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ox characteristics of porous
ZnCoS@rGO grown on nickel foam as a high-
performance electrode for energy storage
applications†
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Muhammad Waqas Iqbal,a Sohail Mumtaz, b Mohamed Ouladsmanec

and Muhammad Usmand

A supercapattery is a device that combines the properties of batteries and supercapacitors, such as power

density and energy density. A binary composite (zinc cobalt sulfide) and rGO are synthesized using a simple

hydrothermal method and modified Hummers' method. A notable specific capacity (Cs) of 1254 C g−1 is

obtained in the ZnCoS@rGO case, which is higher than individual Cs of ZnS (975 C g−1) and CoS (400 C

g−1). For the asymmetric (ASC) device (ZnCoS@rGO//PANI@AC), the PANI-doped activated carbon and

ZnCoS@rGO are used as the cathode and anode respectively. A high Cm of 141 C g−1 is achieved at

1.4 A g−1. The ASC is exhibited an extraordinary energy density of 45 W h kg−1 with a power density

5000 W kg−1 at 1.4 A g−1. To check the stability of the device, the ASC device is measured for 2000

charging/discharging cycles. The device showed improved coulombic efficiency of 94%. These findings

confirmed that the two-dimensional materials provide the opportunities to design battery and

supercapacitor hybrid devices.
Introduction

Throughout the previous decade, numerous work has been
done to develop efficient electrochemical energy storage appli-
ances: lithium-ion storage-cells and supercapacitors. Research
groups have focused on forming electrode materials for energy
storage gadgets that can provide long-term stability, high
capacity, and fast charge and discharge cycling.1–5 To attain
future energy demands, energy storage devices with high-power
delivery and good rate capability, that are environmentally
friendly and low cost are preferred.6,7 Lately, supercapacitors
(SCs) have predictable considerations owing to their fast
charging, high power density, discharging speeds, exceptional
cycling stability, and good environmental aspects.8–10 By the
charge storage method, the supercapacitors (SCs) are distrib-
uted into two parts: pseudo capacitors (PCs) and electrical
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double-layer capacitors (EDLCs). The absorption or desorption
of charge at the electrolyte surface is a primary charge storage
method of electrical double-layer capacitors (EDLCs). These
usually demonstrate extraordinary cyclic stability in the long-
lasting charge and discharge process.11 While the pseudo
capacitors (PCs), because of the faradaic redox responses of the
electrode materials, generally offer high capacitances.12

Materials such as transition metal chalcogenides (TMCs),
transition metal nitrides (TMNs),13–21 conducting polymers,
transition metal oxides (TMOs),22–24 and carbon materials25–27

have received considerable attention for energy-storage devices
electrode fabrication in the recent years. TMNs for super-
capacitor fabrication have been studied primarily, but inte-
grating the TMNs is a time-intensive process and very difficult to
synthesise. TMCs and TMOs have multiple oxidation states, so
these are promising electrode materials for high-performance
ultra-capacitors.28 A major challenge is to control surface area,
morphology, and the structure of pseudo-capacitive materials to
enhance electrochemical functioning.29 The pseudo capacitors
(PCs) electrode materials are metal oxides, hydroxides, con-
ducting polymers, and metal suldes. The ternary metal oxides,
like CuCO2O4, MnCO2O4, ZnCO2O4, and NiCO2O4, have an
attractive established structure because of their high theoretical
capacitance and low cost.30–34 Though, theoretical values of the
specic capacitance of these ternary metal oxides are higher
than experimentally calculated values. Even the ternary metal
© 2023 The Author(s). Published by the Royal Society of Chemistry
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oxides owing to their low electrical conductivity capability and
low activation energy value, have complications of cyclic
steadiness and low-rate ability.35,36 The ternary metal suldes
have a high energy density, thermal stability, and large elec-
trochemical active sites. Therefore, ternary metal suldes have
been considered suitable electrode materials for pseudocapa-
citors (PCs).37–39 Moreover, substituting oxygen (O2) with sulfur
(S) shis exibility in conguration. It reduces the risks of
structural loss owing to the higher electronegativity of oxygen
(O2) compared to sulfur (S). Thus, long-term charge and
discharge processes attain better stability.40–43

However, a single transition metal sulde has a higher
optical band gap but lower electrical conductivity.44–47 Rather
than oxides of transition metals, their suldes are suitable
substitutes.48,49 Cobalt sulde (CoS) and zinc sulde (ZnS) have
several advantages, like long-term steadiness, low cost, high
theoretical specic capacitances, and electroactivity. Addition-
ally, the combined effects of cobalt and zinc ions are ensuing in
improved energy storage capacity due to incredible redox reac-
tions in binary suldes aside from those of single suldes.50–52

In this work, the zinc–cobalt sulde is synthesised through
a hydrothermal process. The XRD, SEM, and XPS are utilised to
know the structural and morphological properties. The elec-
trochemical characteristics are estimated by measuring the CV
and GCD. 3 M KOH is used as an electrolyte for two and three-
electrode measurements to calculate the charge storage
performance. To measure the efficiency of energy storage, an
asymmetric device was used with an electrode that exhibited
optimal electrochemical behaviour.
Experimental section
Materials and techniques

Zinc nitrate hex hydrate (N2O6Zn$6H2O), sodium sulde
hydrate (Na2S$9H2O), cobaltous nitrate hexahydrate
(Co(NO3)2$6H2O), carbon black (CB), potassium hydroxide
pellets (KOH), N-polyvinylidene-uoride (PVDF), aniline and
HCl were used and purchased from Sigma-Aldrich. Nickel Foam
(NF) was acquired from Urich Technology (Malaysia). Nickel
Foam (NF) was washed with ethanol, deionized (DI) water, and
HCl to remove the oxide layer and the impurities from the NF
surface. In this work, all solutions were prepared with deionised
(DI) water.
Synthesis of materials

Firstly, the zinc sulde (ZnS) was synthesised bymixing 8.92 g of
zinc nitrate hexahydrate and 8.73 g of cobalt nitrate hexahydrate
in 50 ml DI water and mixed dropwise in the solution of sodium
sulde hydrate. The solution was mixed with continuous stir-
ring for 30 minutes. The homogeneous solution was put into
Teon lined stainless steel autoclave and placed inside the
oven. The solution was heated up to 6 to 7 hours at 170 °C. Aer
the cooling process, the solution having precipitates were
washed numerous time to drain the impurities and remained
the pH of the solutions. Finally, the precipitates solution was
heated and dried to obtain the nanostructures powder. All
© 2023 The Author(s). Published by the Royal Society of Chemistry
compounds were commercially standard and purchased from
Sigma-Aldrich; no further purication was needed before usage.
The systematic diagram of all the above steps is shown in
Fig. 1(a and b).

Synthesis of rGO

The chemical exfoliation method associated with Hummer's
modied technique was used to make rGO from graphite
akes.53–55 Then, 2 g of akes and 80 ml of H2SO4 were contin-
ually mixed until a dark consistent suspension was obtained.
During stirring, the oxidised catalyst (KMnO4) (8 g) was added to
the solution. Ice akes were used to maintain a consistent
temperature in the solution to keep the oxidation reaction from
getting too hot. This combination homogeneous suspension
was then kept at room temperature for 24 hours. Then, 0.4 ml of
H2O2 was mixed with the brownish suspension. Aqua-dest was
used to add the brown suspension to get a pH of 7. Aer that,
the water was removed from the brown suspension, which
produced a more concentrated form. Aer three days of vacuum
freeze-drying at a low temperature, the brown suspension was
nally reduced to brown powder. The dry brown powder was
recognised as graphite oxide. To remove the graphene sheets
from the graphite oxide powder, it was ultra-sonicated for 3
hours with 200 mg of rGO and 200 ml of aqua-dest. Aer three
days of vacuum freeze drying, the resulting dark brown powder
(GO) was condensed and dried. Annealing the GO powder at 200
degrees Celsius resulted in a size reduction. Aer being sub-
jected to high temperatures, the brown powder became a dark
powder known as rGO powder. The synthesis process of rGO is
shown in Fig. 1(c).

Synthesis of conducting polymer (polyaniline (PANI)) and
activated carbon

Polyaniline was obtained by simply polymerising the aniline.
The synthesis process was initiated by stirring a 20 ml 1 M HCL
aqueous solution containing 0.25 M aniline for 30 minutes at
room temperature. Subsequently, another 30 ml 1 M HCL
aqueous solution was prepared with 0.1 M ammonium per
sulfate, which was added drop by drop in the above aqueous
solution and le for overnight stirring. Aer the night, the green
precipitates accumulated at the bottom of the solution are
collected and rinsed thoroughly with 0.2 M HCL aqueous
solution and acetone each for two times to be dried at 60 °C
aerward. The activated carbon was obtained from the waste of
tea.

Electrode synthesis and characterisation methods

The electrochemical properties of galvanostatic charge–
discharge (GCD) and cyclic voltammetry (CV) are measured for
all samples. The electrochemical properties are examined using
an Auto lab PGSTAT302N Potentiostat. The potentiostat is used
in a three-electrode setup for electrochemical testing. In the
three-electrode assembly, a reference electrode (Hg/HgO), and
a counter electrode (platinum wire) are used. The nickel foam is
covered with active material. 3 M KOH solution as an electrolyte
is retained constant during the whole electrochemical
RSC Adv., 2023, 13, 21236–21248 | 21237
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Fig. 1 (a) Representation of the hydrothermal procedure for the synthesis of zinc sulfide (ZnS), and cobalt sulfide (CoS). (b) Syntheses of ZnCoS
by hydrothermal method. (c) Syntheses of rGO.
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measurement. The intermission of the working electrode
consists of 50 wt% of active material, 20 wt% of PVDF (binder),
and 30 wt% of ethylene black (carbon black), all in NMP solvent.
A homogeneous solution is obtained by continuously stirring
for 6 hours. The nickel foam is washed with DI water, acetone,
HCl, and ethanol before testing. The slurry is placed over the
nickel foam uniformly for the working electrode to cover an area
of 1.6 × 1.6 cm2 with a material mass of almost 5 mg cm−2. The
same steps are also followed for ZnS, CoS, and ZnCoS/rGO.
Fabrication of ZnCoS@rGO//AC@PANI

To examine the practical applications of ZnCoS/rGO, an ASC
device is assembled using ZnCoS/rGO as an anode, and PANI-
doped AC as a cathode. The electrochemical measurement is
performed in a 3 M KOH solution. For the electrode prepara-
tion, carbon black and PVDF binder are used to make
21238 | RSC Adv., 2023, 13, 21236–21248
a homogeneous solution. The suspension is drop-coated
uniformly over a clean nickel foam (NF) 1.5 cm × 1.5 cm and
placed inside the oven at 70 °C overnight. The activated car-
bon@PANI (AC@PANI) is used to ensure the complete coverage
of both nickel foam (NF) sides. The process is shown in Fig. S1.†
Results and discussion
Structure and surface morphology

Material crystalline nature is obtained by using XRD (X-ray
diffraction), as revealed in Fig. 2(a) and XRD peaks appeared
at (111), (220), (311), (331), (101), (235), (511) and (440) planes
which are correlated to JCPDS card no. 47-1656. No more XRD
peaks are found, showing the purity of zinc-cobalt sulde
(ZnCoS). In the case of rGO, a broad peak at 25.4° formed,
matching the (002) plane, while a smaller peak occurred at
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) X-ray diffraction (XRD) of zinc cobalt sulfide (ZnCoS) and rGO. (b) XPS of spectra of Zn 2p (c) XPS spectra of cobalt 2p (d) XPS for rGO (e)
XPS pattern of S 2p (f) SEM image of ZnCoS (g) SEM image of ZnCoS/rGO.
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43.6°, matching the (111) plane.56 Zn 2p spectra are shown in
Fig. 2(b) at 162.9 eV and 162.0.57 Fig. 2(c) shows the XPS spectra
of cobalt core peaks (Co 2p3/2 and Co 2p1/2).58 The rst core peak
is de-convoluted into two peaks at 803.3 and 798.8 eV: Co2+ 2p3/2
and Co3+ 2p3/2. The Co2+ 2p1/2 and Co3+ 2p1/2 peaks are de-
convoluted at 786.6 eV and 778.8 eV, correspondingly.59,60 The
Co–S bond is represented by the two primary peaks of Co2+ and
Co3+. 61–63 There are two shake-up satellite peaks because of
repeated electron excitation of Co2+ and Co3+ in cobalt sulde.

Fig. 2(d) shows XPS spectra for rGO corresponding to the
284.4 eV peak, which is the most common.64 Fig. 2(e) shows the
XPS spectra of S 2p, which show that sulfur exists in several
different chemical states. Sulde (S 2p) peaks at 160.7 eV,
161.6 eV, and 162.4 eV, and sulfate (S6+) peaks at 168.2 eV and
168.3 eV are attributed to different sulfate species.

The synthesised process and morphological changes of the
synthesised material zinc sulde, cobalt sulde, and the
composite sample ZnCoS on nickel foam are examined by
© 2023 The Author(s). Published by the Royal Society of Chemistry
conducting time-dependent experiments. The zinc sulde,
cobalt sulde, and composite samples are synthesised at 150 °C
for 8 hours to understand the growth process of Ni-foam (NF).
The reaction time dramatically affects the shape of materials.
SEM image of ZnCoS, shown in Fig. 2(f). Most of the nano-
particles have a uniform ower-like morphology across each
particle. SEM image of ZnCoS/rGO is shown in the Fig. 2(g),
which show the clear ake of rGO.
Electrochemical performance

The synthesised zinc sulde, cobalt sulde, and composite
sample electrodes are examined for electrochemical perfor-
mance in a three-electrode assembly. The synthesised mate-
rial's CV curves show the electrode material's oxidation/
reduction behaviour. To examine CV measurements at several
scan rates for all materials are taken at the potential window (0–
0.7 V) in a 3 molar solution of KOH.
RSC Adv., 2023, 13, 21236–21248 | 21239
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However, the specic capacity (Qs) of the binary composite
electrode refers to the zinc sulde (ZnS)65 and cobalt sulde
(CoS) transitions reversible faradaic redox techniques related
with (OH−) anions,66 as presented by the subsequent
equations,67

CoS + OH− 4 CoSOH + e (1)

CoSOH + OH− 4 CoSO + H2O + e− (2)

ZnS + OH− 4 ZnSOH + e− (3)

As scan rates enlarged, the current density is even increased
steadily. The shi in cathode peaks and anodic peaks to the
negative and positive direction, respectively, show the fast redox
reactions and the comparatively low resistance of the elec-
trodes. Fig. 3(a and b) represented the CV curves of zinc sulde
(ZnS) and cobalt sulde (CoS) at several scan rates and showed
similar faradaic characteristics. All the prepared samples
showed almost symmetrical CV curves, suggesting the revers-
ible redox reaction, fast ion transport, and high-rate capability.
ZnS and CoS are blended using a 90/10 ratio with rGO to
improve the whole efficiency of the electrode shown in Fig. 3(c).
For all the synthesised electrodes, the specic capacity is
calculated with the following equation,

Qs ¼ 1

mv

ðvf
vi

I � VdV (4)

here the specic capacity has units of C g−1, m is active sample
mass, and V is scan rate. The specic capacity value calculated
Fig. 3 (a) Representation of zinc sulfide (ZnS) CV measurements (b) cob
capacity comparison for ZnS, CoS and ZnCoS/rGO (e) specific capacitan

21240 | RSC Adv., 2023, 13, 21236–21248
for ZnS and CoS through CV curves using eqn (4) is 303 and 589
C g−1, respectively. The resulting material ZnCoS/rGO shows
a higher Cs of 709 C g−1, shown in Fig. 3(d). The measurements
are achieved at a constant potential window. The improved
specic capacity for ZnCoS/rGO is because of the higher
conductivity and synergetic effect of rGO. Our ndings show
that zinc and cobalt blending with rGO increases conductivity
and surface area, which is vital for electrochemical measure-
ments. As the scan rate increases, the area beneath the curves
increases because of the rapidly reversible charge/discharge
mechanism.68–70

Specic capacitance calculated for ZnS, CoS, and ZnCoS/rGO
is 606 F g−1, 1178 F g−1, and 1618 F g−1, respectively, shown in
Fig. 3(e). ZnCoS/rGO has a higher specic capacitance value
when mixed with cobalt, and it also has a nanoparticle-like
shape, a larger surface area, and more excellent electric
conductivity. Therefore, the movement of electrons and ions is
relatively easier from an electrolyte to the surface. This form of
charge transfer resulted from a redox reaction during the
charging and discharging procedure.71

Galvanostatic charge–discharge (GCDs) analysis further
scrutinised the electrochemical performance of synthesised
nanomaterial. The calculations are accomplished at various
current density values using an electrolyte of 3 M KOH. Fig. 4(a–
c) illustrates the GCD curves for ZnS, CoS, and ZnCoS/rGO that
are measured at various current densities of 1.8 to 3 A g−1. The
non-triangular charge–discharge behaviour of all the GCD
materials illustrates reversible redox reactions. This reversible
reaction is essential for charge storage mechanisms
alt sulfide (CoS) CV analysis (c) CV curves for (ZnCoS/rGO) (d) specific
ce for ZnS, CoS and ZnCoS/rGO.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) GCD representation for zinc sulfide (ZnS). (b) GCD representation for cobalt sulfide (CoS). (c) Specific capacity calculated through GCD
at several current density values for ZnCoS/rGO. (d) Specific capacity comparison for ZnS, CoS, and ZnCoS/rGO (e) specific capacitance
measured by GCD at different current density values.
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homologous to battery-grade material. Specic capacity in eqn
(5) is the specic capacity from GCD curves of all the electrodes
with the following relations:72 the specic capacity using the CV
and GCS measurements for individually ZnS, CoS, and ZnCoS
are further calculated and shown in Fig. S2–S3.†

Qs ¼ I � t

m
(5)

here, I represent the current and t denotes the charging/
discharging time. According to the above eqn (5), the specic
capacity for ZnS, CoS, and ZnCoS with a 90/10% weight ratio of
rGO electrodes is computed from GCD curves. Specic capacity
for zinc sulde (ZnS) and cobalt sulde (CoS) decreased than
composite material zinc cobalt sulde with rGO (ZnCoS/rGO).
The maximum specic capacity for zinc sulde (ZnS) is 400 C
g−1 at a 1.8 A g−1. Correspondingly specic capacity value for
cobalt sulde (CoS) is 975 C g−1 at 1.8 A g−1. The increase in
specic capacity for composite material ZnCoS/rGO is due to
the enhanced electrical conductivity of rGO. Composite mate-
rial ZnCoS/rGO has a maximum Qs value of 1254 C g−1 at
a 1.8 A g−1 current density, shown in Fig. 4(d). Moreover, less
polarisation is offered by composite material ZnCoS/rGO,
making composite material more useful for supercapattery
applications.

The specic capacitance is also obtained from these GCD
curves. Fig. 4(e) shows the comparison of Qs of ZnS, CoS, and
ZnCoS/rGO at 1.8 A g−1. The capacitance value decreased as the
current density increased. The maximum specic capacitance
© 2023 The Author(s). Published by the Royal Society of Chemistry
found from the calculated values for zinc sulde (ZnS), cobalt
sulde (CoS), and composite material zinc cobalt sulde with
90/10% weight ratio of rGO (ZnCoS/rGO) is 800 F g−1, 1951 F
g−1, and 2508 F g−1.

The three-electrode assembly measurements showed that
composite material ZnCoS/rGO has higher electrochemical
measurements than other fabricated electrodes. The following
bases may result from the enhanced working of the composite
material ZnCoS/rGO. Firstly, the binder and carbon caused the
dead volume, which is avoided by the direct growth of the
composite material electrode on nickel foam. By this, the
amount of electroactive spots increases throughout the elec-
trochemical process. Secondly, the maximum interfacial
contact is present between the substrate and electrode material
due to the directly grown electrode material on nickel foam,
therefore carrying of the electron is enhanced, which leads to
the maximum capability rate. Thirdly, the balanced growth of
material on nickel foam provided a productive path for carrying
electrons and ions, which enhanced the rate capability and
specic capacitance.

Due to the high-quality performance of the composite
material ZnCoS/rGO, the composite material is investigated for
practical (real device) applications. The asymmetric super-
capattery device is fabricated using the negative electrode of the
activated carbon (AC) and the positive electrode of the
composite material. In the fabrication of a real device, both
electrodes (5.0 mg cm−2 for activated carbon and 3.0 mg cm−2

for composite material) with a different active material mass per
RSC Adv., 2023, 13, 21236–21248 | 21241
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unit area were used to retain the charge balance.73–75 The ions of
electrolytes are transported by channels, which are provided by
a porous membrane (used as a separator between the elec-
trodes). The fabricated supercapattery device is diagrammati-
cally demonstrated in Fig. 5(a).

Fig. 5(b and c) illustrates the electrochemical performance
results for the ZnCoS@rGO//AC@PANI electrode. For this
primarily, the CV is measured at 3 mV s−1 in three-electrode
fabrication for composite material ZnCoS/rGO and activated
carbon@PANI (AC@PANI) separately, as illustrated in Fig. 5(d).
Subsequently, two-electrode fabrication for ZnCoS@rGO//
AC@PANI is prescribed in a 3 molar solution of (KOH) and
calculated the CV measurements at different scan rates. The
capacitive nature is indicated by the non-appearance of redox
peaks curves from (0–0.5 V) potential value and the formation of
pseudo rectangular CV curves. Initially, when the potential
value is enhanced, redox peaks appeared to reveal the presence
of faradaic reactions. The combined effect of faradaic and non-
faradaic reactions manifested by the fabricated ASC device is
because of the faradaic nature exhibited by the composite
electrode and the non-faradaic behaviour exhibited by the
double-layer capacitor (DLC) capacitance of the activated
carbon (AC) electrode. Further, the GCD of the device is also
performed at various In Fig. S4–S5† the specic capacity anal-
yses for ZnS, CoS, and ZnCoS/rGo by using CV and GCD curves
Fig. 5 (a) Two electrode assembly systematic representation. (b) Represe
s−1, 80 mV s−1, and 100 mV s−1 in a two-electrode assembly for the hyb
asymmetric device (ZnCoS/rGO//PANI@AC) are at several current densit
activated carbon (AC) and (ZnCoS/rGO) at a 3 mV s−1 scan rate.

21242 | RSC Adv., 2023, 13, 21236–21248
for real device application at a scan rate from 3 mV s−1 to
100 mV s−1 and different current densities from 1.4 A g−1 to
2.8 A g−1 are shown. A comparison of ZnCoS and ZnCoS@rGo
for real device applications for CV and GCD measurements is
shown in Fig. S6.†

The b-values calculated for this ASC device are represented in
Fig. 6(a). The range for the battery and supercapacitors of b-
values lies in 0–0.5 and 0.8–1.0, respectively. While for super-
capattery, the range of b-values lies between 0.5–0.8; this range
lies between the batteries and the supercapacitors' b-values.76 So
computed b-values are in the range of supercapattery b-values.
So, the charge storing mechanism in this ASC device is due to
the charge adsorption/desorption and faradaic reactions.
Consequently, we can say that charge adduction/desorption and
faradaic processes contributed to the charge stored in this
device. According to Brunauer–Emmett–Teller,54 the surface
area of electrode materials (ZnCoS/rGO) is 7.54 m2 g−1, and the
pore size volume is 0.023 cm3 g−1, as shown in Fig. 6(b). The
combined action of zinc sulde and copper sulde in a bime-
tallic tungstate increases surface area and pore size dispersion.
So ZnCoS/rGO material has a high surface area and a uniform
pore size distribution. The pore size volume and the surface
area for ZnS are 0.002 cm3 g−1,2.04 m2 g−1, for CoS are 0.002
cm3 g−1 and 2.04 m2 g−1, and for ZnCoS the surface area and
nts the CV curves from 3mV s−1, 5 mV s−1, 20mV s−1, 40mV s−1, 60mV
rid device (ZnCoS/rGO//PANI@AC). (c) The GCD measurements for an
y values. (d) Representation of three-electrode assembly CV curves for

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) b-Fitting of the log of current as a function of the log of scan rates. (b) BET graph for ZnCoS/rGO (c) specific capacity analysis for CV
testing in two electrode system (d) specific capacity results for GCD test in two electrode assembly.
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pore size volume are 0.002 cm3 g−1, 5.40 m2 g−1 shown in the
Fig. S7.†

By the CV and GCD, the specic capacity and specic
capacitance of the asymmetric supercapattery fabrication (ASC
device) are also calculated. The specic capacity for the asym-
metric supercapattery device by considering the CV and GCD
measurements is displayed in Fig. 6(c and d). The specic
capacity value calculated by the CV measurements at 3 mV s−1

for this ASC device is 101 C g−1. However, considering the GCD
measurements, the specic capacity value at a 1.4 A g−1 current
density for this ASC device is 141 C g−1. The b values of any
device are used to estimate the charge-storage mechanism.

The crossing point on the real axis at higher frequencies
shows the electrode materials' ESR (equivalent series resis-
tance). The electrical resistance or ESR value will be larger if
they have a lesser electrical conductivity. Fig. 7(a) represents the
comparable ESR value of the material by using EIS. This shows
ZnCoS/rGO have the smallest value compared to the other
samples. Sample ZnCoS/rGO has the highest level of interaction
between zinc sulde and cobalt sulde because it has the lowest
equivalent series resistance value compared to both samples.
Because its Rct value is lower than other materials, ZnCoS/rGO
attribute to have improved charge transmission. The ESR
value for ZnCoS@rGo, ZnS, CoS, and ZnCoS are 0.94 U, 1.67 U,
12.8 U and, 1.15 U shown in Fig. S8.†

The charge storage diffusion properties of the ZnCoS/rGO
composite are depicted by the linear connection between the
anodic and cathodic peaks in Fig. 7(b). The Randles–Sevcik
formula, which describes the maximum current outputs for
© 2023 The Author(s). Published by the Royal Society of Chemistry
processes governed by reversible diffusion, is used to determine
the charge storage mechanism,77

ip ¼ 0:4463nF

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nFD

RT
AC

ffiffiffi
v

pr
(6)

here, Ip represents the peak current, n shows the number of
electrons, T denotes temperature, F is the Faraday constant, A is
the area, D is the diffraction coefficient, and C is the bulk
composition. The slope provides a measure of the ZnCoS/rGO
diffusion coefficient shown in Fig. 7(c). Fig. 7(d) shows a slope
coefficient of roughly 0.5, conrming the diffusion-controlled
characteristics of electrode.78 The diffusion-controlled nature
of the ZnCoS/rGO can be determined from the linear pattern of
the graph among maximum voltages and scan rates in Fig. 7(e).
In a battery-grade material, the estimated value of R is near 1,
indicating its reversible capabilities of the battery grade
materials.

Charging–discharging behaviour of a ZnCoS/rGO electrode
at various cycle numbers is measured by using the GCD curve.
The present study on potential windows exposes the door to
observing the charging–discharging pattern through the
applied potential (start and nish for the initial and nal
applied voltage) for the 2000th GCD cycle. The device has an
extremely high level of consistency during the entire charging
and discharging procedures. No voltage loss is noticed at the
start of the charging-discharging cycles, as shown in Fig. 8(a). At
400 charging-discharging cycles, no voltage is a drop, so no IR
drop is shown in Fig. 8(b). Same as in previous cycles, at 700
cycles, there is no voltage drop, as represented in Fig. 8(c).
RSC Adv., 2023, 13, 21236–21248 | 21243
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Fig. 7 (a) ESR testing for ZnS, CoS, and ZnCoS/rGO. (b) Anodic and cathodic peaks for the ZnCoS/rGO (c) peak currents against the square root
of v and its linear fitting (d) slope for a log of maximum currents as a function of the log of scan rates (e) graph of the peak voltages against ln of
scan rates.

Fig. 8 (a) GCD profile for 1st cycle (b) 400th cycle for GCD testing. (c) GCD testing of 700th cycle (d) GCD pattern for 1000th cycle (e) GCD pattern
of 2000th cycle.

21244 | RSC Adv., 2023, 13, 21236–21248 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Nevertheless, a voltage decrease is observed aer 2000 cycles
when the number of cycles increases. The voltage drop is
around 0.65 V aer 1000–2000 cycles, shown in Fig. 8(d), and
there is no noticeable rise aer 2000 cycles, as seen in Fig. 8(e).

The device's CV proles are also analysed in detail to learn
more about the charge storage system. Applying a model pre-
sented by Dunn and coworkers to the CV curves gives the
following equation, which describes the relationship between
the current density I at a given voltage and the two components
of the scan rates ‘v’.43–45,79–81

i(v) = k1v + k2v
0.5 (7)

where k1 and k2 are constants, while the capacitive and diffusive
control mechanisms are determined from the overall capacity of
the device at a given scan rate, and i(v) represents the current
density at a given voltage. The rst factor, k1v in eqn (7), reects
the current density contributions of the capacitive-controlled
mechanism, whereas the second term k2v

0.5 in eqn (7), indi-
cates the current density contributions of the diffusion-
controlled method.46,47 Using eqn (7) and dividing both sides
by v0.5 gives

iðvÞ
v0:5

¼ k1v
0:5 þ k1 (8)

Plotting
iðvÞ
v0:5

as a function of v0.5 yields the values for the

constants k1 and k2, while the slope and y-intercept of the
previous equation provide the values for k1 and k2, respectively.
The current output of the capacitive and diffusive system at
Fig. 9 (a–c) Green area represents the CV investigation at 5, 60, and 100
and diffusive contributions as differentiated by bar plots.

© 2023 The Author(s). Published by the Royal Society of Chemistry
a scan rate of 5 mV s−1, 60 mV s−1, and 100 mV s−1 is repre-
sented in Fig. 9(a–c). The orange region shows the capacitive
effect on the CV curve. Fig. 9(d–f) shows the percentages of
capacitance and diffusivity as bar plots for various scan rates,
including 5, 60, and 100 mV s−1. At the lower scan rate of 5 mV
s−1, the capacitance effect of 19.1% is negligible compared to
the diffusive component of 81.9%. Rising the scan rate
increases the capacitive impact but decreases the diffusive
impact. At the maximum scan rate of 100 mV s−1, the capacitive
value is 42.1%, while the diffusive value is measured at 57.9%.
This indicates that at a reduced scan rate, the positive electrode
(battery grade) has sufficient time to accomplish the redox
process and a greater diffusive impact on the whole device's
capacity. The capacitive type (negative) electrode has enough
opportunity to adsorb charges at the electrode/electrolyte
surface at higher scan rates, resulting in an immense capaci-
tive inuence on overall device efficiency.

The cyclic stability of this ASC device (supercapattery) is also
evaluated by performing the lifespan test. This fabricated ASC
device functioned for 2000 charging-discharging cycles. The
current density all the time while performing the test is sus-
tained. The time calculated for 2000 cycles of charging–dis-
charging is demonstrated in Fig. 10(a). The specic capacity of
this ASC device is maintained at 98% aer completing 2000
cycles of charging/discharging, as represented by the green
spots line. Furthermore, the coulombic efficiency is 94%,
demonstrated by the green colour curve in Fig. 10(b).

The energy and power density are essential for estimating
energy storage device performance. The energy density and
power density are estimated by using the following equations;82
mV s−1, and orange displays the capacitive impact. (d–f) The capacitive

RSC Adv., 2023, 13, 21236–21248 | 21245
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Fig. 10 (a) Charge/discharge graph for 2000 cycles. (b) Efficiency and coulombic efficiency. The inset figure shows the stability test of the hybrid
device (c) graph of energy density vs. power density with previously repored values.
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Ed ¼ CgðDVÞ
2� 3:6

(9)

Pd ¼ Ed � 3600

t
(10)

where Cg represents the specic capacity, DV is the applied
voltage, and t represents the discharge time. The fabricated ASC
device maximum Ed is 45 W h kg−1, while the Pd is 5000 W kg−1

at 1.4 A g−1 current density. Furthermore, the comparison of
electrochemical efficiency with previously reported values is
shown in Fig. 10(c).83 The performance of the hybrid super-
capacitor is much higher as compared to the previously re-
ported values.
Conclusion

In this work, the composite material ZnCoS/rGO was syn-
thesised via a hydrothermal. The formation of zinc cobalt
sulde (ZnCoS) has been proven by the peaks perceived in XRD.
The morphology of the synthesised material (ZnCoS/rGO) was
indicated by the SEM images. The Cs of the devices found from
GCD analyses for ZnS, CoS, ZnCoS, and ZnCoS@rGO were 800 F
g−1, 1951 F g−1, and 2508 F g−1, respectively. In two-electrode
ASC fabrication (ZnCoS@rGO//AC@PANI), the specic
capacity calculated by the CV measurements was 101 C g−1.
However, for the GCDmeasurements, the specic capacity value
at a 1.6 A g−1 current density was 141 C g−1. The maximum
energy density attained by the ASC device was 45 W h kg−1 with
a power density value of 5000 W kg−1 at 1.4 A g−1. The specic
capacity was maintained at 98% aer completing 2000 cycles of
charging/discharging, and the coulombic efficiency was 94%.
21246 | RSC Adv., 2023, 13, 21236–21248
Therefore, ZnCoS/rGO has marvelous performance for energy
storage devices and can perform well acting as an electrode
material for asymmetric ASC devices.
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