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ARTICLE INFO ABSTRACT

Keywords: In this work, we employed a simple and cost-effective chemical route to obtain a highly stable and efficient

Nf"’el quaternary electrode quaternary mesoporous 3D nanoflower-like NiCuCoS4 nanocomposite for supercapacitor applications. The

E‘CU?{’ZS" NiCuCo2S4 composite exhibited a mixture of NiCo,S4 and CuCoyS4 phases, confirming the formation a quater-
anoriowers

nary NiCuCoS, thin film. A surface morphological analysis revealed the unique nanoflower-like nanostructure of
the annealed composite. The electrochemical analysis of the NiCuCo2S4 electrode demonstrated a high specific
capacity (Cs) of 414 mAh g~! at a lower scan rate of 10 mV s~ and a superior cycling stability up to 3000 cycles.
A solid-state hybrid supercapacitor (SHS) was also constructed by the NiCuCo2S4 and AC powder as positive and
negative electrodes, respectively. The NiCuCo2S4//AC hybrid cell produced a high Cs, energy density, and power
density of 159 F g™, 35.19 Wh kg%, and 0.66 kW kg™, respectively at a current density of 10 mA with good
cycling stability. The results demonstrated that the fabrication process is effective for the development of a novel

Transition metal sulfide (TMS)
Supercapacitive properties

quaternary transition metal sulfide (TMS) electrode.

1. Introduction

The expansion of a high-energy storage system has fascinated sig-
nificant consideration due to the rising demand for efficient renewable
energy sources. The capable energy storage systems such as super-
capacitors (Sc) offer a high power density, energy density, cycling sta-
bility, lower resistance, and greater safety compared to batteries [1,2].
Electrochemical supercapacitors store energy either through ion
adsorption (electrochemical double-layer capacitors, EDLCs) or fast,
reversible, multi-electron surface redox reactions (pseudocapacitors).
Highly reversible redox reactions are responsible for the high specific
capacitance of pseudocapacitor devices [3-5]. Physicochemical prop-
erties of the selected materials strongly affect the performance of
supercapacitor devices. For instance, the electrochemical performance
can degrade during the cycling due to change in the morphology of
selected materials. Therefore, it is important to improve the morpho-
logical stability of supercapacitive electrode materials to maximize their
cycle life [6]. Materials with hierarchical pores and tabular or layered
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structures are well-known to increase the charge transport, ion diffusion,
power density, and the cycling stability [1,7]. In addition to structural
design, the electrode composition also have a crucial role in the per-
formance of electroactive materials [8]. The electrochemical perfor-
mance can be tuned by optimizing the ratio of metal ions.

Several nanomaterials with desirable properties fabricated from
carbonaceous materials and metal oxides have been employed in
supercapacitor applications. In particular, metal chalcogenides exhibit
excellent physiochemical properties that are suitable for supercapacitor
applications. Ni, Co, and Cu-based materials have attracted significant
attention in various fields, the oxides and sulfides of these metals have
been proven to be useful for electrochemical energy storage applications
[9]. These metals are an important strategic resources which are mostly
suitable in electrochemical energy storage systems, catalysis, and other
fields due to their unusual structural, optical, and electronic properties
[10]. Ni, Co, and Cu-based battery materials in aqueous and alkaline
electrolytes have been reported to facilitate fast Faradaic reactions on or
near their surface, thus offering both high energy storage and power
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performance [8]. The redox peaks in cyclic voltammograms (CVs) and
the plateau in galvanostatic charge-discharge (GCD) curves are features
for battery materials that differ from those of pseudocapacitive mate-
rials, which exhibit rectangular CVs and linear GCD curves [11,12].
The preparation of metal sulfides (MS) has been achieved using
many techniques, such as chemical bath deposition, hydrothermal, co-
precipitation, and successive ionic layer adsorption and reaction.
Among the many deposition techniques that have already been
employed, the co-precipitation is a particularly attractive and versatile
approach because of its easiness, low price, and easily controllable
deposition parameters. TMS have been previously used for energy
storage and conversion applications such as supercapacitor, solar cell,
battery, hydrogen (HER) and oxygen (OER) evolution reaction, how-
ever, a less attention has been paid to the use of quaternary sulfide
electrodes in electrochemical supercapacitor [5,13-17]. Recently, Xu
et al. [18] synthesized a Ni-Co-Cu composite using chemical etching
followed by hydrothermal. They found that the capacitance was 1.3
times higher after 1000 cycles. In addition, Wu et al. [19] prepared Ni,
Cu, and Co-based mixed-metal oxyphosphide nanowire arrays anode for
a lithium storage using hydrothermal. Gu et al. [20] fabricated asym-
metric supercapacitor (ASC) device, consisting of Ni and Zn
co-substituted Co carbonate hydroxide on Ni foam which displayed an
energy density of 29.6 Wh kg™! at a power density of 375 W kg .
Similarly, Ahsan et al. [21] fabricated a ASC of ZnNiCo04 nanowires by
the hierarchical growth of ZnNiCo,04 nanoparticles, and multi-walled
carbon nanotubes. Their ASC exhibited an energy density of 37.89 Wh
kg~ ! and an excellent capacitance retention for the number of cycles.
The microstructural and magnetic properties of Cu-Co-Ni ternary alloys
prepared using electrodeposition was studied by Karpuz et al. [22].
Similarly, the electrodeposition of CoCu, NiCo, and NiCoCu in a slightly
acidic citrate electrolyte was investigated by Ignatova et al. [23], while
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Jafarian et al. [24] studied the electrocatalytic activity of hydrazine
oxidation using a CuCoNi based ternary materials on graphite and found
that the prepared NiCoCu based ternary material are useful for the im-
provements in the oxidation of hydrazine. Recently, various
Ni-Co—Cu-Zn based nanostructures have been synthesized and
employed as electrocatalysts. However, to the best of our knowledge, the
preparation of NiCuCoyS4 via chemical co-precipitation has not been
reported for solid state hybrid supercapacitor (SHS) applications.
Herein, we summarized previously reported synthesis methods and ap-
plications of NiCuCo2S4 by algorithmically (as shown in the Algorithm
chart 1) [25-30]. This algorithm clearly shows that there are very few
reports available on supercapacitors and solid state hybrid super-
capacitor evaluation.

Herein, we designed a new fabrication strategy to produce a qua-
ternary NiCuCo»S4 electrode on Ni foam by screen-printing method. The
structural and morphological results confirmed the optimistic conse-
quence on the nanostructure and porosity of the fabricated electrode.
The optimized NiCuCo,S4 electrode presented a higher Cs of 414 mAh
g~ ! at 10 mV s~! and better cycling stability. A solid-state NiCuC02S4//
AC hybrid device have a higher energy density of 35.19 Wh kg™! at a
power density of 0.66 kW kg~!, with an excellent energy density of
12.21 Wh kg ™! at a power density of 20 kW kg™’ Based on the long-term
durability results, it can be concluded that the solid-state NiCuCo2S4//
AC hybrid device has higher electrical storage capacity. This also proves
that the quaternary NiCuCosS4 electrode is more efficient and stable for
use in electrochemical energy storage and conversion applications.

Algorithm chart1. Schematic of the ternary transition metal sulfides/
oxides composites and their preparation methods.

I
Methods l

I
| Composite l

| Hydrothermal I—’l Ni-Co-Cu ternary
I—-' Ni, Cu, Co-oxyphosphide I—_
| Electrodeposition |—-| - CoNiCu
| Combustion I—-I Niy 5Cuy 5C0,0,
| Hydrothermal I—’l CuCo,S,/CuCo,0,
| Solvothermal

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
i
: | Hydrothermal
1
1
1
1
1
1
1
1
1
1
1
1
1
1
i
: Co-precipitation

15640



S.K. Shinde et al.

2. Experimental details
2.1. Materials

Analytical grade nickel (II) sulfate hexahydrate (Ni(SO4)-6H20),
cobalt(I) sulfate (CoSO4-7H20), copper(Il) sulfate CuSO4-2H20, and
sodium sulfide NayS-9H,0 were procured from Sigma Aldrich.

2.2. Synthesis of NiCuCo3S4 by Co-precipitation method

To prepare the quaternary nanoflower-like NiCuCoSs nano-
composite, 0.2 g NiSO4-6H20, 0.4 g CoSO4-7H20, 0.4 g CuSO4-2H50,
and 0.4 g NayS-9H,0 were mixed in 20 mL of double distilled water in
separate vessels under constant stirring to obtain clear solutions.
Ammonia solution added slowly into Ni, Cu, and Co solutions and pH
was maintained to 11. After this, the Ni, Cu, and Co solutions were
mixed thoroughly and 20 mL NayS added into it dropwise under con-
stant stirring. Upon adding the sodium sulfide, a black precipitate
formed within second, which indicates that the reaction was very fast.
This mixture continuously stirred for 30 min and then the precipitate
solution was filtered by Whatman paper and cleaned with distilled
water. The synthesized NiCuCo,S4 powder was annealed at 300 °C for 1
h under an Argon atmosphere and its structure, morphology, and
composition compared with the as-prepared composite. The annealed
NiCuCoyS4 powder was used for further analysis. The screen-printing
method employed in this study has been described elsewhere [31-33].

2.3. Characterization

XRD (XRD, Bruker D8 Advanced) analysis was used to study the
structural properties of as prepared samples. A FE-SEM (FE-SEM; JEOL
JSM-7100) and TEM (HR-TEM; JEOL JEM-2100) was employed to
explore the surface morphology of the material. A Raman spectrometer
(Jobin-Yvon LabRam-HR) and a XPS (XPS; ULVAC-PHI Quantera SXM)
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was utilized for structural and compositional analysis. The surface
functional analysis of the materials was observed by a FT-IR (FT-IR,
Nicolet 6700).

2.4. Electrochemical measurements

The electrochemical measurements such as CV, GCD, and EIS were
performed on a Versa STAT 3 with a classical 3-electrode system in a 3 M
KOH electrolyte. 0.15 mg/cm? of material coated on Ni foam used as
working electrode. Pt and Ag/AgCl served as the counter and reference
electrode, respectively.

2.5. Flexible solid-state hybrid (SHS) supercapacitor

A SHS device containing a polymer gel consisting of PVA and KOH
was fabricated as reported previously [34,35]. The negative and positive
electrodes were commercial AC and NiCuCo2Sy4, respectively; which
separated by placing a piece of printing paper. The specific capacity
(Cs), specific energy and power density was determined by the following
formulae [34,35]:

C.(mang ) = L [1]
c(cgt) = 10 [2]
C,(mAhg™") % [3]
Specific energy density (ED) = T 3.6CSV2 [4]
Specific power density:w [5]

Ty

Fig. 1. (a—d) SEM images of the as-prepared and annealed NiCuCo,S, at different magnifications.
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Fig. 2. (a—f) TEM images with different magnifications, (g) EDS, inset shows the SEAD pattern (h), and (i-1) elemental mapping of the optimized NiCuCo2Ss.

3. Results and discussion
3.1. Surface morphological analysis

The effect of annealing on the NiCuCo2S4 composite was investigated
by FE-SEM. Fig. 1(a—d) presents FE-SEM images of the as-prepared and
annealed NiCuCo2S4 samples at different magnifications, respectively.
Fig. 1(a, b) shows that uniform nanoflakes were present on the surface of
the ternary NiCuCoyS4 samples before annealing. The morphological
changes on the surface of the annealed NiCuCo,S4 samples are shown in
Fig. 1(c, d). Highly porous nanoflower-like nanostructures with di-
ameters of 500-600 nm have been reported to be uniformly present on
the surface of ternary NiCuCosS4 [36,37]. High-magnification images of
the annealed NiCuCo2S4 in the present study revealed a similarly highly
porous 3D nanoflower-like structure with numerous individually inter-
connected nanoflakes (5-10 nm) on the surface. This mesoporous
nanoflake structure of the annealed NiCuCo,S4 is important for ion and
electron transformation because this behavior of nanomaterials leads to
a higher surface area [38]. The FE-SEM results show that the surface
morphology of the annealed NiCuCo,S4 provided a greater active sur-
face area, therefore it was used for further experimental analysis.

To evaluate the surface morphology and porosity of the annealed
NiCuCoyS4 composite in more detail, the TEM analysis was also per-
formed (Fig. 2a-f). The lower magnification images clearly show a
uniform distribution of typical flower-like nanostructures on the surface
of the NiCuCoyS4 composite, thus supporting the FE-SEM results. The
higher magnification images revealed ultrathin, interconnected nano-
flakes and highly transparent and porous nanowire-like dark and white
lines (Fig. 2d, e). The thickness and length of the nanosheet were
measured to be around 5-6 nm and 50-60 nm, respectively. The ultra-
thin edges and highly porous nanoflakes thus suggested that the

NiCuCoyS4 composite would be useful for the transportation and
transformation of ions and electrons [39,40]. The SAED patterns con-
firms the cubic polycrystalline nature of the sample of optimized
NiCuCoyS4 [41-43]. EDS results proved the presence of Ni, Cu, Co, and S
elements (Fig. 2g), confirming the successful formation of the NiCu-
CosS4 composite. Elemental mapping images presented in Fig. 2(i-1)
further confirms a homogeneous scattering of Ni, Cu, Co, and S on the
surface of the NiCuCosS4 composite. Overall, the EDS and elemental
mapping analysis verify the formation of pure NiCuCo2Sj.

3.2. X-ray diffraction analysis

The crystallography of the NiCuCo2S4 composite was studied by XRD
technique. Fig. 3a present XRD patterns of the NiCuCo,S4 measured in
the range of 20-80". The characteristic peaks were detected at 20 of
26.38°, 30.54°, 38.71°, 48.80", 51.66, 58.15, 61.54", 66.10 , and
76.02u, corresponding to the diffraction planes of (220), (311), (400),
(422), (511), (531), (620), (533), and (642), respectively, for NiCo2S4
with a cubic crystal structure (JCPDS card:020-0782) (Fig. 3a) [44]. The
remaining characteristic peaks were observed at 26.38°, 30.54°, 38.71°,
48.80°,51.66°, 58.15°, 61.54°, and 76.02°, representing the cubic phase
of the CuCo,S3, in particular the diffraction planes (220), (113), (004),
(224), (115), (135), (026) and (137), respectively and matches with the
standard JCPDS card 042-1450 (Fig. 3a). The XRD patterns illustrate the
presence of both NiCosS4 and CuCo,S4 and thus the formation of hybrid
phases in the quaternary NiCuCo,S4 composite [45,46]. The XRD pat-
terns of NiCuCo,S4 showed diffraction peaks at 26.38°, 30.54°, 38.71°,
48.80°, 58.15°, and 76.02° are ascribed to the (220), (311), (400), (511),
(531), and (731) crystal planes of quaternary NiCuCoyS4 with a cubic
crystal structure, confirming the formation of a pure quaternary NiCu-
Co3S4 composite (JCPDS card 029-0540). The increased peak intensity
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suggests the creation of more crystalline hybrid phases of NiCoyS4 and
CuCo3S4 [46]. The obtained results also indicate the formation of pure
phase NiCuCosS4 [47]. No additional peaks were observed corre-
sponding to other binary and ternary metal oxide or metal sulfide phases
[481.

3.3. X-ray photoelectron spectroscopic analysis

The chemical constituents and elemental valence state of the pre-
pared NiCuCoyS4 composite were studied by XPS. Fig. 3b presents the
survey scan for the NiCuCo,S4 powder, revealing the presence of Ni, Cu,
Co, and S. This also confirms the formation of quaternary NiCuCo2S4
compounds. The high-resolution spectrum of Ni is presented in Fig. 3c.
Two major characteristic peaks for Ni 2p were appeared at 855.71 and
873.55 eV, corresponding to the Ni 2p3,» and Ni 2p;/» valence states
[36,49]. The binding energy difference (AE) between these two electron
configurations was around 17.84 eV, indicating the presence of both
Ni®* and Ni?* species in the prepared NiCuCosS4 [36,49,50]. Fig. 3d
presents the high-resolution spectra of the Cu 2p spin-orbit valances,
which show four dominant peaks. The characteristic peaks at 932.57
and 952.92 eV corresponded to the doublets of Cu 2ps,2 and Cu 2p; /2,
respectively [41-43,48]. Satellite peaks of Cu 2ps,2 and Cu 2p; 2 were
observed at 934.54 and 962.64 eV, respectively. The AE of Cu 2p3,, and
Cu 2p; /2 is about 20.35 eV, indicating the presence of cu®* species in the
fabricated NiCuCo2S4 composite [46]. The high-resolution spectra for
Co 2p shown in Fig. 3e revealed two intense peaks and two satellite
peaks. The peaks at 781.22 and 797.05 eV were assigned to Co 2p3,2 and
Co 2p1 /9, respectively. The AE of Co 2p3,» and Co 2pj,3 is 15.83 eV,
suggesting the existence of both Co>" and Co>". The satellite peaks were
appeared at 785.82 and 802.84 eV, corresponding to Co 2ps,2 and Co
2p1/2, respectively (Fig. 3e) [45,46,51]. Fig. 3f presents the
high-resolution for S2p, indicating the presence of S*~ in the prepared
composite. The most intense peak was observed at 168.59 eV, repre-
senting the interaction of S2~ with the surface of the NiCuCo,S4 com-
posite as sulfate or sulfite. Therefore, the XPS results confirmed the
existence of Ni 2p, Cu 2p, Co 2p, and S 2p and thus the formation of
quaternary NiCuCo2S4.

3.4. Electrochemical analysis

The supercapacitor properties of the optimized NiCuCo2S4/Ni elec-
trode, as indicated by CV, GCD, and EIS measurements, were tested in a
three-electrode system. Fig. 4a shows CV measurements for the NiCu-
C0,S4/Ni electrode at scan rates range from 10-100 mV s~ with a po-
tential range of —0.1 to 0.5 V. The redox reaction of NiCuCosS4/Ni
electrode and the KOH electrolyte resulted to strong reduction and
oxidation peaks during the electrochemical testing [52,53]. As expected,
the surface morphology of the NiCuCo3S4/Ni electrode provided a
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higher active surface area, increasing its Cs. The oxidation and reduction
peaks in the CV shifted positively and negatively, respectively with an
increase in the scan rates [53-56]. Fig. 4b presents the calculated Cs for
scan rates of 10100 mV s~ . The Cs was 414, 339, 298, 270, 250, 234,
221, 209, 200 and 191 mAh g~' at scan rates of 10-100 mV s,
respectively. These values are higher compared to the previously
described values of ternary metal sulfide (Table 1), though very few
reports are available on quaternary NiCuCo,Ss.

Fig. 4c presents the GCD curves for the optimized NiCuCo2S4 elec-
trode for current densities from 15-45 mA cm ™2 with a potential range of
—0.2to0 0.5 V. The CV curves show that the IR drop is much lower at 15
mA cm ™2, indicating higher Cs and strong Faradaic redox reactions of
the NiCuCo,S4 electrode [57]. GCD curves illustrates the battery-like
nature of the NiCuCoyS4 electrode. The charging and discharging na-
ture of GCD curves were quite symmetrical, which indicates that the
NiCuCo,S4 electrode had a higher cycling stability and coulombic effi-
ciency [58]. Fig. 4d presents the Cs of the NiCuCoyS4 electrode for
current densities of 15-45 mA cm 2. The optimized NiCuCoyS4 elec-
trode exhibited a Cs of 321, 266, 234, 196, 186, 173, and 150 mAh g_1
for the various current densities. The decrease in Cs values with an in-
crease in the current density indicates that the prepared NiCuCo2S4
electrode was more stable and offered good stability and reversibility
[53,59]. Interestingly, the Cs for the NiCuCo2S4 electrode in the existing
analysis is higher than the previously described report (Table 1). The
higher Cs of the NiCuCo2S4 electrode is attributed to the highly porous
and ultrathin 3D nanoflakes nature which provides a higher active
surface area [60].

The most important parameter in supercapacitor applications is
stability, thus we investigated the cycling stability of the proposed
electrode up to 3000 GCD cycles at 100 mV s~} (Fig. 4e). The Cs
increased for 300 cycles and then remained constant until 3000 cycles,
with a capacity retention of 96%, representing higher stability [53,61,
62]. These results indicated the suitability of the NiCuCo,S4 electrode
towards the fabrication of a practical device. To understand the rela-
tionship between the prepared NiCuCo,S4 electrode and electrode, we
performed EIS testing at 0.1 Hz-100 kHz in a KOH electrolyte (Fig. 4f).
The sum of the solution (Rs = 1.28 Q) and charge transfer resistance (Rt
= 0.06 Q) for the NiCuCo,S,4 electrode was low, indicating that the
proposed electrode offers higher electrical conductivity and faster
ion/electron transport from one layer to another [53,61-63].

After optimizing the NiCuCo2S4 as a possible active electrode ma-
terial in supercapacitor using the 3-electrode approach, we constructed
a two-electrode approach for a flexible SHS that utilized NiCuCo3S4 as
the positive and AC as the negative electrodes, respectively. Fig. 5a
presents the optimization of the potential range at various potentials
with a constant scan rate. The CV show that the potential range
increased from 1 to 1.9 V, while the current also increased from 22 to 44
mA cm 2. Similar results were observed for the specific capacitance (Cs)

Table 1

Comparative study of NiCuCo,S4 materials and other composites.
Compounds Specific capacity (mAh Scan rates Current Density (A Capability Potential Conc. of KOH Electrolyte Ref.

g (mvs ™ g (%) W) ()
NiCosS4 224 10 - 95 —0.1-0.6 1 5
MnCo,S4/HNTs 359 5 - 95 —02-0.5 1 15
NiCo2S4@CoMo0O4 353 - 1 88 0-0.6 2 16
Ni-Zn- Co(CO3)os OH 280 - 1 80 0-0.5 3 20
Zng ¢Nip gCo1.604 347 - 1 88 —0.1-0.5 6 21
NiC0204/NiCo02S4 382 5 - 91 —0.2-0.5 2 26
NiC0504/NiC0304 322 5 - 94 —0.1-0.5 3 27
1rGO- NiCo,04 161 - 0.5 76 -0.1-0.5 3 28
CuCo,S4/CuCo204 166 - 1 85 0-0.5 2 43
NiC0,S4@CoMoOy4 353 - 1 86 0-0.6 2 47
Ni-Mn-S@NiCo,S4 260 - 1 79 0-0.6 2 49
NiCo,S4 208 - 3 - —0.1-0.4 2 50
NiCuCo2S4 414 10 - 96 —0.1-0.5 3 This
work
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Fig. 5. (a, b) Potential windows in relation to the specific capacitance, (c) CV curves at the optimized potential window of 1.6 V with respect to the scan rate
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density, (g) cycling stability, (h) Ragone plots, and (i) Nyquist plots for the solid-state NiCuCo,S4//AC ASC.

with respect to the potential as shown in Fig. 5b. A 1.6 V window was
considered most suitable for further electrochemical analysis because a
higher area was observed in the CV curves (Fig. 5b). Fig. 5c presents the
CV measurements for the SHS of NiCuCo,S4//AC at a different scan rate.
The higher Cs value was obtained of about 290 F g~! with a scan rate of
10 mV s ! (Fig. 5d) compared to the previously reported ternary
materials.

To our knowledge, this is the first study on a quaternary NiCuCoyS4
electrode for a SHS device. The NiCuCo2S4 electrode exhibited a higher
electrochemical performance because the 3D nanoflower-like nano-
structure provided a higher surface area, the highly porous surface
allowed more rapid transportation of electrons and ions, and reversible
and rapid Faradaic reactions were possible [63]. Fig. 5e displays the
GCD curves for the NiCuCo,S4//AC SHS at current densities from 10 to
30 mA cm 2, with a potential window 0-1.3 V. The GCD curves
exhibited similar behavior, illustrating the outstanding reversibility of
the NiCuCo3S4//AC hybrid device [63]. Fig. 5f presents the obtained Cs
with respect to the various current densities. The Cs decreased from the
159 to 56 F g1 with an increase in current density from 10 to 30 mA
em ™2, respectively. This indicated higher long-term stability of the
NiCuCo2S4//AC device [64]. To confirm this, we conducted cycling
stability tests and the results are shown in Fig. 5g. The NiCuCo2S4//AC
hybrid device demonstrated a constant cycling stability of 94.3% up to
2000 cycles, proving that the fabricated NiCuCoS4//AC SHS device has

a suitable high capacity [62-64]. The most important parameter in the
application of SHS devices is its energy and power density. The results
for the fabricated NiCuCo3S4//AC hybrid device are presented as a
Ragone plot in Fig. 5h. The specific energy was about 35.19 Wh kg~! and
the specific power was about 0.66 kWh g~! at a low current density of
10 mA cm ™2, while the specific energy was about 12.21 Wh kg™ and the
specific power was about 20 kWh g ! at a high current density of 30 mA
cm ™2, indicating that the NiCuCo,S4//AC SHS device was highly stable
[64,65]. The calculated values of the specific energy and power density
in the existing analysis’s are higher than previously described studies,
for instance NCS@NCS//RGO (24.9 Wh kg™! at 334 W kg™) [66],
CuCoO-H (32.2 Whkg ! at 644 Wkg™!) [67], NiCo,S4 [21.8 Whkg ! at
14 kW kg~ '] [68], and NiCoyS4 [28.3 Wh Kg~! at 245 W kg~ '] [69].
Nyquist plots for the NiCuCo2S4//AC device are shown in Fig. 5i. The R
and R of the ASC device was about 1.07 Q and 4.44 Q, respectively. The
sum of Ry and Rt was low, which indicates that the NiCuCo,S4//AC
hybrid device exhibited an excellent electrical properties and is suitable
for practical applications.

4. Conclusions
The fabrication approach demonstrated in the present study effec-

tively enhanced the properties of the quaternary nanoflower-like
NiCuCoyS4 electrode. The highly porous 3D nanoflower-like
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NiCuCo,S4 electrode provided a high surface area, which is useful for
improving supercapacitive performance. The morphological results
confirmed that annealing improved the supercapacitive performance of
the quaternary NiCuCoS4, The porous nanoflower-like NiCuCosS4
electrode displayed a high Cs of 414 mAh g~! at 10 mV s~! with good
cycling capacities. Furthermore, the fabricated NiCuCo2S4//AC SHS
device offered an advanced energy and power density of 35.19 Wh kg ™!
and 0.66 kW kg ™!, respectively. Thus, present results confirmed that we
effectively established a strategy for the fabrication of a quaternary TMS
of a novel NiCuCoyS4 electrode with enhanced structural, morpholog-
ical, and electrochemical characteristics.
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