occur deep inside the
electrode, as given in eq 5."® The contribution of the capacitive
and diffusion-controlled processes at different voltage scan
rates can be determined from CV data using an eq 6 that
relates current (I) to the voltage scan rate (v)’>

I= Icap + Idiff (5)
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I=avb

(6)

log(I) = log(a) + blog(v) (7)
where a and b represent constant and are determined from the
intercept and slope, respectively, of the plot of log(I) vs.
log(v), eq 7. The value of b is used for the kinetic study of the
electrode processes, and it determines the extent of
contribution of the capacitive and diffusion processes for the
charge storage mechanism involved in the electrode, where a
value of b = 1 indicates presence of capacitive fast faradic and
nonfaradic processes occurring at the surface of the electrode,
while a value of b = 0.5 indicates a sluggish, diffusion-
controlled, battery-type faradic process.'*® A b value of 0.643
and 0.654 was obtained for the cathodic peak currents (i,) of
the CTS/NF and CTS—rGO/NF electrodes (Figure S4ab),
revealing the existence of both capacitive and diffusion-
controlled processes, with the diffusion-controlled process as
a dominant contributor to the charge storage mechanism.
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For capacitive processes, the peak current (D response
changes linearly with the scan rate (v), while that of diffusion-
controlled processes peak current response changes linearly
with the square root of the scan rate (v'/?) and can be
expressed using the eq 8”'°

I=kXvo+kx0o™ =1+

(8)

Ix 0" =k x 0" +k, (9)
The value of k; and k, was determined from the slope and
intercept, respectively, of the linear fit plot of I/0'/? vs. v'/? [eq.
9]. As displayed in Figure 6a,b, the plots of both anodic (i,)
and cathodic peak currents (i,) vs. 0'/? fit linearly with R? >
0.99 for both CTS/NF and CTS—rGO/NF electrodes, further
confirming the dominance of diffusion controlled faradaic
processes for the charge storage mechanism. Besides, the
contribution of the capacitive and diffusion controlled process
for the charge storage at different voltage scan rates (10—50
mV/s) for the CTS/NF and CTS—rGO/NF electrodes is
shown in the insets of Figure 6c,d, with the capacitive
contribution increasing from 19—35 and 22—39%; while the
contribution of the diffusion-controlled process decreased from
81—65 and 78—61% as the scan rate increased from 10—50
mV/s, for the CTS/NF and CTS—rGO/NF electrode,
respectively.

The observed decrease in the Iy and increase in I, as the
scan rate increased can be understood based on the kinetics of
the electrochemical reactions occurring at the electrode—
electrolyte interface. At high scan rates, electrolyte ions do not
have enough time to diffuse and reach to the electrode surface
to undergo sufficient redox reaction; hence, the capacitive
process prevails at the electrode surface due to fast charge/
discharge faradic and nonfaradic processes occurring at the
electrode—electrolyte interface as that of EDLCs. Meanwhile,
at lower scan rates, the electrolyte ions enjoy sufficient time to
diffuse and reach to the electrode surface to participate in the
faradic charge-transfer processes.'

4. CONCLUSIONS

In this work, flower-like clusters of nanosheet of CTS were
deposited electrochemically on NF and rGO/NF substrates to
fabricate CTS/NF and CTS—rGO/NF electrodes for SC
application. The CTS—rGO/NF electrode exhibited the
highest performance with specific capacitance of 820.83 F
g~ compared with the bare CTS/NF electrode (516.67 F g™')
at a current density of S mA/cm’ ; rate capability of 73.1% as
compared with 46.5% for CTS/NF for current densities
ranging from 5—12 mA/ cm?® Moreover, the CTS—rGO/NF
electrode exhibited better capacitance retention of 92.7% as
compared to the CTS/NF (72.34%) electrode after continuous
1000 GCD cycles at a current density of 7 mA/cm” The
enhanced performance of CTS—rGO/NF is attributed to the
synergetic effect of the enhanced conductivity and surface area
introduced by the integration of rGO. Furthermore, the
introduced rGO layer maintains the structural integrity of the
electrode by preventing the collapse of the CTS nanosheet
clusters. In conclusion, this work demonstrated CTS—rGO/
NF nanocomposite as a promising electrode material for high-
performance SC application.
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