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Devices for electrochemical energy storage with exceptional capacitance and rate performance,
outstanding energy density, simple fabrication, long-term stability, and remarkable reversibility have
always been in high demand. Herein, a high-performance binder-free electrode (3D NiCuS/rGO) was
fabricated as a supercapacitor by a simple electrodeposition process on a Ni foam (NF) surface. The
thickness of the deposited materials on the NF surface was adjusted by applying a low cycle number of
cyclic voltammetry (5 cycles) which produced a thin layer and thus enabled the easier penetration of
electrolytes to promote electron and charge transfer. The NiCuS was anchored by graphene layers
producing nicely integrated materials leading to a higher electroconductivity and a larger surface area
electrode. The as-fabricated electrode displayed a high specific capacitance (2211.029 F gt at 5 mV s7Y).

The NiCuS/rGO/NF//active carbon device can achieve a stable voltage window of 1.5 V with a highly
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Accepted 29th September 2023 specific capacitance of 84.3 F g~ at a current density of 1 A g~1. At a power density of 749 W kg2,

a satisfactory energy density of 26.3 W h kg~! was achieved, with outstanding coulombic efficiency of

DOI: 10.1039/d3ra05326a 100% and an admirable life span of 96.2% after 10 000 GCD cycles suggesting the significant potential of
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1. Introduction

The production and consumption of energy that depends on the
burning of fossil fuels will have a substantial influence on both
the global economy and ecology.' As a result, environmentally
friendly sources of energy like solar, wind, and hydro energy
must be developed for converting and storing energy.* However,
supercapacitors and batteries are more reliable and effective in
this regard.*® Based on the electrochemical energy conversion
meaning, non-conventional energy sources have been utilized
in portable electronic devices including supercapacitors (SCs),
fuel cells (FCs), solar cells, and batteries.”® Fuel cells use elec-
trochemical processes with an oxidant (typically oxygen) to
transform chemical energy from an external fuel like hydro-
carbons, hydrogen, or alcohol into electrical energy.” Although
batteries have high specific energy and are widely used in
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T Electronic supplementary information (ESI) available: FT-IR spectra of all
materials, SEM images of NiCuS/rGO/NF, CV curve of NiCuS/5rGO, CV curves of
electrocatalysts at 5 mV s~ and various scan rates, comparison of previous
reports on metal sulfides for supercapacitors with the fabricated NiCuS/rGO,
GCD curves of electrocatalysts as a function of current density, GCD stability
test for NiCuS and NiCuS/50rGO for 5000 cycles, Nyquist plots of
NiCuS/50rGO/NF//AC device. See DOI: https://doi.org/10.1039/d3ra05326a
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the as-prepared materials for practical supercapacitors.

a variety of electrical applications, they retain energy by charge
storage through an electrochemical reaction.®'* Nonetheless,
their actual application was inhibited by a variety of factors such
as liquid electrolyte loss, volatility, flammability, poor power
densities, and thermal instability."»** Otherwise, super-
capacitors are newly fabricated devices between the battery and
conventional capacitors that have attracted substantial interest
in many fields in recent years."*” The hybrid supercapacitor
(HSC), which can maintain a high power density while
increasing energy density, can significantly broaden the prac-
tical application of SCs."" Various charge storage strategies of
the cathodes and anodes can adjust the equilibrium of power
and energy densities, which enhances the efficiency of
supercapacitors.*

Supercapacitors are categorized according to the kinds of
electrode materials they use as electric double-layer capacitors
(EDLCs), pseudocapacitors, and hybrid supercapacitors of
EDLC and pseudocapacitors. Large power density, high
conductivity, and enduring stability are all features of EDLCs,
however, their low specific capacitance may limit their appli-
cations to some extent.”*>* Although pseudo-capacitors have
better specific capacitance than EDLC-based materials, they
suffer multiple challenges including low power densities and
cyclic stability.”® Recent studies have shown that the HSC is
known to be the best potential candidate for achieving high-
performance energy storage systems.>*** The combination of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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widely utilized EDLCs and pseudocapacitor materials is pro-
jected to enhance the HSCs' energy densities.***’

Another major point is finding a way to combine high
capacitance with high power density, which is the major benefit
of supercapacitors.”® One of the fundamental objectives of
enhancing the supercapacitor's efficiency is to find working
electrodes that preserve both high-power density and specific
capacitance. Numerous carbon-based electrodes including
graphene oxide (GO), carbon nanotubes (CNTs), carbon-derived
metal-organic frameworks (MOFs), heteroatom-doped carbons
and activated carbon aerogel were utilized as EDLCs.>"** While
metal sulfides, metal oxides, metal phosphides, and conducting
polymers (CPs) were used as pseudo-capacitor.”® Lately,
transition-metal sulfides (TMS) have been effectively used as
positive electrodes in several electrochemical applications for
their superior pseudocapacity performance including synergis-
tically high electrical conductivity, reversible capacity, and
mechanical and thermal stability than those of their matching
metal oxides. Meanwhile, different metal sulfides such as NiS,**
MoS,,** ZnS,** MnS,,** SnS,,** and CuS*” have been utilized as
capable pseudo-capacitor electrodes. Among all these materials,
NiS and CuS have received the most attention because of their
higher redox reactions, greater reversible capacity, high elec-
trical conductivity, simplicity of manufacturing, and low
toxicity.*®*** However, due to their semiconducting behaviour
and significant volume change through the galvanostatic
charge-discharge (GCD) measurements, CuS is uncommon for
supercapacitors.*>** The mean drawback of NiS electrodes in
supercapacitors is their weak cycling abilities due to the elec-
trical contact loss between the active substances and the current
collector.”** Hence, nickel-copper sulfides (NiCuS) are pre-
dicted to provide outstanding capacitance and long-term stable
cycling capabilities, to solve the drawbacks of these materials.*
The enhanced performance of NiCuS outperforms binary metal
sulfide (NiS or CuS) for some reasons: the higher redox reaction
and multiple oxidation states of the optimized bimetallic
composition, the improved conductivity with low resistance,
and the increased specific active sites with connected nano-
sheets.”>*® A hybrid supercapacitor can also be made by
merging three-dimensional (3D) graphene oxide with metal
sulfide electrodes to increase their energy density. GO structure
can enhance the electrochemical performances and the cycling
stabilities of electrodes because these structures provide both
connected graphene networks for strong electric conductivity
and 3D porous channels for rapid charge transfer.*” Addition-
ally, 3D GO provides a larger positive side potential in the
neutral electrolyte, more electroactive sites, and multiple
oxidation states.*® The electrode materials design has a major
effect on the supercapacitor performance.* Metal chalcogenide
thin films have been formed using several techniques including
chemical vapour deposition, electrodeposition, anodization,
sequential ionic adsorption, and hydrothermal procedures.* In
comparison to alternative procedures that are difficult, time-
consuming, and energy-intensive, electrodeposition may be
a very easy and inexpensive method for depositing metal sulfide
layers on large and complex surfaces.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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To get over the above restrictions, we created a simple and
environmentally friendly one-step electrochemical deposition
process to synthesize a 3D structured NiCuS/rGO array on the
NF surface for hybrid SC. The NiCuS sheets were entirely and
properly anchored to the reduced graphene oxide (rGO) which
was reduced through the electrodeposition process, according
to structural and morphological characterization. The electrode
was deposited on the NF surface as a current collector with
different cyclic voltammetry numbers to control the thickness
of the membrane on the NF surface. The electrodes employed as
positive electrodes in a 3-3-configuration cell reached an
incredibly ultrahigh capacity of 920 C g~ at the applied current
density of 1 Ag™" (2211.029 F g~ " at 5 mV s ') for NiCuS/50rGO
(5 cycles). Finally, the asymmetric supercapacitor device of
NiCuS/rGO/NF interconnected sheets and active carbon/NF as
a negatively charged electrode (cathode) was constructed and
tested to produce satisfactory energy and power densities of
26.3 W h kg™ " and 749 W kg™, respectively through the applied
current density of 1 A g™,

2. Experimental section

2.1. Materials

Without any additional pre-treatments, all of the reagents and
analytical-grade chemicals were used. Hydrochloric acid (HCI;
36%), potassium permanganate (KMnO,), ethanol (C,H¢O;
99%), sulfuric acid (H,SO4; 98%), hydrogen peroxide (H,O,;
30%), and thiourea (CH4N,S) were provided from Merck.
Moreover, nickel chloride (NiCl,-6H,0), sodium nitrate
(NaNO;), copper chloride (CuCly), N-methyl-2-pyrrolidone,
potassium hydroxide (KOH), graphite (99.999%), nickel foam
(Ni-foam), acetylene black, and polyvinylidene fluoride were got
from Sigma Aldrich. Commercial active carbon was used in the
cell tests and all studies used deionized water (DI).

2.2. Synthesis of electrocatalysts

2.2.1. Graphene oxide (GO) synthesis. According to the
modified Hummer's method, graphite flakes can be oxidized to
produce GO sheets.**** Typically, graphite (5 g) was added to the
concentrated sulfuric acid (98%, 115 ml) into a 1 liter beaker
under stirring at —10 °C using an ice bath for 30 minutes. Then,
5 g of sodium nitrate was mixed with the solution and kept
under vigorous stirring until homogenous suspension. Subse-
quently, KMnO, (30 g) was gradually added to the previous
mixture for 4 h keeping the temperature of the reaction below
20 °C. After that, the suspension was kept under stirring until
the solution turned into a dark green paste. After the elimina-
tion of the ice bath, 350 ml of hot water was gently transferred to
the paste which caused an increase in temperature to 95 °C.
After stirring for 1 h, the solution was completed with cold DI
water to 1000 ml and the colour was observed to be brown.
Subsequently, the hydrogen peroxide H,0, (30 ml) was dropped
into the solution for 10 minutes till the formation of yellow
colour due to the removal of the residual permanganate and
manganese dioxide. To eliminate the metal ions, 1 ml of
concentrated HCI solution was stirred with the product for 10
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minutes. The produced GO was then centrifuged, thoroughly
cleaned with DI water to remove any remaining contaminants,
and then dried overnight at 60 °C before being stored for further
synthesis and electrochemical experiments.

2.2.2. Electrodeposition of NiCuS/Ni-Foam. Firstly, the Ni-
foam was cut into (1 x 1 cm?®) followed by sonication for 10
minutes in 10 ml of HCI (3 M) to eliminate the surface nickel
oxide. Subsequently, the foam was sonicated in acetone for 10
minutes followed by ethanol and deionized water (DI) to elimi-
nate the excess HCl. After 10 minutes of washing with each
solvent, Ni-foam pieces were vacuum-dried overnight at 60 °C and
weighed before the electrodeposition process (w,). Consequently,
the Ni,Cu,S, (where, x = 0.5,y = 0.5, and z = 1) was formed by
multi-thin layers on the cleaned Ni-foam through the electrode-
position process. The deposition bath consisted of 30 ml of 7 mM
of NiCl,-6H,0O, 7 mM of CuCl,, and 0.75 M of thiourea was
prepared as the electrodeposition electrolyte. A standard three-
electrode configuration cell was utilized for the electrodeposi-
tion process which consists of a counter electrode, CE (platinum
electrode), and the working electrode, WE (NF) versus Ag/AgCl
reference electrode, RE which was dipped in the deposition
bath. The deposition was performed under continuous stirring by
applying the cyclic voltammetry from —1.2 to +0.2 V for 5 cycles at
a5 mV s ' scan rate. After this process, the sample was cleaned
twice with ethanol before being vacuum-dried at 60 °C for an
overnight period. Typically, the electrodeposition of NiS and Cu$
catalysts was prepared by the same procedure using 30 ml of
14 mM of NiCl,-6H,0 and CuCl,, respectively, and 0.75 M of
thiourea. Finally, after the electrodeposition process for each
material, the loaded NF was washed with water, dried under
a vacuum at 60 °C overnight, and weighed (w,). The loading of
active materials was determined from the difference between the
loaded NF and the pure one (w, — w;).

The electrodeposition of the metal sulfides occurred as
follows:*

2H,0 + 2¢ — H, + 20H" (1)
20H™ + SC(NH,), — S$*~ + OC(NH,), + H,O (2)
Ni**+ Cu*" + §*~ — Ni,Cu,S. (3)

2.2.3. Electrodeposition of Ni, 5Cu, 5S/rGO on nickel foam.
To enable the adsorption of sulfide on the GO surface, a certain
amount (50 mg) was sonicated in 30 ml of 0.75 M thiourea
solution for 30 minutes. Thereafter, the equivalent masses of
NiCl,-6H,0 (7 mM) and CuCl, (7 mM) were added to the GO
and thiourea mixture forming the electrodeposition electrolyte.
Similarly, the deposition of Ni,;CuysS/rGO was utilized by
applying the 5 cycles of CV at a scan rate of 5 mV s~ ' through
a voltage window of (—1.2 to +0.2 V). Moreover, the electrode-
position process of Ni, 5Cu, 5S/50rGO was applied at a scan rate
of 5 mV s~ for cycle numbers of 5 and 20 cycles. Besides, the
Niy 5Cuy 5S/rGO with different masses (5 and 50 mg) were
prepared and labeled as NiysCug5S/5rGO, and Nig 5Cug sS/
50rGO, respectively.
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2.3. Materials characterization

To reveal the crystal structure of the materials, an X-ray
diffraction (XRD) investigation was conducted by the Bruker
equipment with monochromated Cu-K, radiation with A of 1.54
and a scan rate from 5 to 70°. A scanning electron microscope
(SEM) analysis was used with the Jeol JSM-6510 to confirm the
shape and morphology of the fabricated electrodes. X-ray
photoelectron spectroscopy (XPS) with a monochromatic (Al-
Ka) X-ray source and Energy Dispersive X-ray apparatus (EDX
model: INCA Energy 350) were used to analyze the chemical and
elemental composition of the manufactured materials, respec-
tively. Using Fourier transform infrared spectroscopy, the
chemical compounds or functional groups were identified (FT-
IR). A versastat potentiostat/galvanostat was used for the elec-
trochemical ~measurements with a  three-electrodes
configuration.

2.4. Electrochemical tests of supercapacitors

2.4.1. The electrochemical tests of electrodes. Through
a potentiostat, the deposited electrodes were tested electro-
chemically utilizing cyclic voltammetry (CV), galvanostatic
charge-discharge (GCD), and electrochemical impedance
spectroscopy (EIS) methods. With a platinum counter electrode,
the electrochemical characteristics were tested versus Ag/AgCl in
1 M KOH. The fabricated electrodes were activated by 50 cycles
of the CV technique from 0 to 0.5 V at a 50 mV s~ * scan rate
before taking the data due to unstable capacitive performance.
Afterwards, the CV measurements were analyzed at different
scan rates (5, 10, 20, 40, and 50 mV s~ ') with a potential window
from 0 V to 0.5 V followed by the GCD measurements with the
same voltage window for various current densities (1-20) A g~ .
Finally, the EIS measurements were carried out at frequencies
ranging from 0.1 to 10° Hz using the open circuit potential
(OCP) with an amplitude of 5 mV. To conduct the specific
capacity (Cs, C g~ ') of different as-synthesized electrodes, the
CV data at various scan rates were used as follows:>**

¢ - 1107dv
2my

(4)

where [I(V)dV = A = A; — A,. Ais an integrated area under the
CV curve. 4, is the area under the curve when the supercapacitor
is charging while A, is the area under the curve when the
supercapacitor is discharging. m and v are the weight of elec-
trodeposited material on the NF (g), and the applied scan rate (V
s~ 1), respectively.

Moreover, the specific capacity (C;, C g~ ') and specific
capacitance (C, F g~') depending on the GCD results can be
conducted as follows:*"*

A
a m

C, (5)

1At
mAV

where I (A), At (s), and m (g) are the current density, discharging
time, and the mass of deposited active material.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The Nyquist graphs were evaluated as below:*

,_ {Z'(W)

c =2 \9))

@Z(@)F )
. (Zw)
= izl )

where » = 27tfand f denotes the frequency in Hz, Z(w), Z'(w), and
Z'(w) are the complex, real, and imaginary impedances, respec-
tively, and C’ and C” are the real and imaginary capacitances.

2.4.2. Electrochemical tests of the supercapacitor cell
(Niy.5Cuy 55/50rGO//AC). Firstly, a certain amount of activated
carbon and carbon black were mixed with PVDF with a weight
ratio of 8:1:1, respectively, and then ultrasonicated in 50 pl of
N-methyl-2-pyrrolidone (NMP) as a solvent till the formation of
a slurry. A1 x 1 cm?® piece of cleaned Ni-foam was covered by
a thin layer of the slurry, vacuum-dried at 60 °C overnight, and
used as a cathode for the asymmetric supercapacitor cell (ASC).
The ASC was fabricated using a piece of filter paper as a sepa-
rator, an activated carbon negative electrode, a NiCuS/50rGO
positive electrode, and a 1 M KOH electrolyte. To keep the
charge balance between the cathode and anode, the weight
ratios of the anode (NiCuS/50rGO) and cathode (active carbon)
were modified using the equation below:

0"=0 (8)
Q=mxAVxC 9)

mt  C AV

m- CrAV (10)

where C (F g '), V(V), Q", and Q, respectively, are the specific
capacitance, voltage window throughout the GCD technique,
positive charge, and negative charge derived from the three-
electrode configuration. Additionally, it is possible to further
transform the electrode's specific capacity into specific capaci-
tance (F g~ ') when employing exclusively capacitive materials
(AC) in devices.®* Furthermore, m (g) is the loading mass of the

CE RE WE

4

@ Cux ONi>* 0 §*

Ni-Foam

GO dispersion
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supercapacitor device's components, which was calculated from
the total of the masses loaded on the NF surface for the cathode
and anode (3.06 mg cm ™ ?).

Finally, the cell power and energy densities were conducted
as follows:

cv:  IAtV
E= = - 11
7.2 7.2m (11)
P 3600E (12)
At

where P(Wkg ), E(Whkg™"),V(V),C(Fg '), At (s), and m (g)
are the power density, energy density, voltage window, specific
capacitance, time of discharge, and the combined mass of
negative and positive electrodes.

3. Results and discussions

3.1. Structural characterization

The simple electrodeposition method was used to prepare the
nanosheet structure of NijysCuysS/rGO/NF electrode from
CuCl,, NiCl,-6H,0, (NH,),CS, and the as-synthesized GO as
precursors (Fig. 1). The deposition process on the highly
conductive porous NF substrate contains three procedures;
firstly, the as-synthesized GO with various amounts was
dispersed in thiourea solution to allow the adsorption of sulfide
on the surface of GO and used as electrodeposition electrolyte.
Secondly, the cyclic voltammetry allows the GO in solution to be
reduced and deposited onto the NF surface. Thirdly, the metal
precursors were dissolved in the electrolyte and the cations
went through the diffusion layer by driving force of the applied
potential and reacted with sulfide ions to be deposited onto the
rGO/NF. A uniform coating of active materials over the NF
surface was achieved by the CV technique which was applied
with limiting sweeping cycles (5 cycles) to control the thickness
of the deposited materials. It demonstrates that the very porous
electrode is created by growing the Ni, 5Cu, sS interconnected
rGO nanosheet arrays directly on the conductive NF. Moreover,

NiCuS NP

CV, Scycles

rGO sheets

Nig sCtly sS/rGO/NF

Fig. 1 Scheme of the electrodeposition performance of NigsCug sS/rGO on NF surface.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the thickness of the deposited active materials can be estimated
from the electrochemistry measurements using Faraday-
Coulombs' law as follows;**¢*

m= 21 (13)
nkF

where m is the weight of the deposited active materials, M and p

are the molecular weight and density of the deposited material,

J is the current in amperes flow through the solution, 7 is the

number of electrons in the electrochemical reaction, t is the

time of current flow through the solution during the deposition,
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and F is Faraday's constant, equal to 96 500 C (or 96 500 A s).
The obtained deposited material was divided by the density of
the material and the area of the electrode exposed to the ionic
bath (1 cm x 1 cm of NF). Meanwhile, the thickness of the
deposited active materials was estimated for the electrodepo-
sition at 5 and 20 CV cycle numbers. The ratio between the
thickness after 20 cycles and that after 5 cycles was found to be
5.5 (91.095 pm for 20 cycles and 15.7 um for 5 cycles).

The growth of the materials on the NF surface through the
electrodeposition process was confirmed using different char-
acterizations. Finally, the morphology and microstructure of

Intensity (a.u.)

Fig. 2 SEM images of (a) pristine NF, (b) Low magnification SEM images and (c and d) high magnification SEM images of Nig 5sCug sS/50rGO/NF
deposited at 5 CV cycles, (e) high magnification SEM images of Nig sCug.sS/50rGO/NF deposited at 20 CV cycles, (f) EDX spectrum of Nig sCug 5S/
50rGO/NF deposited at 5 CV cycles, and the EDX mapping of (g) Nig sCug sS/50rGO/NF deposited at 5 CV cycles, (h) Ni, (i) Cu, (j) S, (k) C, and (|) O.
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the NF and Ni 5Cu, 5S/rGO/NF were studied by SEM imaging.
The SEM image of the bare nickel NF is displayed in Fig. 2a
which shows a 3D cross-linked porous structure with a smooth
surface that can provide a significant specific surface area per
unit electrode area for coating rGO structures.* The nickel foam
structure with wrinkled graphene topography coating and
Ni 5Co.5S distribution is displayed in Fig. 2b-e. The low SEM
image (Fig. 2b) and high magnification images (Fig. 2c and d) of
deposited Ni, 5Cu, 5S/50rGO at controllable CV cycles (5 cycles)
show that graphene is grown on the NF with a uniform and
small thickness. The nickel foam skeleton may give a higher
porosity and bigger surface area compared to the traditional
graphene sheet, thereby preventing the aggregation of graphene
nanosheets.”” Compared to Fig. 2d, the high magnification
image of Nij 5Cuy 5S/50rGO at 20 CV cycles (Fig. 2e) shows the
high thickness and aggregation of rGO on the NF surface. The
precise morphologies of the nickel foam skeleton covered with
Niy 5Cuy 5S/5rGO nanosheet deposited at 5 CV cycles are shown
in Fig. S1,T demonstrating that GO solution can easily penetrate
the nickel foam's micropores and adhere well to its surface.®
Moreover, the images display the successful deposition of the
Ni 5Cug 5S nanoparticles with a small size on the rGO-coated
NF surface. The EDX analysis (Fig. 2f) was conducted to
demonstrate the elemental composition of the Ni, 5Cu, 5S/rGO/
NF electrode which showed that Ni was highly concentrated
there since the substrate was made of Ni-foam. Besides, the
observed C, O, Ni, Cu, and S elements from EDX indicate the
successful synthesis of Ni, 5Cu 5S/rGO/NF. Meanwhile, the EDX
mappings can confirm that these components are dispersed
evenly across the substrate (Fig. 2g-1). The coexistence of these
components in the electrodeposited materials without any
additional peaks of foreign elements indicates their high purity.
Based on these results, the electrodeposition with low cycles (5
cycles) was preferred to obtain the low thickness of the depos-
ited materials on the NF surface.

The evaluation of functional groups in all electrodeposited
materials on NF was performed using the FT-IR spectra which
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are depicted in Fig. 3a. The figure shows that there are no
apparent vibrational bands in the spectrum of bare nickel foam
indicating that the foam was completely free from the organic
groups after the washing process.®® The characteristic peak at
1000 cm ™" in the CuS/NF spectrum assigns the H-O-H bending
indicating the absorbed water molecules in the product,
whereas the characteristic peak Cu-S stretching modes
appeared at 638 cm ™ '.*” Due to atmospheric carbon and oxygen
being absorbed, the peak of the C-O stretching mode appeared
at 1100 cm '.°® In the NiS/NF spectrum, the peak around
640 cm ! is due to the stretching vibration mode of Ni-S, and
the other vibration bands appeared around 1000, 1100, 1278,
and 1620 cm ™' are characteristic of the bending mode of OH,
stretching mode of C-O, bending mode of C-H and stretching
mode of OH, respectively.® For Ni, 5Cu, 5S/NF, the co-existence
of the above-all peaks of CuS and NiS in the ternary system
confirmed the successful construction of the NiCuS electrode.
Moreover, the spectrum of Nig5Cu, sS/fGO/NF displays the
main peaks of GO at 3400 cm ™" corresponding to free OH, while
the peaks at 1086, 1410, 1620, and 2150 cm ™ * are evidence of the
existence of the C-O, C=C, C=0, and C-H functional groups,
respectively.*® Besides, the low intensity of these peaks confirms
the reduction of GO through the electrodeposition process.”
To further clarify the phase structure of the bare nickel foam
as well as the electrodeposited materials, XRD experiments were
applied and displayed in Fig. 3b. The figure exhibits the char-
acteristic XRD peaks of bare nickel foam substrate at 26 of
44.49°, 51.87°, and 76.45° which are, respectively, indexed to the
(111), (200), and (220) Miller indices.” For the XRD patterns of
electrodeposited materials, the low intensity of the XRD peaks
of NF is due to the electrodeposition process. Moreover, the
characteristic peaks corresponding to CusS, NiS, Nij sCuy 5S, or
Niy5Cu, 5S/rGO were not clearly observed, which is possibly
ascribed to the lower crystallinity due to the little loading
amount of electrodeposited active materials on the NF surface
indicating the small thickness and size of these materials.”>”
However, high-magnification XRD patterns (Fig. S21) show

(@) 3400 2150 1620 1410 1100 643 (b)
1|°°° NiCuS/50GO/NF
3 - -“”NA‘,._\_‘ S | NicusINF 1 L
S P ~Ju s
Z“ __-v\ A’ 3" .
2t — L AL £ | NisINF | A
c [ c
[} /\u—" 3
E - g c
£ —nicus/50GoINF = | cusINF | 1
—— NiCuS/NF
—— NiS/NF
CuSINF NF l A
—— NF
3500 3000 2500 2000 1500 1000 0O 10 20 30 40 50 60 70 80

Wavenumber (cm™)

Fig. 3

© 2023 The Author(s). Published by the Royal Society of Chemistry

26 (°)

(a) XRD pattern and (b) high-magnification XRD pattern of NF, CuS/NF, NiS/NF, Nig sCug sS/NF, and NiCuS/rGO/NF.
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slightly lower 26 angles for electrodeposited materials in
comparison to the main peaks of nickel foam. For CuS/NF, the
figure shows the characteristic peaks of CuS at around 26 of
27.49, 29.10, 31.25, 32.91, 40.44, and 59.48° which are indexed
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to (101), (102), (103), (006), (110), and (108) planes, respec-
tively.” Moreover, the NiS/NF pattern displays the major peaks
of the NiS phase at 26 of 27.1, 30.4, 32.3, 35.3, 36.8, and 54.7°
which is consistent with the JCPDS 012-0041.7> All of the peaks

(b) C1s

Raw Data
[ Je-cic=cC
[ Jco

[ c=0
D 0-C=0

= Fitted Data

Intensity (a.u.)

280 282 284 286 288 290 292 294
Binding Energy (eV)

(d) S2p Raw Data
[ ] 2p;;,

[ 12p,,

[ ]satellite

I - Fitted Data

Intensity (a.u.)
=

s
L) IM‘ A h
it !

o
v

156 158 160 162 164 166 168 170 172 174 176
Binding Energy (eV)
(f) Ni2p —— Raw Data
[ INi2p,,
[ ]satellite
— [ INi2p,,
S [ ]satellite
8 - Fitted Data
2
(2]
c
(<]
o
=
840 850 860 870 880 890

Binding Energy (eV)

Fig. 4 XPS spectra of the NipsCugsS/rGO/NF; (a) total survey, high resolution of (b) C 1s, (c) O 1s, (d) S 2p, (e) Cu 2p, and (f) Ni 2p.
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associated with NiS and CusS in the Ni, 5Cu, sS/NF pattern are
slightly different from their corresponding peaks found in pure
materials, suggesting a strong attraction between NiS and Cu$S
particles to create the Nij 5Cug S composite.”® Meanwhile, the
presence of any other peaks in all prepared electrodes may be
due to the oxidation of the nickel foam surface to form NiO.”
Finally, the XRD pattern of NijsCuosS/rGO/NF exhibits the
broad peak of the rGO at 26 of 25.8° (002) suggesting the GO
reduction through the electrodeposition process.*”” Thus, XRD
studies reveal the successful deposition of metal sulfides on NF
surface, reduction of GO, and fabrication of metal sulfide and
rGO nanocomposites which agrees with the FT-IR study.
Furthermore, the XPS approach (Fig. 4a) reveals the presence
of C 1s, O 1s, S 2p, Cu 2p, and Ni 2p on the Ni substrate surface.
The high-resolution spectrum of C 1s can be fitted into four
peaks (Fig. 4b) at 288.98 eV (O-C=O0), 287.89 eV (C=0),
285.96 eV (C-0), and 284.49 eV (C=C/C-C).**”® Besides, Fig. 4c
reveals the O 1s spectrum which consists of three main peaks at
a binding energy of 532.98, 531.64, and 530.68 eV for OH, C-O,
and C=O0, respectively.**”® Furthermore, the S 2p spectrum
(Fig. 4d) shows one main peak at ~163 eV and a satellite peak at
~168.58 eV while the overlapped main peak was fitted into two
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Gaussian peaks: S 2p3/, (at 162.5 eV) and S 2py, (at 164.4 eV)
confirming the bonding of sulfur with metals (Cu-S and Ni-S
bonds) and the presence of low coordination numbers of sulfur
ions, respectively.” Two satellite peaks for the Cu 2p (Fig. 4e)
were evident at 943.1 and 963.3 eV in the core spectra, while two
peaks for the Cu 2p,,, and Cu 2p3,, were discernible at 953.8 and
932.9 eV, respectively indicating the divalent state of Cu.** On
the other hand, the two spin-orbit coupling peaks at 873.8 and
855.9 eV belonging to Ni 2p;, and Ni 2p;3s,, respectively,
appeared with two satellite peaks at 862.6 and 880.3 eV which
clearly indicate the existence of Ni in the divalent state

(Fig. 4f).%

3.2. Electrochemical performance

The Niy 5Cug.5S/rGO that was deposited on the NF surface was
electrochemically tested and compared to NiS, CuS, and
Niy5Cuy sS that had been produced in 1 M KOH under the same
conditions using a 3-electrode system, as seen in Fig. 5. Firstly,
Fig. 5a compares the results of the cyclic voltammetry (CV) tests
performed on the manufactured catalysts using an operating
potential window of 0-0.5 V with a scan rate of 5 mV s~'. The
figure shows one pair of redox peaks for each curve, suggesting
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the involvement of battery-type components in the redox reac-
tion. The Nij 5Cu,5S/50rGO electrode shows redox peaks at
~0.39 V (oxidation) and 0.26 V (reduction) indicating the redox
process. The figure shows one pair of redox peaks for each curve
due to the reaction of the alkaline electrolyte with the active
materials of the electrode as follows:*'-**

NiS + OH™ — NiS-OH + e~
CuS + OH™ < CuS-OH + ¢~
NiCuS + 20H™ < NiS-OH + CuS-OH + 2e~
CuS-OH + 20H™ « CuSO + H,O + e~
NiS-OH + 20H™ < NiSO + H,O + e~

Ata 5 mV s~ ' scan rate, the NiS catalyst shows one oxidation
peak at 0.43 V and CuS shows one oxidation peak at 0.37 V while
Nip5CugsS shows two oxidation peaks that were typical of
secondary sulfides. It was noticed that after the incorporation of
NiS and CusS, the redox peaks of the NiS electrode moved to
a more negative position. The peak with a greater current may
be attributed to the NiS, while the peak with a smaller current
may be attributed to the CuS.” Moreover, the CV curve of each
electrode shows distinct redox peaks concerning the redox
reactions indicating the (battery type) behaviour of the three
electrodes. On the other hand, Ni, 5Cu, 5S/50rGO (5 cycles) has
the largest CV area among all electrodes, suggesting that the
addition of rGO has enhanced the Ni, 5Cu, 5S performance. The
integrated area of Niy 5Cu, 5S/50rGO CV was greater than that of
all deposited electrodes indicating the high charge storage and
capacitance. The figure also shows that two overlapping peaks
of Ni, 5Cuy sS appear in Ni 5Cu, 5S/50rGO as a broad peak with
the appearance of a double-layer portion while the two peaks
were still present in Ni, 5Cu, 5S/5rGO (5 cycles) due to the low
amount of rGO (Fig. S31). Compared to the CV curve of the
Nip 5Cug 55/50rGO (5 cycles) electrode, NigsCug5S/50rGO (20
cycles) has a different shape with higher oxidation potential and
low current density indicating the lower charge storage due to
the aggregation of rGO on the NF surface (Fig. 5a and S37). No
difference of reduction peaks between Ni, sCu, 5S/5rGO and
Niy 5Cu, 55/50rGO (5 cycles) is clear but compared to the
reduction peak of NijsCug5S/50rGO (20 cycle) shifted to
a negative position. The deposition at low CV cycles enables the
thin layer formation which provides the easier penetration of
electrolytes to facilitate electron and charge transfer.*® More-
over, the cyclic voltammetry studies of NiS, CusS, Ni, 5Cuy sS,
Ni 5Cuyg 5S/5rGO, Nig 5Cug 55/50rGO (5 cycles) and Nig 5Cug 5S/
50rGO (20 cycles) electrodes were performed at different scan
rates of 5-50 mV s~ ' with an operating voltage window of (0-0.5
V). Fig. S4a-ft shows that the reduction and oxidation peaks for
all electrodes shifted to lower and higher potentials, respec-
tively, with the increase of scan rate in regard to the internal
resistance of the electrode and the quick interfacial rate kinetics
demonstrating that the redox processes are diffusion-
controlled. Meanwhile, at low scan rates, Nijy;CugsS
(Fig. S4ct) and Nig 5Cu, 5S/5rGO (Fig. S4dt) maintained the two
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peaks of Nij 5Cu, sS while the two peaks overlapped at the high
scan rates. Moreover, Fig. S4et shows that the current increased
with the increase of the rGO amount in Ni, 5Cu 5S/50rGO (5
cycles) electrode, while the current of Nig5Cug 5S/50rGO (20
cycles) decreased due to the high thickness of rGO in NF.
Besides, Fig. 5b displays the effect of the scan rate on the
specific capacitance values for the tested electrodes which
shows that at all scan rates, the Nij5Cu,5S/50rGO (5 cycles)
exhibited a greater specific capacitance than other electrodes.
The specific capacitance of NiS, CuS, NigsCuysS, and
Niy 5Cu, 58/50rGO (5 cycles) at a scan rate of 5 mV s~ * reached
882.05, 521, 1314.39, and 2211.029 F g~ * (441.02, 260.7, 657.2,
and 1105.5 C g '), respectively. The synergistic interaction
between rGO and the bimetallic sulfides may account for the
exceptionally high specific capacity of the Nij 5Cug 5S/50rGO.”*
Also, Fig. 5b exhibits that the increase in scan rate leads to
a decrease in the specific capacity of all electrodes, however, the
Niy 5Cu, 5S/rGO electrode maintained its greater capacity of 908
F ¢ ' even at a high scan rate. The specific capacity that was
obtained, as shown in Table S1,{ is higher than those that were
published in the literature for the different carbon-based
materials and metal sulfides. From the EDL capacitance,
which was obtained from the slope of the current-scan rate
curve, the electrochemically active surface area (ECSA) can be
determined (Fig. S51) and was found to be 8.33, 38.4, 77.66, and
136 cm® g~ ' for NiS, CuS, NigsCugsS, NigsCu,5S/50rGO (5
cycles), respectively. The results give evidence that Nij 5Cug 5S/
50rGO electrode has the largest ECSA compared to other elec-
trodes due to the existence of rGO.

GCD measurements were carried out for all deposited
materials since the charge and discharge properties are the
primary indicators of good charge storage and transfer in the
working electrodes. With a potential window (0-0.5), Fig. 5¢
explains the GCD measurements of all fabricated electrodes at
1 A g~" which are identical to the GCD curves of a typical
pseudocapacitance performance. Compared to all fabricated
electrodes, Nig5Cu55/50rGO (5 cycles) electrodes showed
longer discharge times and more symmetric forms indicating
larger high-energy storage capacitors and electrochemical
reversibility owing to the low resistance of the charge-transfer
and the fast electron mobility and collection which attributed
to the addition of conductive rGO.** The correlation between the
redox peaks and voltage plateaus of the CV curves so far
demonstrates the characteristic coexistence of EDL-faradaic
(redox) nature. Moreover, Fig. S6f displays a comparison
between the GCD curves of the Ni,;Cu,5S/5rGO (5 cycles),
Niy5Cuy 5S/50rGO (5 cycles), and Nig 5Cug 5S/50rGO (20 cycles)
which confirms the high electrical performance of the
Niy.5Cu.5S/50rGO (5 cycles) due to the high content and the
small thickness of rGO on the NF surface. The GCD measure-
ments were tested for all electrodes at various current densities
(1-20 A g1 (Fig. S7a-ff) and it was noticed that the high
current density caused a remarkable drop in discharge times for
all electrodes. The GCD curves are very symmetric at the
different current densities owing to the highly reversible redox
reactions of the deposited electrodes on the charge/discharge
process, suggesting great coulombic efficiency. Concurrently,
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the GCD curves at various current densities were used to
conduct the specific capacity of the manufactured electrodes
which were found to be ~502.4, 341.4, 980.4, and 1840.2 F g~ '
(251.2, 170.7, 490.2, and 920 C g ') for NiS, CuS, Ni, 5Cu, sS,
and Ni, 5Cu, 5S/50rGO, respectively (Fig. 5d). The high specific
capacity was observed for the Ni, 5Cu,.5S/50rGO electrode by the
combination of Cu and Ni sulfides and the diffusion of Ni-Cu-S
through graphene and NF layers which increased the charge
transfer and electrical conductivity. Note that further electro-
chemical kinetics studies were performed for the materials
deposited by 5 cycles of the CV technique depending on the CV
and GCD results.

Electrochemical impedance spectroscopy (EIS) was con-
ducted to clarify the internal mechanism of the electrochemical
properties of the interfaces between the electrolyte and elec-
trode surface. The Nyquist plot from 0.1 Hz to 10°> Hz was ob-
tained from the fitting of EIS measurements by the equivalent
circuit model (Randles circuit) (Fig. 6a). It was noticed that each
Nyquist plot has two components: a semicircle in the high-
frequency region and a straight line in the low-frequency
region.®* Meanwhile, the equivalent series resistance (Ry) of
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the electrode-electrolyte, which is composed of multiple resis-
tances (e.g. the ionic resistance of the substrate, electroactive
material, and electrolyte interface) was estimated from the left
intercept of the semi-circle region.*® The charge transfer resis-
tance (R,) is conducted from the diameters of semi-circles for
analyzing the faradaic kinetics.*” The ion diffusion resistance
(Rw) is represented by the straight line slope that depicts the
transfer and diffusion kinetics of electrolytes in the electrodes.
Fig. 6a shows that the pure Ni, 5Cu, sS electrode exhibited an Rq
value of 1.36 Q and R value of 14.56 Q while the Ni, ;Cu, 5S/
50rGO electrode exhibited 1.6 and 4.18 Q, respectively. This
suggested that the addition of rGO to Ni, 5Cu,5S electrodes
increases their electrical conductivity while also providing rapid
charge transfer, which encourages the use of active compounds
and hence quick electrochemical kinetics. Furthermore, the
diffusion kinetics were studied from Bode graphs (Fig. 6b)
which show the phase angle values of the NiS (54°), Cu$ (48°),
Niy.5CUy 5S (63°), and Niy 5Cu, 55/50rGO (73°) electrodes at a low
frequency of 10°> Hz. The rate-limiting behaviour may be studied
by looking at variations, where phase angle (45°) for a diffusion-
limited response, and (90°) for a completely capacitive
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capacitances of electrocatalysts versus frequency.
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response.®® The angle of NiS, CuS, and Ni, 5Cu, 5S is closer to 45
which indicates the diffusion-controlled mechanism is more
dominant while with the addition of rGO, the angle of
Ni, 5Cu, 5S/50rGO increased to (73°) which is closer to the ideal
capacitor value (90°) confirming the surface capacitive proper-
ties of NiysCuy5S/50rGO nanocomposites once again. So,
Bode's plot is very agreeing with Dunn's approach and the value
b in the power law. Additionally, the discharging and charging
rates of electrodes are frequently analyzed using the relaxation
time constants 7, that can be calculated as follows; 7, = %cho
(where f, is the frequency at 45°) and were found to be 4, 691, 14,
and 2.58 ms, for NiS, CuS, Ni, 5Cu, 5S, and Ni, 5Cu, 5S/50rGO,
respectively. The smaller “z,” values of Niy 5Cug 5S/50rGO elec-
trodes showed rapid ion diffusion and transport kinetics and
thus enhanced the electrochemical characteristics of the elec-
trodes. Finally, Fig. 6¢ and d present the plot of actual capaci-
tance (C’) and the virtual capacitance (C") versus the frequency
and show that Nij 5Cu5S/50rGO electrode exhibits superior
capacitive performance among all electrodes.

It is commonly known that EDLC and faradaic charge
storage methods coexist in a supercapacitor system but
depending on the active electrode material and electrolyte
applied, one may dominate the other at a given moment. The
redox reactions result from the ions incorporation into the
layers or channels of the electrode from the electrolyte on the
surface together with a faradaic charge transfer without a phase
difference in crystals.®” EDL process (non-faradaic) is deter-
mined by the charge separation in a Helmholtz double layer at
the electrodes—electrolyte interface. The high surface area of the
electrode and electrolyte interface allows for the production of
EDL capacitors with large storage capacities. At low scan rates,
the diffusive behaviour is more prominent because ions have
enough time to interact with the surface of the electrode while
at high scan rates promote the capacitive behaviour.®® The ratios
of capacitive/diffusion-controlled contributions might be con-
ducted using Dunn's approach depending on the redox current
of the CV curve at a certain potential (i(V)) as follow:*®

i(Vy = kw + k' (14)
This formula can be modified as
V"2 = ey + kg2 (15)

The i(V)/v""* against »"/ plots are used to estimate the values
of k, (intercept) and k; (slope). The capacitive current (i.) is
denoted by k,» whereas the diffusion-controlled current (iy) is
denoted by k2.

Fig. 7a-c displays a comparison between the capacitive and
diffusion contributions of NiysCug.5S, NigsCug.sS/5rGO, and
Niy 5Cu,.5S/50rGO (5 cycles) at 5 mV s~ *. The ratios of capacitive
contributions to diffusion contributions were found to be
29.2% to 70.8% for Ni,sCuysS (Fig. 7a), 44.5% to 55.5% for
Niy 5Cu, 5S/5rGO (Fig. 7b), and 57.2% to 42.8% for Ni, 5Cu, 5S/
50rGO (Fig. 7c¢) which indicating the diffusion-controlled
mechanism of NipsCupsS and conversely the capacitive-
controlled mechanism for NijsCugsS/rGO composites.
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Fig. 7d-f, respectively, illustrate the ratios of diffusion/
capacitance-controlled contributions of the Ni,sCug S,
Niy 5Cuq 5S/5rGO, and Nig 5Cu, 5S/50rGO as a function of scan
rate (5-50 mV s~') which displays that the surface capacitive
mechanism dominates for all electrodes at high scan rates.
Moreover, Fig. S8aj shows the CV plots of capacitive/diffusion-
controlled contributions at 5 mV s™* for Nig 5Cug 5S/50rGO (20
cycles) which were found to be 25% and 75%, respectively. The
low value of the capacitive contribution in Ni, 5Cu, 5S/50rGO (20
cycles), compared to Nij 5Cu, 5S/50rGO (5 cycles) was due to the
agglomeration of the GO on the NF surface. Fig. S8bt{ shows the
ratio of diffusion/capacitive-controlled contributions as a func-
tion of scan rate which displays that the capacitive contribu-
tions increase with the increase of the scan rate.

Moreover, the power law relationship determines the energy
storage characteristics of the deposited materials.”***

i=a’ (16)

where “a” is a variable that may be changed, and “b” is a factor
that is highly influenced by the i. or i, relative contribution. The
diffusion and the surface capacitive performances, respectively,
are clearly dominant when “b” has a value of 0.5 or 1. From the
anodic and cathodic peaks of the Ni, 5Cu, 5S electrode (Fig. 8a),
the “b” values were conducted and found to be 0.54 and 0.57,
respectively, indicating that all sulfide electrodes largely employ
a diffusion mechanism for charge storage. While the high “b”
values of the Ni, 5Cug 5S/5rGO and Ni, 5Cu, 5S/50rGO (5 cycles)
electrodes (Fig. 8b and c) which were found to be (0.62 and 0.6)
and (0.7 and 0.71), respectively, indicating that the capacitive
mechanism of the Ni, 5Cu, 5S/50rGO electrode for the charge
storage due to the incorporation of rGO which agrees well with
the above electrochemical tests.”>*® The anodic and cathodic
peaks of the Niy 5Cug 5S/50rGO (20 cycles) electrode (Fig. S9F)
show a low value of “b” (0.69) compared to that of Niy 5Cug.5S/
50rGO (5 cycles) confirming the Dunn results.

Besides, the long-term cyclic stability of Niy sCug 5S/50rGO
and pure NiysCugsS, NiS, and CuS electrodes were studied.
Fig. S107 displays the cyclic stability of NiS and CuS electrodes
for 5000 cycles at 20 A g~ !, which exhibited a capacity retention
of 64.5% and 56.4% respectively. On the other hand, Fig. S117
demonstrates that after 5000 cycles at 20 A g™, the Nig 5Cuo 5S/
50rGO electrode still retained 97.3% of the initial capacity, but
the pure NipsCuosS only retained 82% (Fig. 8d). The
Nig5Cug 5S/50rGO electrode GCD curves also keep their
unchanged curves after the first and last ten stability cycles
(insets in Fig. 8d), indicating strong cyclic stability. Moreover,
the figure proved that the weight of rGO added during the
synthetic process affects the capacitance retention of electrodes.
Additionally, it is higher than the pure Ni, 5Cu, 5S, NiS, and CuS
electrodes, and it competes favourably with those of previously
reported sulfide electrodes (Table S1t). The Nigs5Cug 5S/rGO
deposited electrode performs more electrochemically due to
the following factors: first, graphene sheets with well-
distributed Ni,;CuysS may be prevented from aggregating
together and restacking during the fast charge/discharge
process which produces considerably shorter diffusion and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a—c) CV plots of diffusion/capacitive-controlled contributions at 5 mV s~ and (d-f) the ratio of diffusion/capacitive-controlled

contributions as a function of scan rate for Nig sCug sS, Nig sCug sS/5rGO, and Nig sCug sS/50rGO (5 cycles).

migration pathways and thus high specific capacitance. Second, increased the electrical conductivity owing to its superior
the higher surface area increased the active sites and facilitated conductivity, mechanical capabilities, and electrochemical
the movement of electrolyte ions, improving rate capability and  stability.””

cycle stability. Third, the exact amount of rGO in the electrode
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An asymmetric hybrid supercapacitor device Ni, 5Cug 5S/
50rGO/NF//AC was constructed using the Nig 5Cu 5S/50rGO as
an anode and active carbon as a cathode to further examine the
Ni, 5Cug 5S/50rGO electrode for potential practical applications.
The comparison CV curves of Nij 5Cug 5S/50rGO and activated
carbon are presented in Fig. 9a at three electrode configurations
at a scan rate of 5 mV s~ *. The CV curve of Ni, sCu, 5S/50rGO
shows a redox peak, and the CV curve of AC indicates a rect-
angle-like shape, suggesting the different energy storage
mechanisms of pseudocapacitance materials and double-layer
materials. At a scan rate of 50 mV s™', the CV measurements
were conducted for the device with several potential windows
from 1 to 1.6 V (Fig. 9b). The figure displays that the CV curves
do not deform noticeably at all potential windows and do not
show the polarization phenomenon below 1.5 V indicating that
the potential window of 1.5 V can be preferred for the practical
application of the as-fabricated device. Also, gas will be
produced as a result of the electrolyte's splitting decomposition
at 1.5 V, which is harmful to the device's life and safety.*®
Moreover, Fig. 9c displays the CV curves as a function of the
scan rate for an asymmetric NiysCug 5S/50rGO/NF//AC

29264 | RSC Adv, 2023, 13, 29252-29269

supercapacitor across 0-1.5 V voltage window, demonstrating
the combination of the EDL capacitor performance and faradaic
redox process. It was observed that even at high scan rates, the
shape of the CV curves of the device was maintained confirming
the fast charge/discharge process and hence the high perfor-
mance of the device. The GCD technique was applied at 1 A g™*
at several voltage windows (Fig. 9d). The figure shows that the
as-fabricated device achieved its maximum GCD cycle perfor-
mance at a 1.5 V voltage window. On the other hand, the
measured GCD curves as a function of current density (1-
20 Ag ') showed an almost symmetrical shape and low IR drops
(Fig. 9e), implying high electrical conductivity and desirable
electrochemical reversibility. The specific capacitances were
conducted from GCD measurements and found to be 84.3 and
36 Fg 'at1Ag "and 20 A g ’, respectively. Fig. S11at shows
the Nyquist plot of the Nij5Cu5S/50rGO/NF//AC device
throughout the fitting of EIS measurements in the frequency
range from 0.1 Hz to 10° Hz. Fig. S11b{ observes the Bode plot
of the device which presents the phase angle value (66°). The
relaxation time value is 0.15 s from the Bode plot, as derived
from the frequency values (f) at phase angle 45°. Finally,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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rate at (0—1.5 V voltage window), GCD curves (d) within different voltage windows and (e) as a function of current density, and (f) the measured
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Fig. S12c and df show the plot of real capacitance (C') and the the charge transfer in the high-frequency range while the
imaginary capacitance (C”) versus the frequency. The faradaic extremely low internal resistance at low frequencies demon-
behaviour of the device was confirmed by the low resistance of strated the high diffusion of electrolytes in the device.
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(a) Scheme of the fabricated supercapacitor, (b) the device Ragone plot with a comparison of the calculated power and energy densities

with some published works, (c) the device stability from GCD measurements for 1000 cycles, and (d) the capacity retention and coulombic

efficiency for the device.

The Ragone plot which is the plot of the calculated energy
densities against the calculated power densities for the
Ni 5Cu, 5S/50rGO (5 cycles)/NF//AC device (Fig. 10a) is shown in
Fig. 10b. The device exhibited a high energy density above
26.3 W h kg ™" at the 749 W kg™ " power density and could still
maintain high values of 21.6, 19.2, 15.6, and 11.2 W h kg ', even
at the high-power densities of 2254, 3456.5, 7488, and 14 933.3 W
kg™, respectively. Additionally, the plot showed a comparison of
the Ragone plot of this work with previously reported transition
metal sulfide and carbon-based electrodes. Obviously, these
values are relatively better than those of Mn-CoP/NF//AC,
NiCoS//AC,”® NiCo,S,//AC,” NiS-rGO//AC,"* nitrogen-doped
carbon derived (NC)//NC,*® and NiS,/MoS,/rGO//AC.**" Finally,
the stability of the constructed device was measured for 10 000
cycles (Fig. 10c), and as shown in Fig. 10d, only 6% capacitance
loss at 10 A g~ current density and a very high coulombic effi-
ciency of 98.5% after 1000 cycles were noticed. These extraordi-
nary results may be due to the sufficient void spaces between the
interconnected Ni, sCu,5S/50rGO electrode which controls the
volume variations, good adhesion to the Ni foam substrate, and
superior mechanical stability during the cycling.

29266 | RSC Adv, 2023, 13, 29252-29269

4. Conclusion

In summary, a facile, low-cost, and one-step electrodeposition
strategy was utilized to construct a ternary binder-free
Nij 5Cuy 5S/rGO electrode on Ni foam. Taking full features of
the Ni foam, the fast ion diffusion and pseudocapacity effect of
bimetallic sulfides, and the high conductivity of 3D rGO,
a binder-free NiysCu5S/rGO electrode offered an improved
electrochemical performance. Therefore, the deposited mate-
rial displayed a preferable specific capacitance of 2211.029 Fg ™"
at a scan rate of 5 mV s~ and high electrochemical stability for
5000 cycles, even at a high current density which can be related
to the fast-charging transportation in the electrode. To examine
the practical feasibility of the Ni, 5Cug 5S/rGO/NF electrode, an
asymmetric supercapacitor that consists of the active carbon/NF
as a cathode and the Ni, 5Cu, 5S/rGO/NF as an anode under the
KOH electrolyte has been assembled. The as-synthesized
Nig 5Cug.5S/TGO/NF//AC device can achieve an effective specific
capacitance of 84.3 Fg~ " ata 1.5 V potential windowand 1 A g "
current density. Besides, after 10 000 GCD cycles, an impressive
stability of 96.2% and a high energy density of 26.3 W h kg™ " at

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra05326a

Open Access Article. Published on 05 October 2023. Downloaded on 2/23/2026 4:01:51 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

749 W kg~ ' power density were achieved. Thus, the produced
device demonstrates a broad potential for various energy
storage technologies.
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