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HIGHLIGHTS

e C03S4-tGO was synthesized by
binder-free simple two-step hydro-
thermal process.

e C03S4-1GO electrode exhibits a high
areal capacitance with ultra-high
energy density.

e C0354/C03S4-rGO asymmetric super-
capacitor device shows a superior
cyclic stability.
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ABSTRACT

A binder-free graphene-nanosheets wrapped Co3S4 hybrid electrode is prepared on conductive Ni-foam
via a simple two-step hydrothermal process. The physicochemical characterization such as X-ray
diffraction, Raman spectroscopy, and electron microscopy revealed the formation of a Co3S4-rGO hybrid
electrode with a large specific surface area (30 m? g~1). The integrated structure of the Co3S4-rGO hybrid
electrode exhibits an areal and specific capacitance of 8.33 F cm 2 and 2314 F g, respectively. The
C03S4-rGO hybrid electrode charges within 30 s, while the energy density remains high as 54.32 Wh kg1
at an outstanding power density of 6.25 kW kg~! with 92.6% excellent electrochemical cyclic stability
over 1000 cycles. The asymmetric supercapacitor device is fabricated using Co3S4 and Co3S4-rGO as
positive and negative electrodes, respectively, which exhibit an areal capacitance of ~164 mF cm~2 with
reasonable cyclic stability (89.56% over 5000 cycles). The C03S4/Co3S4-rGO supercapacitor reveals a high
energy density of 1.09 Wh kg~ at a power density of 398 W kg™, and 0.31 Wh kg~ ! energy density can
be retained even at a power density of 750 W kg~ .. The superior electrochemical activities of the Co3S4
based electrode suggest considerable promise for high-performance energy storage applications.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Due to the rapid changes in environmental contamination,
recent technologies have been focused on the development of an
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efficient renewable energy source and reliable energy storage de-
vices. Supercapacitor known as electrochemical capacitors are
reviewed as an important class of clean and sustainable energy
storage to replace conventional capacitors and batteries thanks to
their excellent electrochemical properties such as high powder and
energy density, long cycling lifespan, and high discharge efficiency
[1]. The supercapacitor is mainly divided into two categories which
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double layer capacitor (EDLC) and (ii) pseudocapacitor, where the
electrode material plays an important role in energy storage. Car-
bon based materials typically show as EDLC's behavior based on
electrostatic charge mechanism, and provide large specific surface
area and excellent mechanical stability [2]. Generally, metal oxides
and conducting polymers are utilized as a pseudocapacitive elec-
trode material and charges are stored based on the Faradaic Redox
reaction occurred at the interface of electrolyte/electrode material
[3].

The electrode materials, including metal oxides, conducting
polymers, metal chalcogenides, and carbon-based materials have
been used as supercapacitive electrode materials. Among these
categories, the good electrochemical activity and structural di-
versity of metal chalcogenides demonstrate it to be an attractive
and promising electrode material for energy storage applications.
The transitional binary and ternary metal chalcogenides, including
NiS [4], CoS [5], LayS3 [6], MoS; [7], NiCo,S4 [8], etc. have received
much attention as electrode materials for electrochemical appli-
cations. Amongst these, cobalt-based materials have a great deal of
potential for electrochemical applications due to their multiple
oxidation states and structures that enable redox reactions [9].
Cobalt sulfide (CoSx) with different stoichiometries compositions
including CoS;, Cos3S4, CoS, and CogSg have been attracting
considerable attention due to their interesting physical and
chemical properties [10]. The transition phases of CoSx have been
widely investigated in various applications such as magnetic ma-
terials [11], hydrogen evaluation catalysis [12], lithium ion and
alkaline batteries [13], supercapacitors [5], etc.

Ghosh et al. [14] synthesized Co3S4 nanosheets via a two-step
hydrothermal route for supercapacitor application and reported a
maximum capacitance of 1369 F g~! with a good electrochemical
cycling stability. Chen et al. [15] synthesized Co3S4 nanosheet (NS)
arrays via a simple shape, phase transformation route, and reported
a specific capacitance of 1081 F g~!. Further, Meng et al. [16] pre-
pared cobalt sulfide/graphene by a simple hydrothermal method
and reported a specific capacitance of 564 F g~! Remarkably,
several researchers have reported analogous high values of capac-
itance close to the theoretical values (about 3000 F g~!) of CoS,
when the electrode material is formed on a metal current collector
with lower loading mass (~5 mg) [17]. Meanwhile, it has been
shown that hierarchically different micro or nanostructured ma-
terials are of great interest in material science and different ap-
proaches have been presented for the synthesis of nanostructures
with complex morphology [18]. Notably, the electrochemical ac-
tivities are strongly dependent on the crystalline size, porous sur-
face microstructure, and pore size distribution of the electrode
materials. Porous CoSx with pore sizes from 2 to 30 nm have been
obtained in the present work by the chemical method. More
interestingly, the surface area to volume ratio and pore size dis-
tribution could be controlled by adjusting the reaction
temperature.

Remarkably, graphene oxide (GO) based composite electrode
materials have demonstrated considerable potential for energy
storage and conversion applications due to their structural features
and fast reaction kinetics to manifest fully electrochemical activ-
ities [19]. The reduced functional groups of GO provide a large
porous structure beneficial for improving the effective electro-
chemical performance of metal sulfide encapsulated with
graphene-based carbonic materials [20]. The hybrid electrode en-
hances the structural flexibility of bare electrode, while rGO
exhibited better electrochemical capacitive retention of 92.9% in
CogSg/graphene nanocomposites than the bare CogSg with 89.9%
capacitive retention [5]. In the hierarchical Ni@Co3S4-rGO com-
posite, Ni@Co3S, nanosheet exhibiting a specific capacitance of
1369 Fg~ !, anchored on the rGO hydrogel, led to a capacitance up to

1463 F g~! [14]. Significantly, electrochemical performances were
examined through the preparation of the hybrid electrode from the
powdery material, usually using a polymeric binder and conductive
agents. However, these preparation strategies affect the charge
storage capacity of electrodes due to the increase in the internal
resistances of the electrode and block the active sites during the
electrochemical Redox reaction. The present work describes the
recent progress made in designing binder free nanostructured ar-
chitecture of cobalt sulphide based materials for electrochemical
applications.

A binder-free strategy based on a simple two-step hydrothermal
method is employed for the syntheses of Co3S; and Co3S4-rGO
electrodes on Ni-foam for supercapacitor applications. The pre-
pared electrodes are characterized through different characteriza-
tion techniques and their supercapacitive properties are
systematically investigated. The excellent electrochemical perfor-
mance of prepared Co3S4-rGO hybrid electrode highlighted the
importance of the hierarchical structure of the material. Electro-
chemical measurements show that Co3S4 electrode demonstrate
superior electrochemical performance with respect to Co3S4-rGO
hybrid electrode in an asymmetric supercapacitor assembly, which
can be attributed to the optimal reaction temperature and specific
microstructures of the CosS4 electrode.

2. Experimental details
2.1. Materials

Commercial expanded graphite, sulfuric acid (H,SO4), hydro-
chloric acid (HCl), hydrogen peroxide (H»0), potassium perman-
ganate (KMnO4), cobalt chloride (CoCly-6H;0), urea (CH4N0),
sodium sulphate (NaS), polyvinyl alcohol (PVA), sodium hydroxide
(NaOH), and potassium hydroxide (KOH) were obtained from Sigma
Aldrich Chemical Reagent Co., Ltd.

2.2. Preparation of Co3S4 and Co3S4-rGO

Graphene oxide (GO) was synthesized according to the modified
Hummers method [21]. The prepared GO was reduced by precursor
solution of urea using the hydrothermal method, then obtained
solution was centrifuged for 5 h, and the separated product of
reduced graphene oxide was collected. CosS4 electrodes were
prepared by a simple two-step hydrothermal method on Ni-foam.
Ni-foam with a thickness of 1.6 mm was cut into 1 x 2 cm?
pieces and etched in HCI solution (40%) for 15 min, then washed
with deionized (DI) water and ethanol, and finally ultrasonically
cleaned for 20 min to remove the oxide layer. The schematic dia-
gram for the growth of Co3S4 nanoflakes network over Ni-foam is
shown in Fig. 1. In typical synthesis process, the equimolar amount
of CoCl,-6H,0 and CH4N,O0 dissolved thoroughly in 40 ml DI water
and obtained solution was stirred for 30 min with stirring rate of
430 rpm at 60 °C. The stirred solutions with Ni-foam were trans-
ferred into a Teflon-lined stainless steel autoclave. Then, Ni-foam
contained Teflon-lined stainless steel autoclave kept in the oven
for reaction and set hydrothermal reaction temperature as 120 °C
for 10 h. After the hydrothermal reaction terminated, the oven was
cooled down naturally to room temperature (RT) and take out the
Teflon-lined stainless steel autoclave from the oven, and collect the
samples. The light pinkish colored Co precursor coated Ni-foam
samples obtained from the solution were washed with DI water
and ethanol alternatively for several times. Finally, prepared Co
precursor coated Ni-foam sample were dried at 70 °C for overnight.
In the second step, 100 mg of Na,S was dissolved in 40 ml of DI
water under stirring of 400 rpm at 40 °C for 30 min, to which 10 mg
of as-prepared Co precursor coated Ni-foam samples were
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Fig. 1. Schematic illustration for the preparation of Co3S4 and Co3S4-rGO on Ni-foam using two-step hydrothermal method.

immersed into the solution. Then, the solution was further trans-
ferred to Teflon-lined stainless steel autoclave and was kept in the
oven, and subsequently heated at 120 °C for 8 h for the hydro-
thermal reaction. When the oven was cooled down naturally (RT),

the samples were collected from the Teflon-lined stainless steel
autoclave. The collected samples were washed with ethanol and DI
water, and dried at 60 °C for overnight. To acquire the appropriate
elemental stoichiometry and crystal structure, the second step
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followed for the different hydrothermal reaction temperatures of
100, 120, and 160 °C by keeping a constant reaction time period.
Finally, the prepared samples were noted as CS1, CS2, CS3, and CS4
at the hydrothermal reaction temperatures of 80, 100, 120, and
160 °C, respectively. From the EDX analyses (see Fig. 2(a”-d")), it
confirms that the hydrothermal reaction temperature of 120 °C
(Fig. 2(c¢”)) exhibits appropriate stoichiometry (Co: S as 40.92:
59.08) and shows good electrochemical performance (Fig. 6(a—c)).
Thus, the hydrothermal reaction temperature of 120 °C was further
used for Co3S4-rGO hybrid electrode preparation. Briefly, 10 mg of
GO was dispersed in 40 ml DI water under a stirring speed of
1000 rpm at room temperature to form a homogeneous solution.
Then, CoCly-6H,0 was added in homogeneous solution where co-
balt ions were adsorbed on the GO surface due to the electrostatic
force of attraction between the cobalt ions and negatively charged
oxygen-containing functional group on the GO surface (C=0, and
COO—, OH). Finally, CH4N,O dissolved in mixture solution and
stirred (430 rpm) for 30 min at 60 °C to form graphene oxide
contained cobalt precursor solution. Further, Co3S4-rGO hybrid
electrode was prepared according to the same protocol as
explained earlier for the hydrothermal reaction temperature of
120 °C as depicted in Fig. 1, in which replaced the cobalt precursor
solution with graphene oxide contained cobalt precursor solution.

2.3. Characterization techniques

The prepared Co3S4 and Co3S4-rGO hybrid electrode materials
was characterized for their structural, morphological, and
elemental analysis using various characterization techniques. Field
emission scanning electron microscopy (FE-SEM; JEOL J[SM-7500F)
was used to study the surface morphology and elemental analysis
of the electrode material. Transmission electron microscopy (TEM,
HR-TEM, JEM-2100F, JEOL) was employed to characterize the
microstructure of the electrode material. The crystal structure and
crystallinity of the prepared electrode materials were recorded on

X-ray diffractometer (XRD; X -Pert-pro using CuKe) in the scan
range of 20—90°. To check the molecular structure and phase purity
of the prepared material, Fourier Transform Infrared spectroscopy
(FT-IR, Bruker, EQUINOX 55/S/NIR SP spectrometer) and Raman
(NRS-5100, JASCO spectrometer) analysis were performed. X-ray
photoelectron spectroscopy (XPS, ESCALAB-MKII) was employed to
analyze the oxidation states of the prepared material. The specific
surface area measurements were carried out by the nitrogen
adsorption/desorption  technique based on the Bru-
nauer—Emmett—Teller (BET, Micromeritics (ASAP2010)) method
and the Barrett-Joyner-Halenda (BJH) method was used to obtain
the pore size distributions.

2.4. Electrochemical measurements

Electrochemical properties of prepared electrodes were con-
ducted using cyclic voltammogram (CV) and galvanostatic charge/
discharge (GCD) study using an electrochemical workstation
(WBCS3000) operated with WONATECH software. The electro-
chemical tests were carried out by dissolving the appropriate
amount of salt (2 M KOH) in DI water. The three-electrode system
was conducted with a saturated calomel electrode (SCE) and plat-
inum wire as a reference and counter electrodes, respectively and
the prepared electrode was used as the working electrode.

CV's were employed to calculate the areal (interfacial) and
specific capacitances of the prepared electrode at various scan rates
based on the following Equation (1) [6],

Va
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(1)
where Ci and Cs are the areal (F cm~2) and specific capacitance (F
g~ 1) of electrode material, respectively, » is the scan rate (mV s~1),
(V,—V4) is the working potential window (V), I is the current
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Fig. 2. FE-SEM micrographs at different magnifications for Co3S4: (a-a’) CS1, (b-b’) CS2, (c-¢’) CS3, (d-d’) CS4, (e-e’) CS3-rGO samples prepared by different hydrothermal reaction
temperatures (80 °C, 100 °C, 120 °C, 160 °C) and EDX pattern (a”-e”) with corresponding elemental composition analysis.
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response (mA) of the electrode material for unit area (1 cm?),and m
is the deposited areal mass of electrode material. Further for the
Ragone plot, specific energy density (E), and specific power density
(P) was evaluated from the charge—discharge profile using the
following Equation (2),

_ IxTd 0.5 % Ceg x (Vo — V)2
Ca = —vywm £ 36 and P
E x 3600
=TT @)

Where C.q and Td are the discharging specific capacitance (F
g~ 1) and discharging time (s), respectively, I (mA cm2) is the
applied working charge/discharge current, (V,—V1) is a potential
window range (V) during the charge/discharge cycle. The areal
mass loading of electroactive material on the Ni-foam is approxi-
mately 3.2 mg and 3.7 mg for Co3S4 and Co3S4-rGO, respectively,
calculated using the weight difference method. The electro-
chemical impedance analyses were conducted using three elec-
trode configurations in 2 M KOH electrolyte solution by applying an
AC voltage with 10 mV amplitude in a frequency range from 1 MHz
to 0.1 Hz.

3. Results and discussion
3.1. Microstructure studies

FE-SEM surface morphological micrographs of Co3S4 and Co3S4-
rGO hybrid electrode material are presented in Fig. 2. The length of
each nanoflake can be well controlled through the hydrothermal
reaction temperature by maintaining a constant reaction time. At
lower magnification, the Co3Sy4 electrode surface exhibits a micro-
rod which consisting of dense nanoparticles (Fig. 2(a—d)). On the
other hand, at higher magnification, dense nanoparticles forming
the interconnected nanoflakes are grown on Ni-foam (see in
Fig. 2(a’-d’)). From the FE-SEM micrographs of the Co3S4 material,
the particle size decreases with the reaction temperature. Fine,
uniform, and stable surface is observed for 120 °C hydrothermal
reaction temperature (Fig. 2(c)). The porous surface morphology
composed of an interconnected nanoflakes framework with the
presence of mesoporous is shown in Fig. 2(c) and (c'). Such nano-
structured morphology is extremely useful in electrochemical
application, especially in supercapacitors to store a large amount of
charge. The smaller particle size with the porous surface can be
expected to achieve an effective surface area.

The formation of rGO-nanosheet wrapped CosSs-nanoflakes
directly on the Ni-foam in Co3S4-rGO frameworks are schematically
presented in Fig. 3. The graphene oxide was used as a template for
heterogeneous nucleation and direct growth of Co3S4 on the Ni-
foam surface. Cobalt ions directly bond to the negatively charged
oxygen atoms via an intermolecular bond, which adsorbs and
directly grown on the GO nanosheets and GO was reduced to rGO at
the same time. The graphene sheets assist as a framework of a
conductive network that ensures to shorten the diffusion length for
electrolyte ion migration and improved rate performance of the
active material. The cobalt ions can adsorb the functional group of
graphene oxide and made good interfacial contact between them to
improve the surface area accessibility of electrode around the
electrolyte ion. Fig. 2(e) and (e’) suggest that rGO nanosheets
wrapped nanoflakes, providing the connective path for ion
diffusion.

TEM analyses are performed to provide more insight into the
morphological and microstructure of the Co3S; and Co3S4-rGO
hybrid electrodes. As seen in Fig. 4(a—c), Co3S4 consists of a
randomly aggregated uniform thin distribution of nanoflakes

showing close restocking. TEM microstructure of the CosS4 elec-
trode shows the nanoflake-like surface microstructure (Fig. 4(a));
while introducing graphene, the structure of nanoflakes converts
into several nanosheet-layers of graphene that could provide a
conductive network and fast ion diffusion pathways for redox re-
actions as seen in Fig. 4(f). The Co3S4 nanoflakes fully covered with
rGO nanosheets are clearly seen in the TEM image (Fig. 4(f—h)). The
TEM image of Co3S4-rGO also supports FE-SEM analysis of the
nanoflakes morphology of Co3S4 covered with the rGO. Selected
area electron diffraction (SAED) patterns are shown in Fig. 4(e) and
(j) that exhibit the polycrystalline structure of Co3S4 and Co3S4-rGO.
The presence of spots, as well as ring in the SAED pattern confirms
that the growth of Co3S4 nanoflakes occurs from the rGO. Also, the
diffraction rings can be indexed to the (311), (400), (440), and (533)
planes of CosS4, being in good agreement with the obtained XRD
results. The HR-TEM image of the Co3S4-rGO nanosheets gives a
lattice spacing of 0.33 nm and 0.178 nm, corresponding to the (311)
and (440) interplanar spacing, respectively (Fig. 4(d) and (i)).

The resulting distribution of the component in the Co3S4-rGO
materials is further evaluated by the energy-dispersive X-ray
spectroscopy (EDX) mapping technique as shown in Fig. 4(k-n),
where the compositional analysis of the composite material gives C,
Co, and S contents. The significant differences in EDX spectrum of
the CosS4 electrode have been observed as supported in the XRD
study, while the peak intensities of Co and S considerably changed
with the changed reaction temperature (see Fig. 2(a”-d")). Fig. 2(e”)
shows the EDX spectrum of Co3S4-rGO with atomic % of C, Co and S.
Inset of Fig. 2(a”-d”)) present the elemental composition analysis
that exhibits the change in atomic % of Co and S. With increase the
hydrothermal reaction temperature, the sulfur ion concentration
(%) increases and at 120 °C reaction temperature there was
appropriate formation of CosS4 phase. After the 120 °C hydrother-
mal reaction temperature, sulfur concentration decreases due to
the decomposition of sulfur. Fig. 4(1—n) clearly show homogeneous
and continuously distributed C, Co, and S elements that could be
enhancing the ion transport kinetics of the electrode. This phe-
nomenon promotes ion transfer into the interior pore to obtain
superior electrochemical performance.

3.2. Structural studies

The XRD patterns of prepared Co3S4 and Co3S4-rGO material are
shown in Fig. 5(a). The XRD patterns suggest that the major
diffraction peaks at a 20 angle of 31.49°, 38.47°, 50.68°, 55.30°,
65.18°, 68.99°, and 82.32° correspond to the peaks of (311), (400),
(511), (440), (533), (444), and (800), respectively, are well matched
with the standard JCPDS card (00-002-0825) of cubic type Co3S4
[14]. These XRD patterns with the single phase of Co3S4 material
exhibit a cubic crystal structure. The crystallite size of ~12 nm is
calculated using the Scherer formula by fitting the most intense
peak of the Co3S4 material. The inset in Fig. 5(a) shows a broad peak
with the peak centered at 20 = 24.03° (starting 20 from 13° to 32°),
confirming the reduction of graphene oxide and the peak at 43° due
to the disordered carbon materials [22]. The Co3S4-rGO electrode
presents all the peaks indexed to be the cubic Co3S4 structure, and
an extra diffraction peak is observed at 24.71° attributed to the
(002) peak for rGO. FT-IR spectroscopy studies of the Co3S4 rGO,
and Co3S4-rGO electrode material are carried out separately to
identify the characteristic functional group and confirmation to the
formation of the prepared hybrid material, the results of which are
shown in Fig. 5(b). The IR band appears at 632 and 1021 cm™,
which are assigned to C—S in the stretching vibration modes [23].
The strong band at 3442 cm~! corresponds to the stretching vi-
bration of NHy. Reduced graphene oxide exhibits characteristic
absorption peaks of oxygen-containing groups (Fig. 5(a), spectrum
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rGO-C0sS,
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Fig. 3. Schematic drawing with FE-SEM micrographs of rGO and CosS4 for the formation of Co3S4-rGO hybrid structure on a Ni-foam surface.

(ii)). The absorption bands include 1107 cm™' for C—O stretching
vibrations [24], 1635 cm~! for skeletal vibrations from graphitic
domains [24], 1720 cm™! for C=0 stretching vibrations from
carbonyl and carboxylic groups [24]. Spectrum (iii) in Fig. 5(b)
shows the FT-IR measurement for Co3S4-rGO, a rGO spectrum with
weak intensity, and the disappearance of the oxide functional
group indicates the reduction of graphene oxide. The observed
absorption band at 1176 cm~! disappears and absorption at 1114,
1553, 1877, 2108, and 2339 cm ' indicates that the carbon-
oxygenated functional groups are successfully reduced [25]. Also,
the peaks observed at 890 and 1080 cm ™! are assigned to the epoxy
vibrations in graphene oxide [26]. Fig. 5(c) presents the Raman
spectra of Co3S4, GO, and Co3S4-rGO material obtained at room
temperature. The spectra are collected in a wavenumber range from
100 to 2000 cm . The main characteristic Raman peaks of Co3S4 lie
at 648.43 cm™! are assigned to the A1 mode. In addition, spectrum
(i) exhibits characteristic peaks at 453 and 522 cm ™', corresponding
to the Eg and F2g modes of the asymmetric emission bands,
respectively [27]. Nearly all Raman peaks observed in the spectral
range between 450 and 750 cm™~! are consistent and well matched
with previously reported values for CoS [28,29]. This suggests that
the CoS particles have good crystallinity. The reduced graphene
oxide (spectrum (ii)) represents the Raman shifts at 1363 and
1590 cm ™', corresponding to the intensity of defect (sp3) related to
the disordered band (D-band) and sp2 hybridization related to the
graphitic band (G-band), respectively, of carbon-based materials
[30]. Co3S4-rGO spectrum (iii) consisting of carbonous high-
intensity bands of D and G corresponds to the breathing mode of
the k-point phonons of A1g and tangential stretching mode of the
E2g phonons of sp2 atoms [31] and a minor peak of CoS, confirming
the presence of graphene and CoS. The intensity ratio of Ip/Ig
increased in Co3S4-rGO is due to the graphene nanosheets pro-
moted by the intercalation of CoS [32].

To explore the surface electronic structure, chemical bonding,
and composition of Co3S4-rGO, X-ray photoelectron spectroscopy
(XPS) analysis is carried out. Fig. 5(d) shows the typical XPS full
scan spectrum of Co3S4-rGO. The figure clearly shows that the XPS
spectrum can be fitted with the peak components that prove the
presence of the elements of C1s, O1s, Co2p, and S2p. Fig. 5(e) shows
the C1s XPS spectrum for Co3S4-rGO has a major peak at 284.7 eV
corresponding to sp2-hybridized graphitic carbon (C—C) [33],
showing the majority of carbon atoms. Additional minor peaks
appear at 285.56 eV and 287.67 eV, corresponding to graphitic sp2
carbon atom C—0O and O—C—O0O bonds. However, the component at
291.3 eV is assigned to carboxylate carbon C(O)OH [34]. The Cls
spectrum suggests the presence of oxygen functional groups due to
the appearance of higher binding energies. The Co 2p core level
spectrum is shown in Fig. 5(f), as it reveals the two distinct peaks at
binding energies of 778.39 eV and 793.23 eV attributed to Co 2p3/2
and Co 2p1/2, respectively, indicating the existence of the Co2+ and
Co3+ valences in the material [35]. The difference between the
binding energy values of the Co 2p3/2 and Co 2p1/2 levels is
derived from spin—orbit splitting and the observed spin—orbit
splitting is 14.84 eV. The sulfur S 2p1/2 peak at the binding energy
of 161.7 eV indicates the prepared material composed of metal-
—sulfur bonds (Fig. 5(g)). On the other hand, the peak S 2p3/2
observed at 163.5 eV corresponds to the sulfur bonded with carbon
(aromatic C—S—C), suggesting that S is somehow doped in gra-
phene nanosheets [36]. This clearly demonstrates that Na,S pro-
vides the possibility of the simultaneous incorporation of S atoms
into the reduced graphene oxide during the formation of Co3S4.
Remarkably, the appearance of additional peaks at about 169.1 eV
could be ascribed to the inconsequential number of CoxSy (x = 1,
2.4;y=1,2.9) compounds because the deposited cobalt sulfide is a
non-stoichiometric compound [37].
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Fig. 4. TEM images of (a—c) Co3S4 and (f—h) Co3S4-rGO; scale bar 200 nm, 100 nm and 50 nm, respectively. (d, i) HR-TEM images with fringe spacing of Co3S4 and Co3S4-rGO hybrid
particles and the corresponding SEAD pattern (20 nm scale bar) (e, j). FESEM-EDX elemental mapping for (1) C, (m) Co, and (n) S elements in Co3S4-rGO with rGO-nanosheet
wrapped interconnected nanoflakes microarchitecture of CosS4 (K).
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3.3. BET study

The specific surface area and pore size are the most important
parameters for achieving excellent electrochemical energy storage
capability. N, adsorption—desorption isotherms are shown in
Fig. 5(h) and (i) for Cos3Ss and Co3S4-rGO material powder,
respectively, where the inset plots show the corresponding pore
size distribution. The uniform hysteresis loop profile of the pre-
pared electrode material can be observed in the larger range of
relative pressure (P/PO) illustrating that Co3S4-rGO has a typical
mesoporous structure with a highly pores distribution in the
0—30 nm range. The specific surface area of the Co3S4 material is
calculated to be 21 m? g~ Fig. 5(h) indicates that the composite of
reduced graphene oxide can increase the active specific surface
area of Co3S4 material from 21 to 30 m? g~ .. This means that the
increment of the surface area results from the decrease of the
particle size, which increases the active surface roughness. The
Barrett—Joyner—Halender (BJH) technique was used for calculation
of pore size distribution from the adsorption branches of the ni-
trogen isotherms. The result suggests a mesopore size distribution
centered at 3.2 and 2.3 nm for the Co3S4 and Co3S4-rGO, respec-
tively. This indicates that the Co3S4-rGO electrode material
enhanced the electrochemical performance to an effective trans-
port of the ions in the surface electrode. Especially, carbon-based
material exhibits mesoporous architecture, which reduces the ion
diffusion distance and can allow for creating more active sites that
expected to enhance in energy storage capability [38,39]. The
mesopore size and pore volume increased from 0.11 to 0.14 cm® g,
revealing a fast ion pathway to achieve the good rate capability of
the Co3S4-rGO material.

4. Supercapacitive study

Electrochemical studies are employed to characterize the
capacitive performances of the Co3S4 and Co3S4-rGO hybrid elec-
trodes. Fig. 6(a) shows the typical CV curve of all Co3S4 electrodes
(CS1, CS2, CS3, and CS4) in the potential window range
from —0.3—0.6 V vs. SCE at a scan rate of 50 mV s~ L. From the figure,
it is seen that a pair of well-defined redox peaks in the Co3S4
electrode demonstrates that Faradic reactions can be attributed to
the contribution of Co**/Co>*/Co** reversible Faradaic redox con-
version in an alkaline electrolyte on the surface [40]. The charge
storage mechanism involves adsorption of electrolytic active ions
on the electrode surface diffusion and intercalation/de-
intercalation of electrolyte ions. The following equation shows
that the charge storage mechanism of Co3S4 can be shown in
alkaline electrolyte [41],

Co3S4 + OH™ < C03540H™ + e~ (3)
Co3S4,0H™ + OH™ < (03540 + H,0 + e~

From the measurements, CV curves are ascribed at various hy-
drothermal reaction temperatures with an occurrence of different
peak currents. The charge storage capacity of the CosS4 electrode is
somewhat different for different reaction temperature and
improved with the increase in reaction temperature. With the
support of the surface microstructure of the CosSs electrode,
different diffusion rates of electrons were observed along with
electrode prepared at various reaction temperatures. The accept-
able integrated area of the CV of the electrode was achieved at a
reaction temperature of 120 °C. This may be due to the enhance-
ment of more electroactive sites and because of the largely
approachable surface areas that enable effective electrolyte ion
transport during the redox operations, showing measurable elec-
trochemical performance (Fig. 6(b) and (c)). Therefore, further

electrochemical testing was carried out with CS3 (hydrothermal
reaction temperature of 120 °C) and subsequently with the Co3S4-
rGO hybrid electrode.

4.1. Cyclic voltammetry (CV) studies

Cyclic voltammetry (CV) curves of the CosS4 electrode are
shown in Fig. 6(d) at different sweep scan rates (2, 5, 10, 20, 50, and
100 mV s~ 1) in the potential range of —0.3—0.6 V vs SCE. The
observed all cyclic voltammograms suggest that the CosS4 elec-
trode shows good reversibility of the oxidation and reduction
processes. i.e. pseudo-capacitive characteristics, which differs from
the electric double-layer capacitance characterized by nearly rect-
angular CV curves [42]. Also, as the scan rate increases, the anodic
and cathodic peak potential shifts in the more positive and negative
directions. The charge storage capability of the electrode is
improved with the increment of area of the CVs, suggesting the
merit of the elaborate architecture with the assistance of reduced
graphene oxide. The thin nanosheets of reduced graphene oxide
easily wrapped around the surfaces of the nanoflakes serve as a
conductive supportive path with more surface area for the
accompanying Co3S4 particles. Fig. 6(e) presents the CV profile of
the Co3S4-rGO hybrid electrode at different scan rates. The sym-
metrical redox peaks at different scan rates imply the excellent
reversible redox reaction at/near the surface of the Co03S4-rGO
hybrid electrode. It is clearly seen that the redox peaks appeared in
Co3S4-1GO shifted to the negative sides, resulting in a higher cur-
rent than that of Co3S4 owing to the mass loading of the electrode
material. The values of an areal capacitance at different scan rates
are summarized in Fig. 6(f) for the CosS4 and Co3S4-rGO hybrid
electrodes, respectively. From the figures, it can be seen that the
peak current density increases with increasing scan rate, which is
perhaps due to the over potential for ion transport in the interface
between the electrolyte and electrode. The gradual decrease of the
capacitance values may be due to the charge resistive behavior of
the electrode material at higher scan rates and to the diffusion ion
charge transports lagging behind the electronic mobility [43]. The
maximum areal capacitances of up to 6.95 F cm~2 for CosS4 and
8.3 F cm 2 for Co3S4-rGO were obtained at a scan rate of 2 mV s~ ..
This demonstrates that the prepared Co3S4-rGO hybrid electrode
yields greatly improved capacitance performance of the CosSy
electrode. Fig. 6(g) shows the values of specific capacitance based
on the loading active mass of electrode materials against different
scan rates. The estimated values of specific capacitances decreased
with increasing scan rate. The Co3S4-rGO hybrid electrode exhibi-
ted an ultrahigh specific capacitance of 2314 Fg~! at 2 mV s~ ! scan
rate. Ramachandran et al. reported a maximum specific capacitance
of 808 F g~ ! at a scan rate of 5 mV s~ ! for the CoqSg/G electrode
prepared by using a simple chemical process. Chen et al. [44] re-
ported the specific capacitance value of 2140 + 90 Fg~! for the CNT/
CoS composite electrode. For a hydrothermally prepared Ni@rGO-
Co3S4 electrode, Ghosh et al. [14] reported a specific capacitance of
1369 Fg .

4.2. Galvanostatic charge-discharge studies

Fig. 6(h) shows a comparison of typical galvanostatic char-
ge—discharge curves between the Co3Ss; and Co3S4—rGO hybrid
electrodes in the potential range of —0.3—0.6 V/SCE at a constant
current density of 100 mA cm 2. The charge-discharge rate of the
Co3S4—rGO hybrid electrode is greater than that of the bare Co3S4
electrode. The good performance is attributed to the better elec-
trical conductivity, increased surface area, and smaller pore size of
the Co3S4—rGO electrode. The asymmetric behavior of the charge/
discharge curve was interpreted as due to the redox reactions that
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Fig. 5. Structural characterization: (a) XRD patterns of CS1, CS2, CS3 and CS4 and inset shows the XRD patterns for CosS4, rGO and Co3S4-rGO. (b) FT-IR, and (¢) Raman spectra of (i)
C03S4, (ii) rGO and (iii) Co3S4-rGO. XPS analyses of Co3S4-rGO; (d) full scan spectrum with (e) C1s, (f) Co 2p and (g) S 2p core spectrum. N, adsorption—desorption isotherms and

inset show pore size distribution of (h) Co3S4 and (i) Co3S4-rGO material.

occur at the interface between the electrode and electrolyte.
Fig. 6(i) and (j) show the charge/discharge profiles of the Co3S4 and
Co3S4—rGO hybrid electrodes at various current densities in the
potential range of —0.3—0.6 V/SCE. From the figure, it can be seen
that the IR-drop increases with increase the current density, which
is closely related to the charge transfer resistance (Rct) of the
electrode. The discharging capacitance is calculated based on
Equation (3); Fig. 6(K) displays the comparison of specific capaci-
tance against the current density for both electrodes. The
decreasing value of capacitance corresponding to the current
density suggests that the surfaces of the electrodes are inaccessible
at higher charge/discharge rates [G]. The Co3S4-rGO hybrid elec-
trode exhibited a superior areal capacitance of 3.5 F cm~2 under a
constant current density of 80 mA cm 2 compared to the
multilayer-structured  Ni/G/CS  Nano-composite electrode
(0.525 F cm~2 at a current density of 7.5 mA cm™2) [17]. The
maximum specific capacitance of 1293 F g~! is associated with a
lower IR-drop of the Co3S4-rGO hybrid electrode.

4.3. Ragone plot

The relation between energy density and power density is
presented using the Ragone plot for the Co3S; and Co3S4-rGO
hybrid electrodes as shown in Fig. 6(1), which depends on the
calculated values of discharging specific capacitance. The Co3S4
electrode exhibits a maximum power density of 7.4 kW kg~! and an
energy density of 27.77 Wh kg~ ! for the current densities of be-
tween 150 and 80 mA cm?, respectively. The C03S4-rGO hybrid
electrode exhibits a maximum energy density of 54.32 Wh kg™,
which is higher than the CosS4 electrode at a power density of
6.25 kW kg1 (for the current densities of 80 mA cm 2). In a
comparison to other prepared single supercapacitor electrodes
[45], the proposed electrodes demonstrated better performance in
energy storage. Meanwhile, the obtained value of specific energy
density is higher than that reported by Pujari et al. [46] for CoS;
(40.174 Wh kg~1) and by Liu et al. [47] for CoS,/RGOJAC (45.7 Wh
kg™").
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4.4. Electrochemical cyclic stability studies

The cycling lifespan of the electrode material is an important
parameter in electrochemical measurement. Here, we examined
the electrochemical cyclic stability of Co3S4 and Co3S4-rGO hybrid
electrodes by carrying out CV measurements at a scan rate of
100 mV s~ ! over 1000 electrochemical cycles. The specific capaci-
tive retention of the Co3Ss and Co3S4-rGO hybrid electrodes is
shown in Fig. 7(a), indicating the specific capacitance as a function

of cycle numbers. The CV profiles in the initial cycles appeared to be
altered and achieved stable performance after several hundred
cycles. The capacitive retention increase can be ascribed to that the
electroactive process of Co3S4-rGO hybrid electrode will be more
effective after the several charge-discharge cycles and enhancing
capacitance. The capacitance losses are found to be 19.8% and 7.4%
for the Co3S4 and Co3S4-rGO hybrid electrodes, respectively, after
1000 cycles. This suggests that after 1000 CV cycles, a superior
cyclic stability is maintained for the Co3S4-rGO hybrid electrode
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phase plots, (e, f) real and imaginary capacitance against frequencies.

without any significant mass change. Remarkably, the Co3S4 and
Co3S4-rGO hybrid electrodes exhibited good electrochemical cyclic
stability with 80.2% and 92.6% capacitive retention, respectively, of
capacitance over 1000 cycles. The reduction in capacitive retention
could be blocking the pores, possibly due to the initial CV cycles
that induce a lower rate of ion adsorption. The nanosheet wrapped
C03S4-rGO hybrid electrode shows a better electrochemical
capacitive retention than the CogSg/RGO/Ni3S,/NF electrode (with
91.7% over 1000 cycles) [48]. Recently, Zeng et al. [49] reported a
cycling stability of 71.7% for CoS@NiCo,S4 nanosheets arrays via a
one-step ion exchange process.

4.5. Electrochemical impedance analyses

The electrochemical impedance measurements are performed
in the potentiostatic mode to characterize the interface behavior of
the CosS4 and Co3S4-rGO electrodes with electrolyte solution. The
variation of the real and imaginary components of the impedance
data (Nyquist plot) is presented in Fig. 7(b) for the Co3S4 and Co3Sy-
rGO electrodes. The Nyquist plots suggest that the impedance
curves are divided into the three main regions (low, middle, and
high frequencies), wherein the Co3S4 and Co3S4-rGO hybrid elec-
trodes in the low frequency region behave as an ideal capacitor
with a vertical characteristic. In the intermediate frequency region,
the Warburg element (W) represents the diffusion of electrolytic
ions into the electrode material. The impedance data composed
with the equivalent circuit model as shown in the inset in Fig. 7(b)
and the corresponding parameter values for circuit elements
summarized in Table 1. The circuit model composed of a solution
resistance (Rs), charge-transfer resistance (Rct), double-layer
capacitance (Cdl), Warburg diffusion resistance (W) and electrode
surface dependence parameter (Q). Here, Rs is a solution resistance
that arises from the combination of the bulk electrolyte resistance

Table 1
The equivalent circuit elements with parameter values.
Parameters CosS4 C03S4-1GO
Rs 1.21 1.13
R1 (Rct) 3.14 1.18
C1 (Cdl) 0.03 0.04
\W% 1250 1115
Q 0.85 0.14

and contact resistance between the electroactive material and
current collector. Rs values are found to be 1.21 and 1.13 Q for Co3S4
and Co3S4-rGO hybrid electrodes, respectively. It is observed that
the lower equivalent series resistance (ESR) of the Co3S4-rGO
hybrid electrode improves the charge storage capacity compared to
the CosS4 electrode. The resulting comparatively smaller Rct
(1.18 Q) of Co3S4-rGO hybrid electrode should be associated with
easy charge transfer and facilitate more interface contact area of the
electrode/electrolyte. The Warburg diffusion resistance associated
by diffusion of electrolyte ions around the electrode surface, 1250 Q
and 1115 Q found to be Co3S4 and Co3S4-rGO hybrid electrodes. The
double-layer capacitance (Cdl) is formed in the interface of elec-
trolyte and electrode surface. The Bode magnitude plot is shown in
Fig. 7(c) for both electrodes exhibits a straight line with a line slope
of —1 and a change the phase angle in the low frequency region,
indicating excellent capacitive characteristics with the fast charge
transfer. The impedance phase angle of the Co3S4-rGO hybrid
electrode reaches —90°, indicating a more supercapacitive behavior
than the Co3S4 electrode shown in Fig. 7(d). The change in the real
and imaginary components of the capacitance (C' and C”) versus
frequency are presented in Fig. 7(e) and (f) for the Co3S4 and Co3S4-
rGO hybrid electrodes, respectively. The real component of the
capacitance, C’, sharply decreases with frequency. The plot of C”
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against frequency shows that C” gives a relaxation time constant
(to = 1/fm) where it represents the transition of the supercapacitor
between the resistive and capacitive behavior of the electrode
material. The relaxation time constant is found to be 0.66 s and
0.05 s for the Co3S4 and Co3S4-rGO hybrid electrodes, respectively,
which is the lowest time constant attributed to rapidly achieve
power during discharging. The different relaxation time constant
could be due to the microstructural change of the electrode and the
role of graphene in power performance.

5. Asymmetric supercapacitor fabrication and performance
evaluation

The asymmetric supercapacitor was fabricated using Co3S4 and
Co3S4-rGO as a positive and negative electrode, respectively. The
typical total loading mass of the active electrode material for the
asymmetric supercapacitor assembly is about 4.7 mg. The mass
loading (m) of the two electrode materials was balanced before
making the supercapacitors assembly, and the actual weight of
each electrode material was estimated according to the specific
capacitance (C) calculated from the cyclic voltammetry curves in a
three-electrode system by maintaining a 1.2 V potential window
(AV). Equation (4) is used to obtain the mass ratio between the
positive and negative electrodes:

m_~  Cm x AV
My Cmy x AV

(4)

Further, the electrochemical performances of the prepared
asymmetric supercapacitor device are studied in the PVA/KOH gel-
electrolyte. The usage of PVA/KOH gel-electrolyte can avoid the
main drawbacks of conventional liquid electrolytes such as diffi-
culty in device integration and the leakage of electrolyte, environ-
mental stability, etc. PVA/KOH gel-electrolyte was prepared by the
following process: 6 g of PVA was dissolved in 50 ml DI water under
vigorous stirring and heating for 1 h. Then, 4 g of KOH was added in
5 ml DI water and then mixed with the previously prepared PVA
solution. The mixture was vigorously stirred until the solution
became clear. The polymeric gel-electrolyte was obtained after
cooling the solution. The asymmetric solid-state supercapacitor
was fabricated by assembling two identical pieces of the Co3S4 and
Co3S4-1GO electrodes with a sandwiched polymeric gel-electrolyte.
Further, the fabricated device assembly was kept in the oven at 60°
to vaporize the excess water in the gel-electrolyte.

The various CV measurements for the C03S4/C03S4-rGO asym-
metric supercapacitor are performed in different potential win-
dows (from 1.2 V to 1.6 V) at a fix scan rate of 100 mV s~! as shown
in Fig. 8(a) and the inset illustrate the cyclic voltammograms. The
fabricated supercapacitor assembly reveals that, rGO nanosheets
responsible for leading the potential of cell. The electrochemical
measurements are shown in Fig. 8(b) was tested in 0—1.5 V voltage
range; the CV behavior of the fabricated asymmetric supercapacitor
is performed with different scanning rates ranging from 2 to
200 mV s~ L Fig. 8(c) suggests the obtained values of the areal and
specific capacitance of a fabricated asymmetric supercapacitor,
which are plotted with respect to scan rates. The values of specific
capacitance are calculated to be 36, 14, and 5 F g~ for the scan rates
of 2, 10, and 200 mV s~ !, respectively. Hence, the specific capaci-
tance obtained at the slow scan rates is conceived to be closest to
that of full utilization of the electrode material. Analogous shapes of
CV curves are clearly shown, revealing hybrid supercapacitor
behaviors.

Moreover, the charge/discharge profiles at different current
densities of 2 mA cm~2, 3 mA cm~2 and 4 mA cm ™2 are presented in
Fig. 8(d). The prepared Co3S4-rGO based asymmetric

supercapacitor shows nearly symmetric behavior with a high rate
of charge/discharge. The areal capacitance of 14, 10, and 3 mF cm™2
were obtained at a discharge current density of 2, 3, and 4 mA cm 2,
respectively, for asymmetric supercapacitor assembly. The Ragone
plot (Fig. 8(e)) shows that the energy density of the asymmetric
supercapacitor decreases from 1.09 to 0.31 Wh kg, whereas the
power density for the asymmetric supercapacitor increases from
398 to 750 W kg, as the discharge current increased from
2 mA cm 2 to 4 mA cm~2. Liu et al. [35] demonstrated a solid-state
asymmetric supercapacitor composed of Co304@CosS4 and the
activated carbon (AC) electrodes exhibited an energy density of
1.5 mWh cm~ and power density of 6.1 W cm 3. Also, Xu et al. [50]
demonstrated that the solid-state electrolyte based asymmetric
supercapacitor device (CogSg/Co304@Ru0;) performed in the po-
tential range from O to 1.6 V exhibited an energy density of
1.44 mWh cm 3 at the power density of 0.89 W cm 3. The literature
survey reveals that the fabricated Co3S4/C03S4-rGO supercapacitor
device used in present works demonstrated acceptable values of
energy and power density even at lower discharge current density.
Eventually, the long-term cyclic stability of the fabricated device
was investigated for 5000 CVs cycles with a high scan rate of
100 mV s~!. The capacitive retention versus cycle numbers as
shown in Fig. 8(f) demonstrates excellent CV cyclic stability with
the capacitive retention of 89.56% of the initial capacitance for 5000
cycles. Inset figure shows the cyclic voltammograms for several CV
cycles. The area under the curve of the asymmetric supercapacitor
initially slightly decreases (up to 800 cycles) and then becomes
constant without loss of capacitance, increased capacitive retention
can attribute to the activation of electroactive sites during earlier
CV cycles. Importantly, initial 2000 CV cycles, 96.13% capacitive
retention observed where it shows that no significant change of
degradation occurred in the charge storage capacity. The observed
capacitive retention is much better than that previously reported
for CoSx-NSA (84% for 3000 cycles) [51], CoS@eRG (70% for 10,000
cycles) [52], and CogSg/3D (86% for 6000 cycles) [53] asymmetric
supercapacitors.

The Nyquist plot presented in Fig. 8(g) for asymmetric super-
capacitor devices based on the C03S4/C03S4-rGO electrode shows an
almost vertical line in a low frequency region, reflecting the good
electrical conductivity of the electrode as well as its excellent
charge storage rate capability. Also, in the higher frequency region,
the line intersecting the real axis at an angle of 45° implies that
electrolyte ions have a fast rate of ion diffusion in the porous
electrode surface. Inset of Fig. 8(g) shows a fitted equivalent circuit
model with smaller ESR (4.2 Q) attributed to the lower internal
resistance of the cell assembly and ensures fast ion accessibility for
adsorption and desorption. The impedance phase angle and
magnitude plots for the asymmetric supercapacitor at different
frequencies are plotted in Fig. 8(h), and the phase angle
reaches —90° behaves as a capacitive nature. The phase angle
of —82° was obtained for the Co03S4/C03S4-rGO asymmetric super-
capacitor device, indicating pseudocapacitive behavior [7]. The real
and imaginary components of the capacitances decrease with fre-
quency (Fig. 8(i)). From the peak imaginary capacitance (C”) fre-
quency (fy,), the relaxation time constant (7p) is calculated to be
625 ps, attributed to the minimum time required to discharge the
device.

6. Conclusions

In summary, the Co3S4 and Co3S4-rGO hybrid structures were
successfully prepared via an easy effective two-step hydrother-
mal method on Ni-foam. The two-step process was followed to
vary the reaction temperature for sulfidation, which strongly
affected the electrochemical and physical properties of the Co3S4
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Fig. 8. Electrochemical characteristics of asymmetric supercapacitor device fabricated based on polymeric gel electrolyte: (a) the values of areal capacitance with optimized voltage
window variations and inset shows corresponding CV curves, (b) CV curves in the voltage range of 0—1.5 V with scan rate ranging from 2 to 200 mV s, (c) areal and specific
capacitance as function of scan rates. (d) The charge—discharge profiles of asymmetric supercapacitor device collected at different current densities of 2 mA cm~2, 3 mA cm 2 and

4mAcm 2

. and corresponding plot dissipated as (e) the relation between energy and power densities (Ragone plot). The cyclic stability study carried out at 100 mV s~! scan rate: (f)

the capacitive retention as a function of cycle number over 5000 cycles and inset shows CV curves for different cycles. (g—i) Impedance analyses of asymmetric supercapacitor

device.

electrode material. Further, rGO nanosheets wrapped around the
CosS4 nanoflake hybrid electrode was prepared to improve the
energy storage capability. The ultrahigh value of areal and specific
capacitance of 8.33 F cm™2 and 2314 F g, respectively are
observed for Co3S4-rGO hybrid electrode at 2 mV s~! scan rate.
The Co3S4 nanoflakes exhibited an energy density of 27.77 Wh
kg~! and a greatly enhanced energy density of up to 54.32 Wh
kg~! with the Co03S4-rGO hybrid electrode at a galvanostatic
charge-discharge current density of 80 mA cm~2. The lightweight
asymmetric solid-state supercapacitor assembly based on Co3S4
and Co3S4-rGO electrodes was fabricated and showed acceptable
values of specific capacitance (36 F g~!) with good electro-
chemical cycle stability (89.56% up to 5000 cycles). The electro-
chemical performance of the asymmetric supercapacitor is
mainly due to the synergic effect from the redox reactions for the
CosS4 nanoflakes and the excellent electron transfer ability for
rGO nanosheets. The electrochemical characterization shows that
the Co3S4 nanoflakes based hybrid electrode exhibits excellent
electrochemical activities.
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