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A B S T R A C T

The development of sustainable energy conversion and storage systems is on demand to ease the energy needs
and restrict environmental pollution. Here, we account a unique multifunctional flake-like CoS deposited over
the flexible carbon cloth (CoS@CC) by a facile hydrothermal technique. The single-phase hexagonal structured
CoS@CC with high crystallinity was identified through the XRD analysis. The morphological feature portrays the
uniform distribution of flake-like CoS over carbon cloth. The electrocatalytic properties of the prepared flake-like
CoS (CoS@CC) suggests improved electroactivity of requiring minimal overpotentials of 280mV (OER) and
264mV (HER) to accomplish a pre-eminent current density of 20mA cm−2. In addition, a lab-scale water
splitting system was projected to achieve a current density of 10mA cm−2 with a low cell voltage of 1.65 V. In
view to driving the fabricated water splitting system, a flexible (CoS@CC||rGO) supercapattery was fabricated to
deliver an improved specific energy of 38Wh kg−1 at a superior specific power of 533W kg−1. Therefore, the
prepared CoS@CC electrode with improved flexibility, useful catalytic activity, expressive kinetics, and resilient
strength serves as a multifunctional material for prospective energy conversion and storage systems.

1. Introduction

The development of nanomaterials is advancing towards high ulti-
matum owing to the progressive technological modernization.
Explicably, the standards of these nanomaterials can be modified by
rationalizing its physical nature and sustaining its chemical configura-
tions [1]. Nowadays, conventional nanomaterials are tailored and
tuned into ultrafine nanostructures to accomplish alluring intrinsic
properties that promote its existence in a wide range of applications
[2]. Besides, the evolution of the in-situ growth of these nanostructures
over a flexible substrate lends to extend their involvement in the energy
conversion and storage (ECS) forum [3]. Eventually, the development
of these flexible nanostructures based electrode remains the critical
focal point to determine the reputation of these ECS systems. The
arising energy and environmental concerns prompt to develop the ECS
systems that render the contribution of non-renewable resources and

supplies energy in a sustainable manner. The continuous progress of
water splitting systems, which is considered an effective conversion
system seems to be a textbook solution regarding both energy and en-
vironmental concerns [4]. The water splitting systems are a unique
system, which entails two electrodes, one acting as a cathode while the
other as an anode, inducing the splitting of water into molecular hy-
drogen and oxygen [5]. Here, the anode facilitates oxygen evolution
reaction (OER) which involves four-electron process and functions as
the rate-determining step that requires higher overpotential, while the
cathode eases with a two-electron process of hydrogen evolution re-
action (HER) [6]. This system is capable of producing highly pure hy-
drogen and oxygen gases without any perilous by-products [7]. The
hydrogen gas recognized as a future energy resource for ultimate en-
ergy supplies and restricted commotion of eternal fossil fuels [8,9].
Though water splitting seems to be an ideal system, the working elec-
trodes used necessitate the backing of electrocatalysts to overcome a
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specific activation energy barrier called reaction overpotential [10].
These electrocatalysts can either be modified on the surface of the
electrode or act as the electrode itself. The primary role of this elec-
trocatalyst is to adsorb reactant intermediates on the surface to form the
adsorbed intermediate and thereby facilitates charge transfer between
the electrode and reactant [11]. Consequently, the electrocatalysts
weaken the reaction overpotential by activating the intermediate che-
mical transformation. Hence, the electrocatalysts remains a crucial
factor to promote the reaction rate and efficiency to confine the energy
barrier. Perpetually, the platinum (Pt) and noble metal oxides such as
iridium oxide (IrO2) and ruthenium oxide (RuO2), is contemplated as a
state-of-the-art electrocatalyst for highly efficient HER and OER elec-
troactivity, respectively [12]. These noble metals such as Pt, Ru, and Ir
are rarest in the earth's crust and hence, expensive to afford. This cri-
teria largely increments the construction cost of the water-splitting
systems and thus, affects its large-scale commercialization [13].
Therefore, a lookout for nature abundant, non-noble transition metal
electrocatalysts is highly recommended to promote widespread mar-
keting of the water-splitting systems.

Additionally, the development of energy storage systems serves as a
significant backup power source to drive the water-splitting systems
mentioned above to give the impression to be an ingenious perception.
Considerably, the electrochemical capacitors or supercapacitors are
described to be a sustainable energy storage device owing to its swift
charging and discharging functions, superior power density (PD), pro-
longed cycle life, high environmental safety, and rationally economic
[14,15]. But, the truncated energy density (ED) response of the super-
capacitor seems to be a major setback that desires acquiescence for its
improved commercialization [16,17]. To overcome this significant
setback, the conventional supercapacitors are hybridized by engaging a
non-Faradaic electrode as an anode (negatrode) and the Faradaic
electrode as a cathode (positrode) [18]. Therefore, the framed hybrid
system is appropriate to be labeled as a supercapattery device since it
comprehends with the redox activity to the perception of capacitance
[19,20]. Generally, the resolute carbon materials such as 3D carbon
nanostructures, porous carbon, reduced graphene oxide (rGO) were
commonly recommended as EDLC electrodes that can contribute su-
perior PD and the transition metals featuring multiple redox reactions
were carefully chosen as a redox-type material to afford improved ED
[19].

Convincingly, both the ECS systems necessitate common non-noble
transition metal-based electrode materials to advance its reputation in
the commercial arena. Suitably, cobalt-based electrodes have been
curiously investigated owing to its ample valence states, interesting
electrical conductivity, and natural abundance [21]. Hence, cobalt-
based materials are broadly studied and endorsed in great electro-
chemical activity owing to its resilient strength and kinetics in alkaline
electrolytes [22–24]. Recently, cobalt-based sulfides are also gaining
high momentum as a viable material in the vast field of ECS systems
[25–28]. Cobalt sulfide enhances fast reaction kinetics instigating
multiple redox reactions in a broad potential range [21]. Benefitting
from the multiple redox reactions, CoS can occupy more electrolytic
ions to facilitate improved energy storage capacity, while its diminutive
working potential aids earlier electrochemical reaction favoring su-
perior catalytic activity [23]. These cobalt sulfides exist in different
stoichiometric ratios like Co1−xS, CoS, CoS2, Co9S8, and Co3S4, which is
alluring interest as a potential electrode material due to its good elec-
trochemical activity, high thermal conductivity, and low cost compared
to other metal sulfides [23]. Further, the direct deposition of CoS na-
nostructures over the substrate can effectively influence the superior
electrochemical properties of the CoS. So far, only a few works report
the development of CoS directly on CC, but they involve neither more
than one step synthesis process nor uses of surfactant to enhance the
growth of nanostructures followed by high-temperature thermal treat-
ment. Recently, Liu et al. have demonstrated an electrochemical tech-
nique to synthesize CoS nanosheets onto the surface of carbon cloth,

and a quick thermal treatment was performed to improve the catalytic
performance further. The thermally treated CoS exhibited considerable
OER current density (148mA cm−2 at 1.9 V), and excellent durability
in continuous measurement for over 12 h [29]. Similarly, Ning et al.
presented a two-step electrodeposition strategy for the synthesis of
core-shell Co3O4@CoS nanosheet arrays on carbon cloth (CC) for su-
percapacitor applications. Porous Co3O4 nanosheet arrays are first di-
rectly grown on CC by electrodeposition, followed by the coating of a
thin layer of CoS on the surface of Co3O4 nanosheets via the secondary
electrodeposition. The electrochemical performance demonstrates that
the Co3O4@CoS/CC possesses a capacitance of 887.5 F g−1 at a scan
rate of 10mV s−1 (764.2 F g−1 at a current density of 1.0 A g−1), and
excellent cycling stability (78.1% capacitance retention) at high current
density of 5.0 A g−1 after 5000 cycles [30]. Likewise, Li et al. estab-
lished CoS nanosheets vertically grown on carbon cloth (CoS/CC) by
using DETA as a surfactant for water splitting over a wide pH range.
This material affords a current density of 10mA cm2 at a small over-
potential of 192mV and 212mV in alkaline and acidic media, respec-
tively, along with long-term stability for over 50 h [31]. Xu et al. in-
troduced fabrication of cobalt sulfide (CoS), sulfur-doped Co3O4 (S-
Co3O4), and Co3O4 nanomaterials on a carbon cloth substrate by hy-
drothermal method. The electrochemical result shows that CoS nano-
material achieved an areal capacitance of 1.98 F cm–2 at 2mA cm–2 in a
5M LiCl solution. Moreover, the CoS has long-term cycling stability
with more than 85.7% capacitance retention after 10,000 cycles [32].
Reportedly, Xia et al. proposed a facile method based on anion ex-
change reactions to achieve metal sulfide nanoarrays through a topo-
tactical transformation from their metal oxide and hydroxide preforms
on carbon cloth and nickel foam substrates. The self-supported CoS
nanowire arrays are tested as the pseudo-capacitor cathode, which
demonstrates enhanced high-rate specific capacities (129mAh g−1 at
2 A g−1) and better cycle life (91% for 3000 cycles) [33]. Though these
reports suggest the development of CoS directly on CC, they involve
neither more than one step synthesis process nor uses of surfactant to
enhance the growth of nanostructures. However, the development of
surfactant-free and binder-free facts of flexible CoS@CC nanostructures
as a multifunctional electrode material seems to be short to date.
Therefore, our strategy is to establish a one-step method to promote
uniformly grown nanostructures of CoS over the CC without any pricey
surfactants.

Herein, we propose a solitary in-situ deposition of CoS on the carbon
cloth (CoS@CC) by a simple one-pot synthesis at a nominal temperature
(180 °C). Compared to the reported works, the morphology proposed in
this work is completely different, forming a high uniformly fused layer
of CoS over the CC. The high uniform growth of the CoS over the CC
was emphasized by this method since morphology is the pivotal factor
in improving the capacity of the supercapacitors and in enhancing the
accessible active surface area of the electrocatalysts. In addition, this
solid fusion of CoS over the CC exceedingly enhances the electronic
conductivity of the electrode inducing improved electrode kinetics and
mass transport. Moreover, this work elucidates the multifunctional
capability of the CoS@CC nanostructures, which is not acquainted in
reported works. Therefore, the in-situ deposition of CoS over the CC
with enhanced surface activity is anticipated as a potential surfactant-
free and binder-free flexible multifunctional electrode for the first time
to authenticate its potential application in both energy conversion and
storage devices.

2. Experimental section

2.1. Materials

All reagents used in the experiments were of analytical grade and
were used without further purification. Initially, the fuel cell grade
commercial CC was methodically rinsed with conc.HCL for the deser-
tion of partly involved impurities and initiate surface etching. The CoS
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nanostructures were carefully deposited over the carbon cloth by a
simple in-situ hydrothermal process. Equivalent amounts of cobalt
acetate purchased from Himedia and Red phosphorus purchased from
Alfa Aesar was isolated in 40mL of DD water employing a magnetic
stirrer to acquire a homogenous mixture. The obtained homogenous
mixture was moved to the Teflon-lined autoclave holding the pre-
treated CC, sealed tightly, and maintained at 180 °C for 48 h. In the end,
the CC with a deposition layer of black nanoparticles was collected and
swept away with DD water and ethanol to eliminate residual layers and
desiccated. The grown materials were laid open to various investiga-
tions.

2.2. Material characterization

The crystal structure and phase formation were analyzed by powder
X-ray diffraction (Rint 1000, Rigaku, Japan) with Cu Kα radiation
(λ=1.5418 Å). The morphological features are assessed through the
Field-emission scanning electron microscopy (FE-SEM, S-4700, Hitachi,
Japan) coupled with energy-dispersive X-ray spectroscopy (EDX)
module and high-resolution transmission electron microscopy (HR-
TEM; JEM-2000, EX-II, JEOL, Japan). The particle size measurements
were measured utilizing Scion Image software. The XPS analysis
(Multilab 2000, UK) was used to estimate the active surface elements.
The electrocatalytic and electrochemical study was carried out using
Bio-Logic VMP3 multichannel electrochemical workstation.

2.3. Electrode fabrication

The prepared CoS over carbon cloth substrate was directly em-
ployed as a working electrode for both electrocatalytic and electro-
chemical studies. Since the decoration of CoS on the carbon cloth was
carried out by the in-situ process, the mass of the CC before and after
the reaction was measured to estimate the equivalent mass loading of
the active material. This measure is used to calculate the specific ca-
pacity of the CoS@CC nanostructured electrodes. All the electro-
chemical performance measurements in this work were carried out in
1M KOH electrolyte, and Hg/HgO was used as the reference electrodes.
Similarly, the graphite electrode was used as the counter for both ca-
pacitive and electrocatalytic studies. All potentials reported in the
electrocatalytic analysis were against the RHE (Reversible Hydrogen
Electrode), which was converted from the Hg/HgO scale using a cali-
bration. The supercapattery device was fabricated by packing CoS@CC
as a positrode and rGO as a negatrode separated by a polypropylene
sheet as a separator bounded by an aqueous electrolyte (1M KOH)
medium and sealed densely fenced by OHP sheets. The flexible nega-
trode was prepared by the following methods. The pre-treated com-
mercial carbon cloth was precisely cut into pieces (1×1 cm2) and used
as the substrates for the electrochemical activity. The mass of the CC
was measured before loading the electrode material. The active mate-
rial (rGO), carbon black and polyvinylidene difluoride (PVDF) were
mixed in the ratio of 8:1:1 with 0.4mL of N-methyl 2-pyrrolidine
(NMP). Then the mixture was ground well for an hour to make a
homogenous slurry which was coated on the carbon cloth using a
paintbrush and dried at 80 °C for overnight in a vacuum oven. Finally,
the mass of the CC after loading was measured, and the loading of the
active material was precisely optimized to 1mg per electrode for all the
electrochemical activity.

3. Results and discussion

3.1. Structural and morphological analysis

The X-ray diffraction (XRD) analysis helps to determine the struc-
tural formation and the phase transparency of the prepared nanos-
tructures. The XRD pattern of the as-prepared CoS (Fig. 1a) shows the
strong peaks at 32° and 48° was precisely associated to the (010) and

(012) lattice planes of the standard JCPDS data (98-062-4831) au-
thorizing the formation of single-phase hexagonal CoS nanostructures.
The prominent sharp and distinct peaks stipulate the crystalline nature
of the prepared CoS nanostructures over the carbon cloth. The grain
size of the sample was assessed to be around 19 nm by means of the
Scherrer's formula [34]. Also, the lattice constants (a= b=3.3588 Å,
c= 5.1695 Å) were calculated with the CELREF software, which is
consistent with the testified data of the prepared CoS crystal structure
and perceived to possess a cell volume of V=50.50×106 pm3 with a
space group of P-mmc (space group number 63). Further, the theore-
tical specific surface area of the prepared CoS nanostructures is assessed
to be 51.08m2/g, which was calculated using the equation below [35]:

=
×D

Specific surface area 6
(1)

here 6, D and ρ represents the constant (shape factor), average grain
size (in nm) and lattice density (in g/m3), respectively. Henceforth, the
obtained CoS nanoparticles are confirmed to be highly crystalline and
phase pure CoS with smaller grain size.

Correspondingly, X-ray photoelectron spectroscopy (XPS) analysis
determines the surface properties and chemical valence states of the
constituent elements in the surface of the prepared sample. Fig. 1b, c
shows the XPS spectra of Co (2p) and S (2p), respectively. The Co 2p
spectrum (Fig. 1b) was de-convoluted into six significant components,
where the Co 2p3/2 part at lower binding energies includes three in-
tegrant. Explicitly, the one observed at 778.47 eV is ascribed to Co3+

species, while the two others located at 781.96, and 787.81 eV corre-
sponds to the Co2+ main peak accompanied by its shake-up satellite,
respectively [36]. Similarly, the Co 2p1/2 part of the Co 2p spectrum
includes three components at higher binding energies of 792.92,
797.92, and 804.81 eV corresponding to the Co3+ species, Co2+ main-
peak, and its shake-up satellite, respectively [37]. The XPS studies
confirm the existence of both Co2+ and Co3+ cobalt species in the
prepared CoS compound, in accordance with which the Co3+/Co2+

redox couples are expected to render great potential to undergo suffi-
cient multiple redox reactions to boost the electrochemical performance
of the CoS [38,39].

Fig. 1c displays the 2p core-level spectrum of S. The two broad
peaks at around 163.08 eV (S 2p1/2) and 161.78 eV (S 2p3/2) can be
attributed to the sulfur-metal bonds in Co-S and S2− in low coordina-
tion on the surface, respectively [37]. The C 1s spectrum of carbon
contributed by CC (Fig. 1d) authorizes the strong assembly of the pre-
pared CoS over the CC substrate [40]. The obtained XPS spectra are in
good agreement those reports from Xiao et al. and You et al. stating the
significance of the presence metallic Co peaks (777 eV–779 eV) in the
Co 2p region and the sulfur peak (163 eV–164 eV) in the S 2p region,
which is also abridged as a root cause of the synergistic effect that
enhances the mass transport favoring improved electrocatalytic activity
[41,42].

The FESEM images in Fig. 2 displays the morphological properties
of the in-situ grown CoS particles over the carbon cloth. A well-defined,
meticulously packed arrangement of flake-like CoS nanostructures on
CC was formed, as shown in Fig. 2a–d. The average size of the in-
dividual flakes was measured to be around 0.33 μm. Fig. S1 clearly
displays the firm deposition of CoS over the CC highlighting the
achieved high density of coating by substantially differentiating the
coated and uncoated area in the electrode. This elucidates the homo-
geneously sited CoS nanostructures on the CC. This arrangement was
optimized concerning the concentration of the starting materials. Ac-
cording to our previous work, the addition of the starting precursors
was adjusted to be 15mmol appropriately to emulate a controlled or-
ientation of the CoS on CC [43]. As a result, a well-aligned, uniform
flake-like CoS were widely erected over the carbon cloth.

Fig. 3 shows the high-resolution transmission electron microscopic
(HRTEM) images and elemental mapping images of the prepared
sample. Fig. 3a, b represents the low and high magnification images of
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prepared CoS. The HRTEM images in Fig. 3c show distinct lattice
fringes with interplanar distances of 0.29 nm corresponding to the
(010) plane of the CoS crystal structure. Fig. 3d portrays the SAED
pattern that illustrates the polycrystalline nature of the prepared
sample. This elucidates that the prepared CoS is in good agreement with
the obtained XRD pattern. The elemental mapping images of CoS are
shown in Fig. 3e–h, which confirms that the Co, S, and C elements were
uniformly distributed in the prepared sample.

3.2. Oxygen evolution reaction

The linear sweep voltammetry (LSV) analysis was examined to
evaluate the OER activity of the prepared CoS@CC in addition to ru-
thenium oxide (RuO2) and CC electrocatalyst. Fig. 4a shows a sharp
peak at 1.1 V (vs. RHE) and a broader peak at 1.4 V (vs. RHE) owing to
the oxidation reactions associated to the Co2+/Co3+ and Co3+/Co4+

redox couples, respectively [44]. The prepared CoS@CC records an
exceptional early onset potential at 1.476 V (vs. RHE), which is much
higher to that of the ancillary electrocatalysts. Beginning of the onset
region, the adsorbed OH− ions on the surface of the electrode and
endures synergistic charge transfer reactions to exfoliate adsorption
intermediates. Finally, increasing the applied potential results to evo-
lute massive gas bubbles of oxygen from the surface of the electrode.
The flake-like CoS electrocatalyst grown over the CC requisite an
overpotential of 280mV to accomplish a pre-eminent current density of
20mA cm−2, while the commercial RuO2 electrocatalysts and CC an-
ticipated essentially higher overpotentials of 301mV and 406mV,

respectively. The low overpotential demanded by the CoS@CC elec-
trocatalyst explicates its better catalytic activity than the reported
CoS@NSCs (380mV at 10mA cm−2) [41], CoS2/N,S-GO (380mV at
10mA cm−2) [45], N-Co9S8/G (409mV at 10mA cm−2) [46],
Co0.5Fe0.5S@N-MC (410mV at 10mA cm−2) [47], CeOx/CoS (269mV
at 10mA cm−2) [48], electrocatalysts. Comprehensively, the prepared
CoS@CC electrocatalyst was also compared with various Co based
electrocatalysts in Table 1 [12,26,49,50].

The superior catalytic activity of the prepared electrocatalysts is
accredited to the enhanced structural and morphological orientation of
the nanostructure acquired by the facile in-situ technique. Moreover,
the CC bears a resemblance to the mesh-like arrangement in which the
CoS electrocatalysts are rigidly connected to boost superior con-
ductivity that promotes rapid electron transfer rate. Hence, compared
to the conventional electrocatalyst (powder form), the self-standing
nanostructures encourages to deliver improved electrocatalytic activity.
Fig. 4b exemplifies the essential OER overpotentials of the electro-
catalysts to reach different current densities (10 to 50mA cm−2). This
infers that as the potential rises the CoS inclines to demand low over-
potentials of 280, 304, 322 and 345mV at 20, 30, 40, and 50mA cm−2

ensuring a better catalytic activity. Moreover, the better OER catalytic
activity of the flake-like CoS@CC was further substantiated with the
help of Tafel analysis. The Tafel equation (ɳ= b logj+ a) was fitted to
the Tafel curves of CoS, RuO2 and CC OER electrocatalyst, to obtain the
Tafel slope and is presented in Fig. 4c. From the Tafel analysis, the
electrocatalytic activity of CoS electrocatalyst was engrossed by a single
electron transfer step with a minimum Tafel slope of 108mV dec−1.

Fig. 1. (a) XRD pattern of CoS@CC with the corresponding JCPDS data, and (b-d) XPS spectra of CoS@CC.
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Fig. 2. (a–d) Low and high magnification FESEM images of the prepared flake-like CoS.

Fig. 3. (a–b) Low and high magnification TEM images, (c) HRTEM image with distinct lattice fringes, (d) SAED pattern and (e–f) Elemental mapping images of the
prepared flake-like CoS, respectively.
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The OER reaction mechanism of the prepared CoS electrode in an al-
kaline medium can be corroborated with the general mechanism as
[51],

Co + 2 OH- → Co(OH)2 + 2 e- (2)

3 Co(OH)2 + 2 OH- → Co3O4 + 4 H2O + 2 e- (3)

Co3O4 + H2O + OH- → 3 CoOOH + e- (4)

CoOOH + OH- → CoO2 + H2O + e- (5)

OER: 4 OH- → 2 H2O + O2 + 4 e- (6)

here, Eqs. (2)–(4) substantiates that the active Co species in the
CoS@CC electrode are partially oxidized into CoOOH active species and
finally forms the CoOOH/CoS hetero-structures as the active sites.
These hetero-structures stances as roots to oxidize the absorbed OH−

species into molecular oxygen. At higher applied potential, the so
formed CoOOH/CoS intermediate phase gets further oxidized to form
CoO2/CoS (Eq. (5)), an adsorbed secondary transitional phase active
species for effective OER activity [52]. Thus, the formation of a thin
layer of CoO2/CoOH shells on the CoS cores ratifies as the constructive,
active sites for OER activity [51]. Finally, additional oxidation com-
prises of desorption of molecular oxygen as air bubbles (Eq. (6)). Here,
the in-situ grown CoS over the CC substrate can effortlessly facilitate
superior conductivity that favors swift electron transport between the
substrate and the catalyst surface, ensuring a faster OER kinetics pro-
cess compared to the semiconducting cores with very thin CoO2/CoOH
shells as active sites. The chronoamperometry (CA) in Fig. 3d was
performed for about 30 h at a persistent potential of 1.52 V (vs. RHE).
Providing insignificant current deviations, an interminable production
of oxygen bubbles over the surface of CoS@CC was noticeable
throughout the CA analysis, and the CoS electrocatalyst owes to ensure
its high stability for OER activity. In addition, the FESEM, XPS, and
XRD analysis were carried out after long term OER activity to uncover
the changes in the morphology, chemical states, and structure of the
electrocatalysts (Fig. S2a–b). The FESEM images after OER activity in
Fig. S2b portrays no obvious changes in the morphology of the CoS@CC
after CA, signifying the resilient long-term OER durability of the

Fig. 4. (a) LSV curves of CoS@CC, RuO2 and bare carbon cloth for OER, (b) overpotential vs. electrocatalysts to achieve different current densities, (c) OER Tafel
plots, and (d) durability curve of CoS@CC electrocatalysts by Chronoamperometry.

Table 1
The OER and HER catalytic activity of the prepared CoS@CC electrocatalysts
with other Co-S based electrocatalysts.

Catalyst OER overpotential
[mV] @
10mA cm−2

HER overpotential
[mV] @
10mA cm−2

Ref.

Co9S8 ONC
Co9−xNixS8 Octahedral
nanocage (ONC)
Ni9S8 ONC

387
362
374

[12]

Co9S8 hollow nanospheres
(HNSs)
Co3S4 HNSs
CoS2 HNSs

342
307
290

267
221
193

[26]

NiCo2S4 nanowire/NF 260 210 [49]
Co2B-500 380 328 [50]
Flake-like CoS@CC 243 223 This

work
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prepared electrocatalyst. The Co 2p XPS spectra in Fig. S3 discovers a
positively shifted peak of Co 2P3/2 at 781 eV owing to the surface
oxidation of the active Co species in CoS after OER activity. Corre-
spondingly, the XRD pattern in Fig. S4 couldn't perceive any noticeable
changes affirming the formation of a very thin oxide layer in the surface
of the bulk CoS. This elucidates the proposed catalytic mechanism that
suggested the existence of the major phase of CoS inside during OER
activity. The overall OER catalytic activity of the CoS@CC electro-
catalysts can be accredited to the active Co species in the sulfide. Be-
sides, the flake-like arrangement of CoS nanostructures on CC relish
with a superior surface roughness that creates more active sites en-
hancing the efficiency of the OER activity [53,54].

3.3. Hydrogen evolution reaction

Similarly, the linear sweep voltammetry (LSV) analysis was ex-
amined to evaluate the HER activity of the prepared CoS@CC in ad-
dition to commercial platinum carbon electrocatalyst (Pt/C 10%) and
CC. Fig. 5a shows that the flake-like CoS electrocatalyst grown over the
CC shows an exceptional catalytic activity by initiating an onset po-
tential at 0.156 V (vs. RHE).

The prepared CoS electrocatalyst requests an overpotential of
264mV to accomplish an eminent current density of 20mA cm−2.
Associated to the state of the art commercial Pt/C (149mV) electro-
catalyst, the overpotential necessitated by the prepared CoS@CC elec-
trocatalysts seems to be reasonably comparable to reach alike current
density. Compared to the reported CoSx@NF (240mV at 10mA cm−2)

[54], Ni3S2@NF (269mV at 10mA cm−2) [54], Co3S4 (270mV at
10mA cm−2) [55], Co9S8(NS/rGO-Co) (193mV at 10mA cm−2) [56],
electrocatalysts, the prepared CoS@CC electrocatalyst requested a low
overpotential evidencing its improved catalytic activity (Table 1)
[26,49,50]. As pronounced formerly, the improved HER electro-
catalytic performance of the prepared electrocatalyst is owed to the
preparation technique, which induced an improved electron transfer
rate between the catalyst and the current collector. Moreover, con-
sidering the high magnification FESEM image in Fig. 2c, d, the visible
patch-like flakes of CoS holds dynamic surface roughness is generating
highly active hydride-acceptor sites on the surface that improves the
mass transport profoundly easing the release of hydrogen-air bubbles.
Fig. 5b exemplifies the essential HER overpotentials for the electro-
catalysts to reach different intervals of current densities (10 to
50mA cm−2). The prepared CoS@CC requisites a low overpotential of
327mV to accomplish an improved current density (50mA cm−2) en-
suring a better catalytic activity even at the applied high potential
value. The rate determining step of CoS electrocatalyst for HER cata-
lytic activity is obtained from the Tafel analysis (Fig. 5c). From the
obtained low Tafel slope of 126mV dec−1, the rate-determining step is
apparently considered as a discharge reaction since the adsorption of
hydrogen involves high energy barrier on water dissociation making it a
kinetically sluggish phenomenon [57,58]. The CA analysis (Fig. 5d)
carried out with a steady potential of −0.27 V (vs. RHE) for 30 h wit-
nesses an eminent strength towards the durability of the CoS@CC
electrocatalyst with a nearly constant current and continuous evolution
of gas bubbles all through the CA analysis. The post-HER FESEM in Fig.

Fig. 5. (a) LSV curves of CoS@CC, Pt/C and bare carbon cloth for HER, (b) the needed overpotential to reach altered current densities, (c) HER Tafel plots, and (d)
chronoamperometry of CoS@CC.
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S2c reveals that no significant changes were perceived in the mor-
phology of the CoS@CC after CA, signifying the resilient long-term OER
durability of the prepared electrocatalyst.

3.4. Fabrication of lab-scale water splitting system

Based on the upgraded bifunctional electrocatalytic activity and
determined durability, a lab-scale water splitting system was assembled
using the prepared CoS@CC as a bifunctional electrocatalyst electrode
at both anode and cathode (Scheme 1) [5]. From the respective LSV
curve of the designed flexible water-splitting system (Fig. 6a), sig-
nificant water splitting current density of 10mA cm−2 was achieved
with a nominal cell potential of 1.65 V. As a result, the evolution of
molecular O2 and H2 bubbles were noted at the anode and cathode,
respectively.

The CA analysis (Fig. 6b) of the assembled water-splitting system
provides a stable trajectory inducing the resilient bifunctional activity
of the CoS@CC electrodes at a persistent cell potential of 1.80 V for
30 h. Henceforth, the bifunctional catalytic activity of the prepared

CoS@CC bifunctional electrode was established by the remarkable ef-
ficiency and determined strength of assembled lab-scale water splitting
system.

3.5. Electrochemical activity of CoS@CC as positrode

The cyclic voltammetry (CV) analysis was investigated by a three-
electrode system to recognize the electrochemical activity of the pre-
pared CoS@CC electrode in a 1M KOH electrolyte [59]. The cyclic
voltammetry (CV) curves in Fig. 7a shows the performance of the
CoS@CC electrode in a working potential of 0 to 0.55 V (vs. Hg/HgO) at
various scan rates (1 to 10mV s−1). The CV curves display a pair of
prominent redox peaks sustaining the execution of redox performance
of the prepared CoS@CC electrode [60]. The identical activities of the
anodic and cathodic peaks substantiate to the rescindable nature of the
electrode.

The observable redox peaks at 0.17/0.16 V and 0.50/0.48 V (vs. Hg/
HgO) are observed owing to the distinctive oxidation of Co2+/Co3+ to
Co3+/Co4+ state and the same reduction of Co4+/Co3+ to Co3+/Co2+

Scheme 1. A typical outline of the fabricated water splitting system.

Fig. 6. (a) LSV curves, and (b) chronoamperometry of CoS@CC water splitting cell.
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reactions, respectively [44]. The electrochemical reaction of CoS@CC
electrode can be described as [59],

CoS + 2OH– ⟷ CoS (OH–)2 + 2e– (7)

An improved specific capacitance value of 1077 F g−1 at a scan rate
of 1mV s−1 is calculated from the CV curves of the CoS@CC electrode.
Fig. S5 reveals that the peak current gradually increases with respect to
the square root of the scan rate elucidating the complete reaction
process is contributed by controlled diffusion [60,61]. A linear equation
(Y=A+(B× X)) was fitted with respect to the peak current in ac-
cordance with the square root of scan rates, achieved adjacent R2 value
of 0.995 affirming its reaction mechanism. The galvanostatic charge-
discharge (GCD) curves of the prepared CoS@CC electrode were shown
in Fig. 7b.

The obtained GCD curves with different current densities
(2–20 A g−1) in the working potential (0 to 0.55 V (vs. Hg/HgO)) of the
electrode clearly visuals the formation plateau region agreeing to the
CV curve. This authenticates the battery-type activities of the prepared
CoS@CC electrode [59]. The prepared CoS electrode distributed a high
specific capacity of 516 C g−1 (937 F g−1) at an improved current
density of 2 A g−1, which seems to be significantly superior to the re-
ported CoS quasi-spherical nanoparticles (232.6 F g−1 at 2 A g−1) [62],
flower-like CoS (280 F g−1 at 2 A g−1) [63], Ni1.5Co1.5S4 interconnected
nanoparticle (1093 F g−1 at 1 A g−1) [64], Co/Ni/S spherical
(954.3 F g−1 at 1 A g−1) [65]. The current density versus specific ca-
pacity plot represented in Fig. 7c shows that only 11% of the initial

capacity of the electrode was lost after a considerable current density of
20 A g−1. To comprehend the cycle life of the electrode material, the
cyclic stability test was performed for about 4000 cycles at a standing
current density of 20 A g−1 (Fig. 7d). The prepared CoS electrode has
shown improved performance by rationally losing 10% of its initial
specific capacity, endorsing the sturdy nature of the CoS@CC electrode
in 1M KOH alkaline electrolyte. The FESEM image of CoS/CC electrode
after cycle stability test discloses that not any significant changes were
observed in the morphology, enlightening the long-term stability of the
prepared electrocatalyst (Fig. S2d). Fig. S6 shows the Nyquist plot ob-
tained for the prepared COS@CC electrode. The CoS@CC electrode
revealed a small semicircle in the high-frequency region, demonstrating
the confined resistance between the electrode and electrolyte. The
impedance plot was fitted with an equivalent circuit (inset of Fig. S6
and Table S1) to acquire the corresponding low Rs (1.23 Ω) and Rct

(0.313 Ω) values. These results confirm the high conductive nature of
the working electrode that reassures fast charge transfer kinetics [66].
The angle of the tail of the semicircle is approached to be around 45°
validating the superior ionic passage and the ideal capacitor behavior of
the CoS@CC [67]. The perceived results anticipate that the prepared
CoS@CC electrode was demonstrated as a reputable positrode with
enriched flexibility for the commercial supercapattery application.

Fig. 7. (a) CV curves of CoS@CC electrode at different scan rates, (b) GCD curves of CoS@CC electrode at different current densities, (c) current density with respect
to the specific capacity plot of the CoS@CC electrode, and (d) cycling stability curve of the CoS@CC electrode for 4000 cycles.
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3.6. Electrochemical properties of fabricated (CoS@CC||rGO)
supercapattery

Encouraging investigation of the flake-like CoS@CC as a positive
electrode, a model aqueous supercapattery device was assembled. As
represented in the schematic diagram (Scheme 2), the CoS@CC (posi-
trode) and rGO (negatrode) were wrapped densely in an aqueous
electrolyte medium [59]. The fabricated device was scrutinized by
obtaining the CV and GCD curves in a broad operating cell potential (0

to 1.6 V). Fig. 8a, b shows the obtained CV and GCD curves of the de-
vice. From the GCD curve, the specific capacity of the device was cal-
culated as 127 C g−1 at a significant current density of 1 A g−1.

Later, a comparable initial specific energy of 38Wh kg−1 at a spe-
cific power of 533W kg−1 was succeeded by the designed system at a
current density of 1 A g−1. The assembled system grasped an ultimate
specific energy value value of 24Wh kg−1 at a substantial specific
power of 5333W kg−1. Fig. 8c shows the cyclic life of the assembled
device, which displays a linear trajectory of a straight streak,

Scheme 2. Charging/discharging mechanism of fabricated CoS@CC||rGO supercapattery.

Fig. 8. (a) CV curves of fabricated supercapattery at diverse scan rates, (b) GCD curves of the supercapattery at several current densities, (c) cyclic stability curve
(5000 cycles), (inset) current density vs capacity plot of the device and (d) Ragone plot of the CoS@CC||rGO device compared to similar asymmetric device.
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substantially holding a persistent capacity for about 5000 successive
cycles. The current density vs. specific capacity plot of the device in the
inset of Fig. 8c displays the better capacity retention behavior of the
device by maintaining 62% of its capacity from 1 A g−1 to 10 A g−1.
The respective Ragone plot of the fabricated CoS@CC||rGO super-
capattery compared to the reported asymmetric devices is shown in
Fig. 8d. The thorough evaluation of comparable hybrid devices is ta-
bularized in Table 2 [62,64,65,68–70]. Scheme 2 demonstrates the
function of the fabricated supercapattery device. When a potential is
applied to the device, the positive potential at the positrode draws all
the possible oppositely OH− ions. These OH− ions noticeably deposits
over the CoS electrode surface by the influential redox reaction as fol-
lows [14],

CoS+ 2OH− → CoS(OH−)2 + 2e− (8)

Instantaneously, the negative potential at the negatrode all the
possible positive K+ ions drawn towards the rGO electrode surface.
These K+ ions are held by the rGO electrode due to an electrostatic
force establishing EDLC behavior as follows [14],

rGO + K+ → rGO(xe−)║xK+ (9)

Hence, the potential is stowed in a resourceful means by integrating
the redox and EDLC activities. The stored potentials are inhibited by an
external load.

The discharge process comprises dissolution and the desorption of
negative (OH−) and positive (K+) ions from the CoS@CC and rGO
electrodes, respectively as [14],

CoS(OH−)2 + 2e− → CoS + 2OH− (10)

rGO(xe−)║xK+ → rGO + K+ (11)

Confirming the high repute of the rate capability property and cyclic
stability, the fabricated device can be subjected to several charges and
discharge cycles. Moreover, the key effect to the enhanced ED was
accredited to the uniform distribution of the active material over the
knitted structure carbon cloth substrate, which provides adequate room
for the fast ions transferences. Thus, a supercapattery system ac-
quainting with advanced ED relating to the higher PD was recognized to
reinforce its exploit for commercial purpose.

Overall, the improved electrocatalytic and electrochemical perfor-
mance of the flake-like CoS grown on the CC is mainly accredited to its
(i) uniform morphology, (ii) perpetual arrangement, and (iii) the un-
ique electrochemical and electrocatalytic properties of the prepared
CoS@CC. Briefly, the FESEM images reveal the uniform flake-like
particles of CoS over the CC possessing irregular edges. This irregularity
paves the way for activating additional active sites, providing more
room for electrolytic ions to get accumulated on the electrode surface
instigating both electrochemical and electrocatalytic activity. Secondly,
the perpetual arrangement of the CoS particles over the carbon cloth
resembles a closely packed mesh-like electrode. This arrangement eases
the in-depth accessibility of the electrolytic ions creating improved
electrochemical surface area and electrical conductivity, which is a
crucial factor to attain superior electrocatalytic and electrochemical
activity. Lastly, the characteristic earlier electrochemical activity and

multiple redox behaviors of the Co species that liberates sufficient free
electrons, subsequently increases the electrical conductivity, kinetic
rate, and rate capability [21–23]. Thus, an improved electrode material
was recognized by means of a simple one-step in-situ hydrothermal
method to benefit both energy storage and conversion systems.

4. Conclusions

A unique multifunctional flake-like CoS electrode is developed over
the flexible carbon cloth (CoS@CC) by a facile in-situ hydrothermal
technique. The crystalline and single-phase formation of hexagonal
structured CoS is confirmed through XRD analysis. The surface analysis
of the prepared CoS was examined by XPS analysis. The morphological
features portraying the flake-like CoS were obtained through the SEM
micrographs. The flake-like CoS@CC was subjected to the electro-
catalytic activity where it demands minimal overpotentials of 280mV
(OER) and 264mV (HER) to reach a pre-eminent current density of
20mA cm−2. Further, a lab-scale water splitting system was assembled
delivering a perceptibly essential current density of 10mA cm−2 from a
truncated cell voltage of 1.65 V, which is compatible enhanced by
providing additional flexibility and resilient durability. A flexible
(CoS@CC||rGO) supercapattery was fabricated, providing an improved
ED of 38Wh kg−1 at a PD of 533W kg−1. In the future, the multi-
functional ability of the binder-free flake-like CoS@CC electrode can be
authorized by its credible application in both energy storage and con-
version devices.
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