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a b s t r a c t

Engineering and designing unique morphologies is a smart way to tune the characteristics of the
material. Here, in this work, beyond the existing knowledge, we have focused on developing novel
methods for synthesis of high performance CuCo2S4 (CCS) and Graphene nanostructured material for
supercapacitor applications. We first developed a rich mesoporous CCS-graphene structure, and for
further enhancement of electrochemical performance, we incorporated nitrogen(N) and sulfur(S) into
the graphene (NS–pG) framework. Further, through a controllable synthesis procedure dominated by
nucleation and growth mechanism, we could obtain a highly ordered array of CuCo2S4 microspheres on
the surface of graphene sheets confirmed by FESEM images. Successful material modifications have led
to realize a novel CuCo2S4 /NS–pG composite structure with remarkable electrochemical performance.
The as-obtained, tuned hybrid CuCo2S4 /NS–pG composite structure exhibited great surface area,
excellent structural stability, and high electrical conductivity due to its modified morphology. Based on
these unique advantages, the hybrid CuCo2S4 /NS–pG composite-based electrode revealed exceptional
specific capacitance of 1357.8 F g−1 at 1 A g−1, superior cycle performance of 95.9% after 5000 cycles,
and distinguished maximum energy and power density of 80.59 W h kg−1 and 10479.53 W kg−1,
respectively, which are superior to the performance of any reported CuCo2S4 electrodes.

© 2022western norway university of applied sciences. Published by Elsevier Ltd. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Energy storage and energy production as two technological
ssues of human societies should be tackled in an eco-friendly
ay (Zhang et al., 2016). Supercapacitors (SCs) as an efficient
nd green electrochemical energy storage devices have drawn a
ide attention because of their superior qualities (Zhang et al.,
015; Chen et al., 2021). The unique capabilities of mixing the
dvantages of both batteries and capacitors in SCs, make them as
ne of the high-performance energy-saving candidates (Zhu et al.,
013; Xu et al., 2016). SCs have numerous remarkable advantages
uch as high-power density, quick charge–discharge cycles, wide
perating temperature, safety, low maintenance cost, prolong and
table cycle life (Isacfranklin et al., 2021; Kumar et al., 2021).
here are two main classes of SCs based on their storage criteria:
i) electrochemical double layer supercapacitors (EDLCs), and (ii)
seudocapacitors (Zhang et al., 2015). In EDLCs, the charges store
nd release at the boundary surface of electrode/electrolyte by
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physical adsorption/desorption process of ions meaning that in
these type of SCs faradic redox reactions are not happening (Mo-
hanty et al., 2021). Carbonaceous materials such as graphene,
activated carbon (AC), carbon aerogel, carbon nanotubes (CNTs)
are the most-used electrode materials for EDLCs (Zhang et al.,
2015; Mohanty et al., 2021). In pseudocapacitors, electrical en-
ergy is obtained by faradic process through the highly reversible
redox reaction or intercalations which is occurring on the surface
of electrodes (Mohanty et al., 2021; Wu et al., 2021). Single tran-
sition metal oxides or hydroxides such as MnO2, RuO2 are well
known pseudocapacitors. Also, conducting polymers e.g., polypyr-
role (PPy) and polyaniline (PANI) are showing pseudocapacitive
properties (Wu et al., 2021).

However, due to the rapid self-discharge and low energy den-
sity, it is not possible to use the SCs as the primary energy
source (Kumar et al., 2021; Amiri et al., 2021; Acharya et al.,
2021b). To tackle these challenges, it is necessary to synthesize
novel materials and design new morphologies to improve elec-
trochemical performance and energy density. For this aim, in
recent years, mixed transitional metal sulfides (MTMS) such as
CuCo2S4, NiCo2S4, ZnCo2S4, MnCo2S4, CoNi2S4 known as being

nalogous to mixed transitional metal oxides (MTMO) (CuCo2O4,
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iCo2O4, ZnCo2O4, MnCo2O4, CoNi2O4) have received a great in-
terest because of their superb redox reversibility, conductivity
and capacitance (Zhang et al., 2015; Yu and Lou, 2018; Geng
et al., 2018; Chen et al., 2019). In comparison with single metal
sulfides, binary metal sulfides (BMSs), as a class of MTMS have
drawn enormous attention for energy storage application because
of their large redox reaction sites as well as high electrical con-
ductivity (Geng et al., 2018; Sahoo et al., 2017; Askari et al.,
2020).

Carbon derivatives, especially graphene-based materials, have
been widely explored as electrode material in SCs due to their
excellent structural, physical, and morphological properties (Tian
et al., 2021). However, the experimentally obtained capacitance
of graphene-based EDLCs is usually 100–200 F g−1 which is
far lower than the theoretical capacitance (520 F g−1) (Chen
et al., 2021; Liu et al., 2010; Zhu et al., 2014; Wang et al.,
2015). The low capacitance of graphene is attributed to the strong
π-p and van der Waals (vdW) interactions between graphene
sheets which causing to restacking the sheets into graphite-
like powders or thicker films (Kong et al., 2018). Also, due to
their harsh synthetic condition such as Hummers’ method (Pham
et al., 2013), and large amount of oxygen-containing functional
groups, the conductivity of graphene sheets is not as high as
it is expected (Kong et al., 2018; Sun et al., 2011). Therefore,
to tailor the graphene properties effectively, and also retain the
large surface area (2630 m2 g−1) (Zhu et al., 2010) of graphene,
two basic complementary approaches have been established by
researchers: the first approach is designing of different morpholo-
gies. For example, producing holey graphene nanosheets is an
important strategy for obtaining high specific surface area while
benefiting ion diffusion. The abundant in-plane pores promote
the ions transport and allow ions to approach the internal sur-
face area of the electrodes resulting in higher power density of
SCs (Hooch Antink et al., 2018; Kong et al., 2016). For example,
Ma et al. synthesized prGO through the facile one-pot microwave-
assisted method, which exhibited 568.5 F g−1 at 1 A g−1 (Ma et al.,
2021). Sethi et al. prepared porous graphene-NiO nanocompos-
ite using simple solvothermal method, which showed a specific
capacitance of 511 F g−1 at scan rate of 5 mV s−1 (Sethi et al.,
2021). Tiruneh et al. synthesized NiCo2S4@holey Graphene hydro-
gel (HGH) through the solvothermal and hydrothermal methods,
which showed high specific capacitance of 1000 F g−1 at 0.5 A
g−1 (Tiruneh et al., 2018). The second solution is incorporation
of certain heteroatoms such as nitrogen (N), sulfur (S), and boron
(B) in carbon matrix (Wang et al., 2015; Zhang et al., 2014). Re-
cent studies showed that substitutional doping of graphene with
heteroatoms could considerably enhance the host material’s elec-
tronic conductivity, mechanical strength, chemical stability, and
surface activity (Kannan et al., 2014; Arvas et al., 2021). Specif-
ically, it has been proven that the electronegativity difference
between the carbon atoms and doped heteroatoms increases the
surface polarity, resulting in higher capacitive performance (Tang
et al., 2015; Wang et al., 2009). These properties are essential for
energy storage applications. So far, nitrogen has been reported as
the most prominent doping heteroatom in the carbon framework.
The lone pair electrons in nitrogen atom can induce negative
charge which leads to improved electron transfer ability (Kannan
et al., 2014; Coros et al., 2020). However, compared to single-
atom doping of carbon, dual doping enhances the synergetic
effects and improve the capacitive behavior of carbon (Wang
et al., 2015; Mehare et al., 2018). Doping of N is preferential
for regulating the electronic properties of graphene, while sul-
fur has received increasing interest due to its larger size and
its polarizable electron pairs, which results in higher chemical
activity (Wang et al., 2015; Kiciński et al., 2014).

CuCo2S4 (CCS) is one of the MTMSs popular material with
thiospinel crystal structure and Fd3m space group. DFT analysis
7713
have showed (Oda et al., 1995; Li et al., 2017) that CCS is a p-type
semiconductor with a bandgap value of around 0.47 eV meaning
that this material possess of intrinsically metal-like excellent
conductive characteristics. Compared to other MTMSs, CCS is the
most widely studied electrode material among all the copper-
containing binary sulfides (Lu et al., 2020). However, this material
often suffers from poor cycle performance (Li et al., 2019) There-
fore, preparing a graphene-based hybrid anode material is an
effective strategy, which not only improves the conductivity, but
also alleviates volume expansion and increases the surface area
leading to higher power and energy density (Li et al., 2019).

In this study, through a facile and environmentally friendly
solvothermal approach, we prepared hybrid CuCo2S4/NS–pG
CCS/NS–pG) composite for SCs in which 3D CCS microspheres
istributed ultra-orderly on NS–pG sheets. CCS microspheres
re formed through the nucleation and growth mechanism on
he surface of NS–pG sheets. For better comparison, we also
repared CCS, CCS/pG to investigate the synthesis mechanism
nd also their respective supercapacitive performances. This work
bviously shows the significant importance of porosity into the
raphene frameworks as well as morphology-tuned structures,
hich were confirmed by enhanced electrochemical performance
f the electrode. To the best of our knowledge, capacitance and
nergy density obtained in this study for the hybrid structure of
uCo2S4 and graphene-based material are the best among the
eported results until now.

. Experimental section

.1. Material preparation

.1.1. Synthesis of pG
All chemicals in this study were of analytical grade and they

ere directly used without further purification. Graphene oxide
GO) was prepared from graphite powders (Alfa Aesar, natural,
100 mesh, 99.995%) through the oxidation process using the
odified hummers’ method (Pham et al., 2013). Porous graphene
xide (pG) was synthesized by hydrothermal reduction of GO
heets using H2O2 (30%). Briefly, GO (50 mL, 2 mg mL−1) was
xfoliated in deionized (DI) water with continuous ultrasonicat-
ng for 2 h to give a homogeneous aqueous dispersion. Next,
00 µL of H2O2 (30%) solution was added to the graphene oxide
ispersion, followed by gentle stirring for 30 min. Finally, the
ixture was transferred to a Teflon-lined autoclave and was

reated at 180 ◦C for 6 h. After being cooled to room temperature
aturally, the resultant pG hydrogel was washed with DI water
everal times to remove the impurities and dried at 50 ◦C in
acuum oven for 12 h (Tang et al., 2015).

.1.2. Synthesis of NS-pG
NS–pG was prepared through the one-pot hydrothermal

ethod. First, pG (50 mL, 2 mg mL−1) was dispersed in the
ltrasonic bath for 2 h. Then, 1 g of thiourea (Sigma Aldrich, ACS
eagent, ≥99.0%) was added to the solution, followed by stirring
or 2 h. After that, the mixture was transferred into a 100 mL
eflon-lined autoclave and thermally treated at 200 ◦C for 12 h.
fter cooling down to room temperature, the precipitate was
ollected and washed with DI water and ethanol several times.
inally, the product was dried at 50 ◦C for 24 h in a vacuum oven.

.1.3. Synthesis of hybrid CCS/NS-pG composite
To synthesize hybrid CCS/NS–pG composite, pG (50 mL, 2

g mL−1) was firstly dispersed in the mixture of DI water and
bsolute ethanol (DI: Et; 3:7% v/v) under ultrasonication for 2 h.
hen, the obtained dispersion solution was mixed gently with
.0 mmol of copper nitrate trihydrate (Sigma Aldrich, puriss. p.a.,
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9%–104%) and 4.0 mmol of cobalt nitrate hexahydrate (Sigma
ldrich, ACS reagent, ≥98.0%) under magnetic stirring for 1 h.
ubsequently, 10.0 mmol of Na2S. 9H2O (Sigma Aldrich, ACS
eagent, ≥98.0%) was added to dispersion system. After stirring
or 1 h, the mixture was transferred to the Teflon-lined stainless-
teel autoclave and was cured at 200 ◦C for 24 h. For comparison,
CS microspheres were synthesized using the similar approach
t temperatures of 160◦,180◦ and 200◦ but without the addition
f NS–pG. Moreover, CCS/pG was prepared through the same
ethod using undoped pG.

.2. Material characterization

The crystal structure of the samples was investigated using the
8 ADVANCE ECO in a 1 kW copper X-ray tube diffractometer
XRD) with the scan range of 10 to 90 degrees (2theta). The mor-
hology and chemical compositions of the as-prepared materials
ere observed by scanning electron microscope (FESEM, Jeol JSM-
400F) along with energy-dispersive X-ray spectrometer (EDX).
he surface electron state of the samples was determined by X-
ay photoelectron spectroscopy (XPS, Kratos Axix ultra DLD). The
TIR spectra of the samples were recorded using the Thermo Sci-
ntific Nicolet iS5 in the range of 4000 and 400 nm−1. Brunauer–
mmett–Teller (BET) model (Micromeritics Tristar 3000, at 77 K)
as used to measure the specific surface area. Pore size distribu-
ion of the sample was obtained from the desorption branch of
he nitrogen isotherm through the Barrett–Joyner–Halenda (BJH)
odel. Raman scattering spectra were obtained using a Raman
pectrometer with 632 nm excitation (Labram-010, France).

.3. Electrochemical measurements

The electrochemical performance of CCS, CCS/pG, and CCS/NS–
G samples were studied using SP-150 electrochemical worksta-
ion (Biologic Science Instruments) through the three-electrode
lectrochemical method. The electrochemical setup was com-
rised of Pt as the counter electrode, Ag/AgCl electrode as the
eference electrode, and as-prepared samples as the working
lectrode, in a 2 M KOH as the electrolyte. The working electrodes
ere fabricated by mixing the active material (85% in mass), AC as
he conductive agent (10% in mass) and polyvinylidene fluoride as
inder (PVDF) (5% in mass) in N-methyl-2-pyrrolidinone (NMP)
olvent to form a slurry paste. Then the prepared paste was
oated on the Ni foam (2 × 1 cm) as the current collector and
as placed in the vacuum oven at 80 ◦C for 12 h to evaporate
he solvent. The total mass value for all working electrodes were
bout 2 mg after drying. Cyclic voltammetry (CV) and Galvano-
tatic charge–discharge (GCD) methods were employed to study
he charge storage capabilities and stability performance of the
amples. The potential range of 0 to 0.5 V, along with differ-
nt scan rates (5, 10, 20, 50 and 70 mV s−1), were performed
or CV measurement. Similarly, for GCD measurement, different
urrent densities (1, 2, 5, 10, 15 A g−1) were recorded. Also, the
electrochemical impedance spectroscopy (EIS) was carried out in
the frequency range of 100 Hz to 100 kHz. The specific electrode
capacity was calculated from the following equation: (Isacfranklin
et al., 2021)

Cm=
I × ∆t
m × ∆V

(F g−1) (1)

here I is discharge current (A), ∆t is discharge time (s), m
is total loaded mass of active material (mg) and ∆V is work-
ng potential window (V). The specific capacitance, can also be
xpressed in C g−1 or mA h g−1 according to the following
ormulas: (Isacfranklin et al., 2021)

pecific capacitance from CV plot: C
7714
=

∫
I × dv

2 × 3.6 × m × v
(mA h g−1) (2)

Specific capacitance from GCD plot: C =
I × ∆t
3.6 × m

(mA h g−1) (3)

Where I×dv is CV curve area, I is discharge current (A), ∆t is
discharge time (s), m is total mass of active material (mg), and v
is scan rate (mV s−1).

2.3.1. Assembly of asymmetric supercapacitor device (ASC)
In two-electrode setup, the device was fabricated by employ-

ing the CCS/NS–pG nanohybrid as the positive electrode and
AC as the negative electrode in 2 M KOH as an electrolyte in
which the two electrodes were separated by cellulose paper. To
obtain the highest performance of ASC device, the optimal mass
ratio (m+/m−) of the positive/negative electrodes was calculated
ccording to charge-balance theory using the following equation:

m+

m−

=
C− × ∆V+

C+ × ∆V−

(4)

The energy density (E) and power density (P) of the solid-state
electrode device were then calculated according to equation
number (5) and (6), respectively: (Li et al., 2020; Guan et al., 2020)

E =
C × ∆V 2

7.2
(W h kg1) (5)

P =
3600 × E

∆t
(W kg−1) (6)

here E is specific energy (W h kg−1), C is specific capacitance of
olid-state device (F g−1), ∆V is working potential window (V), P
is power density (W kg−1), and ∆t is discharge time (s).

3. Results and discussion

3.1. Growth mechanism

To better understand the synthesis and growth mechanism,
we employed three temperature sets, including 160◦, 180◦, and
00◦ while all other parameters were constant in three experi-

ments, to track the changes on the CCS microspheres morphol-
ogy. The obtained FESEM images illustrated in Fig. 1a,b and c
confirm that CCS microspheres were formed through the cluster-
aggregative pathway (Takesue et al., 2011; You and Fang, 2016).
According to this theory, it can be suggested that there are three
distinct periods involved in the forming of CCS microspheres.
In the first period, Cu2+ and Co2+ metal ions are reduced to
Cu0 and Co0 atoms. Then, in second period which is the nucle-
ation stage, CCS clusters are actively produced and then through
the agglomeration of the clusters, CCS particles were formed
(Fig. 1a). During the nucleation and seed formation period, CCS
clusters are completely consumed. The last stage named as par-
ticle growth occurs by coalescence and aggregation of smaller
CCS nanospheres, leading to larger CCS microspheres which are
smooth on their surface (Fig. 1b and c). This process is extensively
depicted in Scheme 1.

The growth mechanism proposed in Scheme 1 after observing
some microspheres with negligible bumps on their outer shell in
the FESEM images of CCS samples prepared at 200◦. To clarify
the mechanism, two other sets of experiments were carried out
while the temperature was considered as the only changeable
parameter. From the images of the microspheres at 160◦, only
small, aggregated particles are observed. But by increasing the
temperature, it can be seen the size of the particles grew larger



F. Heidari Gourji, D. Velauthapillai and M. Keykhaei Energy Reports 8 (2022) 7712–7723

s
a

a
t
t
c
i

C
s
p
d
w

3

t

t
s
t
t

Fig. 1. FESEM images of CCS microspheres at 160◦ (a); FESEM image of CCS microspheres at 180◦ (b); FESEM image of CCS microspheres at 200◦ (c).
Scheme 1. Proposed mechanism of CCS microspheres formation; in stage one, the metal ions are reduced to metal atoms. Then CCS clusters were nucleated and
imultaneously consumed in CCS particles formation. In the last step, the created small particles, grew to larger CCS microspheres through the coalescence and
ggregation process.
nd bumps nearly disappeared from the surface, which confirms
he particle growing mechanism stages. It is noteworthy to men-
ion that the areas of the microspheres which marked with red
ircles, are indicating that these microspheres are not hollow
nside and this strengthens our growth mechanism suggestion.

Based on this mechanism, it can be also claimed that in hybrid
CS/NS–pG composite, the seed and nuclei were formed on the
urface of graphene sheets and then through the particle growth
rocess they grew to larger particles and formed a very uniform
ecorated structure in which the graphene sheets garnished with
ell-shaped CCS microspheres.

.2. Morphological and structural characterization

The pG was synthesized by hydrothermally reducing GO using
he H2O2 (Xu et al., 2014). During the hydrothermal process, the
reduced graphene oxide (rGO) sheets with recovered strong p-p
and vdW interactions, self-assemble into the pG hydrogel with
interconnected 3D porous framework, and at the same time, H2O2
hrough the partial oxidizing and preferential etching of defective
ites of GO, produces in-plane vacancies, which gradually extend
o nanopores (Xu et al., 2014). In the next step, by addition of
hiourea as the dopant agent, N and S elements were doped into
the pG hydrogel. Inset of Fig. 2a shows the images of pG and
NS–pG hydrogels. As it is clear from the images, the size of NS–
pG hydrogel is bigger than the pG hydrogel suggesting that the
7715
NS–pG is richer in porosity which led to volume expansion of
hydrogel. Our experiment also showed by increasing the quantity
of H2O2 during the synthesis process, the interconnected 3D
framework gradually got destroyed and for quantity more than
1 mL of H2O2, the whole pG was oxidized/dissolved and only a
clear solution left.

To further reveal the microstructure of products, FESEM analy-
sis was carried out. Images of NS–pG confirmed that this hydrogel
was formed of uniform interconnected 3D hierarchical struc-
ture with abundant pores (Fig. 2a and b). It has been reported
that when graphene sheets with 3D porous network structure
is employed as the electrode in SCs, adsorption and diffusion
of ions from the electrolyte is accelerated, and accordingly, the
electrochemical performance will enhance (Wang et al., 2015).
The different FESEM images of 3D hierarchical CCS microspheres
with average diameter of 2.6 µm in the absence of NS–pG sheets,
confirmed that microspheres has been formed through the nucle-
ation and growth stages as illustrated in Fig. 2(c–g) (Zheng et al.,
2014). This mechanism is also confirmed by microspheres that
have noticeable bumps on their outer shell as shown on Fig. 2c
(pointed microsphere), and 2d. Furthermore, as it is mentioned
in previous section, the broken particles in the images suggesting
that the microspheres are not hollow inside (Fig. 2e and f).

FESEM images of CCS/NS–pG hybrid sample is depicted in
Fig. 2h and i. As shown in the image, 3D hierarchical CCS mi-
crospheres were uniformly and neatly distributed on the surface
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Fig. 2. FESEM image of NS–pG sheets and inset represents the photographs of as-prepared pG and NS–pG hydrogels (a); FESEM image of NS–pG with higher
resolution (b); FESEM images of CCS microspheres prepared at 200◦ (c and d); FESEM images of CCS microspheres prepared at 160◦ (e and f); FESEM images of
ybrid CCS/NS–pG composite (h and i); EDX pattern of hybrid CCS/NS–pG composite (j).
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f NS–pG sheets without aggregation. Furthermore, addition of
S–pG sheets in the preparation process did not affect the mor-
hology of the CCS, and NS–pG sheets were orderly decorated
y CCS microspheres. Moreover, combining the wrinkled and
oley texture of NS–pG sheets with rough and highly porous CCS
icrospheres results in an intimate contact between CCS and NS–
G sheets, which brings about advantages such as high specific
urface area and facilitated charge transfer (Kaverlavani et al.,
017). EDX spectrum of hierarchical CCS/NS–pG hybrid obviously
hows the presence of N, S, Cu, Co and C atoms. The Cu: Co: S
tomic ratio was detected to be about 1:2:4, which is in good
greement with formation of stoichiometric ratio of CCS.
To investigate the structural and crystalline properties of the

amples, XRD analysis were performed (Fig. 3a). GO, pG, NS–pG
hows diffraction peaks at 2θ values of 11.8◦, 23.7◦ and 24.3◦

espectively. The observed broad peaks of pG and NS–pG is due to
he residual amount of water which is confined in the framework
f these two samples, and also poor ordering of graphene sheets
fter reduction as reported elsewhere (Kong et al., 2016). Regard-
ng the CCS microspheres, the observed peaks can be successively
ndexed to (111), (220), (311), (400), 422), (511) and (440) crystal
acets which represent the cubic structure of CuCo2S4 (PDF# 42-
450) (Wu et al., 2020). However, the attributed peak of NS–pG at
4.3◦ is not obvious in CCS/NS–pG XRD pattern which may be due
o the uniform coverage of CCS microspheres on NS–pG sheets
s well as low amount of NS–pG component (25%) in the whole
ybrid structure.
Fig. 3b shows Raman spectra of the prepared GO, pG, NS–pG,

CS and CCS/NS–pG samples. It can be seen by modification of
O to pG and NS–pG, the intensity ratio of ID/IG gently increased
rom 0.94 to 1.14 and 1.21, respectively. The higher values of
D/IG in pG and NS–pG indicate significant number of in-plane
ores, which are rich in edge-defects in 2D graphene sheets.
urthermore, it reveals that GO had been reduced through the
ydrothermal process. In case of CCS and CCS/NS–pG, two dis-
inct peaks at 512 and 689 cm−1 can be observed in the Raman
7716
spectra, which are characteristic of CCS microspheres (Wu et al.,
2020). Also, in CCS/NS–pG spectra, the two sharp peaks of D-
band (1357 cm−1) and G-band (1601 cm−1) attributed to NS–pG
confirm the successful combination of CCS and NS–pG.

3.3. Composition and surface elements characterization

FTIR and XPS were performed to investigate the surface ele-
mental composition and chemical states. In Fig. 4 the FTIR spectra
of GO, pG and NS–pG structures, are depicted. In GO spectra,
five characteristic peaks at 3351, 1730, 1615, 1246, 1073 cm−1

were identified as stretching vibration of O–H, C=O, C=C, C–O–C
and C–O, respectively, indicating the oxygen-functional groups
were introduced into the Graphite structure after modified hum-
mers’ reaction. Notably, after modification of GO with H2O2 and
thiourea through the hydrothermal process, most of the oxy-
genated functional groups reduced, followed by introducing of
N (1440 cm−1) and S (1193 cm−1) to the structure of graphene
sheets (Periyasamy et al., 2021).

The surface electronic state and element composition of hybrid
CCS/NS–pG composite were investigated by XPS as exhibited in
Fig. 5 (a–f). In Fig. 5 (b–f), the high-resolution XPS spectra of Cu
2p, Co 2p, S 2p, N 1s and C 1s are illustrated. The spectra of Cu
p are formed by peaks of 2p1/2 (952.09 eV) and 2p3/2 (932.28
V) along with two satellite peaks (Mehare et al., 2018). The XPS
pectra of Co 2p are deconvoluted into two separate peaks of
o2+ positioned in 780. 53 eV, 796.32 eV and Co3+ characterized

at 778.65 eV and 793.55 eV, respectively (Mehare et al., 2018).
The S 2p spectrum also shows one satellite peak positioned at
168.52 eV along with three more peaks. The peaks centered at
161.26 eV and 162.64 eV are characteristics of S 2p3/2 and S 2p1/2,
espectively. Besides, the peak positioned at 164.01 eV could be
scribed to sulfur–metal (S–M) bond (Mehare et al., 2018). N
s XPS spectra are deconvoluted into three distinct peaks in-
luding pyridine—N, pyrrole—N, and graphite—N confirming that
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Fig. 3. XRD patterns of GO, pG, NS–pG, CCS and CCS/NS–pG (a); Raman spectra of GO, pG, NS–pG, CCS and CCS/NS–pG (b).
Fig. 4. FTIR spectra of GO, pG, NS–pG.

pG doped with nitrogen atoms (Mehare et al., 2018). Moreover,
C1s spectrum showing four deconvoluted peaks corresponding to
five different atoms including C–S (286.54 eV), C–N (285.76 eV),
C–C/C = C (284.46 eV) and C==O (287.44 eV). The composition of
hybrid CCS/NS–pG composite structure is then confirmed by the
XPS result (Li et al., 2019).

3.4. Surface area analysis

The specific surface area and pore size distribution of as-
prepared CCS and CCS/NS–pG samples were investigated through
7717
the BET and BJH measurement and the results are illustrated in
the Fig. 6a. The N2 adsorption–desorption isotherms with BJH
studies (inset of Fig. 6a) reveals the typical type of IV isotherms
which are accompanied by an evident hysteresis loop in both
samples. Moreover, as illustrated in inset of Fig. 6a, there is a wide
distribution of pore size in the range of 2–50 nm in both samples
confirming that both samples contain mesopores in their struc-
tures. However, compared to CCS, the N2 adsorption–desorption
isotherm of hybrid CCS/NS–pG composite shows larger hysteresis
loop in the P/P0 range of 0.5 to 0.95, confirming the existences of
rich mesopores in CCS/NS–pG structure.

This is verified by specific surface area of 40.6 and 101.4 m2

g−1 in CCS and CCS/NS–pG samples. The abundant pores in
CCS/NS–pG structure due to the holey structure of graphene
sheets not only can provide a greater number of active sites for
electrochemical reactions but also decrease the charge transfer
resistance (Wu et al., 2020). All aforementioned characterizations
studies confirmed that the well-formed hybrid CCS/NS–pG com-
posite structure could be employed as an efficient electrode in
SCs.

3.5. Electrochemical performance of the electrodes

The electrochemical performance of the as-prepared elec-
trodes was evaluated in a three-electrode setup in which 2 M
KOH was utilized as the aqueous electrolyte. Fig. 7a shows the CV
graphs of bare Ni foam, CCS, CCS/pG, and CCS/NS–pG at a scan
rate of 5 mV s−1, respectively. As evident in the graph, the CV
integrated area increased gradually from bare Ni foam to CCS/NS–
pG, meaning that the holey structure of graphene and co-doping
of the graphene sheets with N and S atoms leads to a synergetic
effect between CCS microspheres and NS–pG sheets. As a result,
CCS/NS–pG-based electrode shows the highest response current
compared to the other electrodes which results in improved ca-
pacity and higher energy density (Wu et al., 2020). Fig. 7b depicts
the CV curves of CCS/NS–pG at different scan rates of 5, 10, 20, 50
and 70 mV s−1. The obtained CV profile shows the distinct redox
peaks in potential range of 0–0.5 V relates to faradaic reactions
of Co2+/Co3+/Co4+ and Cu+/Cu2+, verifying the pseudocapacitive
behavior of the electrode. As seen, increasing the scan rate results
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Fig. 5. Survey XPS spectrum of CCS/NS–pG (a); High-resolution XPS spectra of Co 2p, Cu 2p, S 2p, N 1s, and C 1s of the CCS/NS–pG sample (b-f).
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Fig. 6. N2 adsorption–desorption isotherm loops of CCS and CCS/NS–pG samples
nd inset is the pore size distribution curves of CCS and CCS/NS–pG (a).

n larger integrated area of CV curves. Moreover, even at higher
can rates, the redox peaks are unchanged, suggesting a surface-
ontrolled electrochemical reaction and facilitated electronic and
onic transport process (Zhou et al., 2015).

The GCD behavior of CCS, CCS/pG, and CCS/NS–pG electrodes
ere carried out to measure the specific capacitance, stability,
nd rate capability of the electrodes. Fig. 7c shows the GCD curves
f CCS, CCS/pG, and CCS/NS–pG electrodes at 1 A g−1. From the
btained GCD curves, the specific capacitance of CCS, CCS/pG,
nd CCS/NS–pG were calculated as 737.5, 1155.6, and 1357.8 A
−1, respectively. As expected, CCS/NS–pG exhibited the highest
pecific capacitance compared to pure CCS and CCS/pG and other
aterials which were reported previously such as prGO (568.5
g−1) (Ma et al., 2021), porous graphene-NiO (PGNO) (511 F
 a
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g−1) (Sethi et al., 2021), NiCo2S4@HGH (1000 F g−1) (Tiruneh
et al., 2018), Mn3O4-CeO2/holey-graphene (568.5 F g−1) (Qian
t al., 2019), CuCo2S4/N, S–RGO nanosheets (644 F g−1) (Li et al.,
019), CuCo2S4–rGO composite (1141.64 F g−1) (Wu et al., 2020),
oNi2S4 nanosheets into S, P co-doped graphene (DGNCS) (1136.5
g−1) (Jing et al., 2020). The outstanding electrochemical per-

ormance of CCS/NS–pG electrode attributes to the larger active
ites provided by pG sheets, ultra-ordered decoration of CCS mi-
rospheres which impede the aggregation of graphene sheets and
hortening of diffusion path for electrolyte ions (Li et al., 2019).
ig. 7d shows GCD curves of CCS/NS–pG electrode at various
urrent densities ranging from 1 to 15 A g−1. The distortion of
CD curves caused by the faradaic character of the electrode
ndicate the battery-type behavior. The specific capacitance of
CS/NS–pG, CCS/pG and CCS-based electrodes at different current
ensities are illustrated in Fig. 7e. As clearly seen, CCS/NS–pG
lectrode presents a relatively long discharge time at all evaluated
urrent densities with specific capacitance of 1357.8, 1191.2,
55.6, 600 and 333.4 F g−1 at the respective current densities of
, 2, 5, 10, 15 A g−1, respectively. Furthermore, by increasing the
urrent density to 10 A g−1, 95.9% of the initial capacitance was
etained after 5000 cycles (Fig. 7f). As illustrated in the insets of
ig. 7f, in order to verify the stability of charge–discharge curves
n first and last cycles reveals the high columbic efficiency and
inimum polarization of electrode’s material (Zhou et al., 2015).
he Nyquist plots of the CCS, CCS/pG, and CCS/NS–pG electrodes
re displayed in Fig. 7g. The larger slope in low frequencies, the
bsence of semicircle in high frequencies, and very low RESR verify
he fast ion diffusion and low charge transfer resistance for the
CS/NS–pG electrode compared to the other electrodes.

.6. Electrochemical performance of CCS/NS-pG//AC asymmetric su-
ercapacitor device (ASC)

To further evaluate the CCS/NS–pG electrode for practical
pplication, an asymmetric device by using CCS/NS–pG as the
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Fig. 7. Electrochemical characterizations of as-prepared electrodes in the three-electrodes setup: CV curves of the CCS, CCS/pG and CCS/NS–pG electrodes at the scan
rate of 5 mV s−1 in aquoues 2 M KOH electrolyte (a); CV curves of CCS/NS–pG electrode at different scan rates (b); GCD curves of the CCS, CCS/pG and CCS/NS–pG
lectrodes at the current density of 1 A g−1 (c); GCD curves of the CCS/NS–pG electrode at different current densities (d); Specific capacitance of CCS, CCS/pG and
CS/NS–pG electrodes (e); Cycling performance of CCS, CCS/pG and CCS/NS–pG electrodes (f); Nyquist plots of CCS, CCS/pG and CCS/NS–pG electrodes, and the inst
s the expanded high-frequency region (g).
athode and AC as the anode in which the two electrodes were
eparated by cellulosic paper while using the 2 M KOH as the
lectrolyte, was fabricated. There are two advantages with this
onfiguration: (i) employing the AC as the EDLC negative elec-
rode accompanying with positive electrode would increase the
pecific capacitance of the device through the redox reactions on
ositive electrode surface and (ii) because of high overpotential
ausing by reversible hydrogen electrosorption on EDLC electrode
urface, the potential window will expand resulting in higher
nergy density (Kaverlavani et al., 2017). Fig. 8a shows the CV
urves of AC and CCS/NS–pG electrode at 20 mV s−1 after mass
balance as in Eq. (4). The AC electrode shows the typical property
of EDLC materials ranging from −1 to 0 V while the positive
CCS/NS–pG electrode exhibits working voltage within the range
of 0 to 0.5 V. Fig. 8b represents the CV curves of ASC device at
different potential window at scan rate of 70 mV s−1. As seen,
more expansive potential windows lead to higher electrochemical
polarization, which is evident as the sharp peaks at 1.8 and
2 V. Based on the CV and GCD evaluation of the device, the
potential window of 1.6 V as the ideal voltage window was
chosen. CV curves of the ASC device were recorded at various
scan rates of 5, 10, 20, 50, and 70 mV s−1 (Fig. 8c). As shown,
7719
ASC device reveals both battery-type and electric double layer
behavior. Furthermore, all CV curves exhibit a perfect identical
shape indicating significant rate capability and reversibility of
the device (Kaverlavani et al., 2017). GCD evaluation at different
current densities, further confirmed the significant capacitive
behavior of the device accomplished by shared advantages from
both EDLC and pseudocapacitance electrodes. (Kaverlavani et al.,
2017) The GCD curves show no internal voltage drop verifying
the high-rate capability of the device (Fig. 8d). The calculated
specific capacitance of ACS is 226.8, 204.5, 177.4, and 153.9 F
g−1 at current densities of 1, 2, 5 and 10 A g−1, respectively.
The maximum specific capacitance of 226.8 F g−1 at current
density of 1 A g−1 is comparable with other ASC devices reported
recently as presented in Table 1. For better comparison, we not
only include the recently reported works combined composite
material of CuCo 2S4 and graphene, but also, we present compos-
ites which contains other binary metal sulfides and graphene for
supercapacitor application. The ASC device is shown to deliver an
excellent maximum energy density of 80.59 W h kg−1 at a power
density of 2302.65 W kg−1. Notably, the energy density remained
still at 55.31 W h kg−1 when the power density increased to
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Fig. 8. Electrochemical studies of CCS/NS–pG// AC asymmetric device: CV curves of AC and CCS/NS–pG electrodes at the scan rate of 20 mV s−1 in aquoues 2 M KOH
lectrolyte in a half-cell setup (a); CV curves of CCS/NS–pG// AC asymmetric device at different potential windows (b); CV curves of CCS/NS–pG// AC asymmetric
evice at different scan rates (c); GCD curves of the CCS/NS–pG// AC asymmetric device at different current densities (d); rate capability of the device (e); Comparison
etween Ragone plot of CCS/NS–pG// AC asymmetric device and other previously reported works (f); Cycling performance of CCS/NS–pG// AC asymmetric device (g).
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0479.53 W kg−1 showing the device can retain 69% of initial
apacitance after increasing the current density from 1 to 10 A
−1 as shown in Fig. 8e. Corresponding Ragone plot of energy
nd power density, depicted in Fig. 8f, evidently demonstrates
he enhanced performance of CCS/NS–pG//AC asymmetric su-
ercapacitor device compared to previously reported works. As
resented in table 1, our device showed a maximum energy
ensity of 80.59 W h kg−1 at a power density of 2302.65 W

kg−1, which is much higher than recently fabricated symmetric
devices (SCS) such as CuCo2S4–rGO//CuCo2S4–rGO (16.07 W h
g−1) (Wu et al., 2020), and also higher than reported asymmetric
evices including CuCo2S4/N, S–RGO//N,S-RGO (10.8 W h kg−1) (Li
t al., 2019). Moreover, the fabricated CCS/NS–pG//AC asymmetric
evice, showed a capacitance retention rate of 92.1% after 5000
ycles at current density of 5 A g−1 as exhibited in Fig. 8g. Com-
arison of the first and the 5000th cycle, indicates the stability
nd reversibility of the electrode. The significant electrochemical
erformance of CCS/NS–pG electrode can be attributed to the
orous structure of graphene sheets accompanied by co-doping
f N and S heteroatoms, which provide more available faradaic
ctive sites through the penetration of the electrolyte into the
nner surfaces, and also improved synergetic effects between
CS microspheres and NS–pG sheets in whole hybrid CCS/NS–pG
omposite structure.
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4. Conclusion

Through the facile multi-steps hydrothermal and solvother-
mal approaches, we have developed a novel ultra-ordered hy-
brid CuCo2S4/NS–pG composite-based electrode with significant
igh surface area with excellent synergetic performance for high-
fficient asymmetric supercapacitors. We have focused beyond
inary CuCo2S4 integrated graphene layers reported in the litera-
ure, and first developed highly mesoporous graphene structure,
nd incorporated nitrogen(N) and sulfur(S) into the graphene
NS–pG) framework in order to enhance the electrochemical per-
ormance of the CuCo2S4 based electrode. Employing control-
able synthesis routes, which were dominated by nucleation and
rowth mechanism, we could attain a highly ordered array of
uCo2S4 microspheres on the surface of graphene sheets that
ere confirmed by FESEM images. Due to its unique structural
nd compositional properties, the hybrid sample showed remark-
ble capacitive performance as an electrode with 1357.8 F g−1 at
urrent density of 1 A g−1. Furthermore, the as-prepared asym-
etric supercapacitor exhibited an outstanding energy density of
0.59 W h kg−1 at a power density of 2302.65 W kg−1 with supe-
ior cycle performance of 92.1% after 5000 cycles, which are the
est results reported so far for this combined CCS/NS–pG hybrid
aterial. The obtained results confirm that CCS/NS–pG hybrid-
ased electrode is a highly promising candidate for high-efficient
nergy storage devices.



F. Heidari Gourji, D. Velauthapillai and M. Keykhaei Energy Reports 8 (2022) 7712–7723

D
l

Table 1
Summary of electrochemical performance of previously reported works compared to this work.
Material Specific

surface Area
(m2 g−1)

Three electrode setup Synthesis
method

Two electrode setup Ref.
Specific capacitance
at current density

Cycle retention Specific capacitance at
current density

Cycle retention E
(W h Kg−1)

P
(W Kg−1)

CuCo2S4–rGO
composite

116.4 1141.64 F g−1

at 1.5 A g−1
84.03% @3000 hydrothermal 142.89 F g−1

at 1 A g−1
78.64% @3000 16.07 450 Wu et al.

(2020)

Heterostructured
SmCoO3/rGO composite

13.782 30.80 mAh g−1 86.95% @5000 hydrothermal 166 F g−1

at 1 A g−1
74.28% @15000 52 752 Isacfranklin

et al.
(2021)

CuCo2S4/N, S–RGO
nanosheets

52.7 644 F g−1

at 1 A g−1
76.4% @5000 hydrothermal 30.5 F g−1

at 1 A g−1
88.9% @5000 10.8 400 Li et al.

(2019)

CoS2@Ni (OH)2
core–shell nanotube

– 743 C g−1

at 1 A g−1
91.6% @3000 electrochemical

deposition process
64.9 F g−1

at 1 A g−1
85.5% @3000 29.22 899.2 Luo et al.

(2020)

GW-CuCo2O4 hollow
spheres

106.2 1813 F g−1

at 2 A g−1
96.8% @6000 self-templated

method
144.6 F g−1

at 2 A g−1
95.2% @6000 45.2 1500 Kaverlavani

et al.
(2017)

hybrid rGO-NiCo2S4
composites

– 972 F g−1

at 1 A g−1
– hydrothermal 208 F g−1

at 1.4 A g−1
94.1% @2000 56.62 701.37 Kumar

et al.
(2021)

NiCo2S4
Nanoparticles/Carbon
Nanotube

– 1110 F g−1

at 1 A g−1
87% @5000 solvothermal 117 F g−1

at 1 A g−1
82% @5000 41.6 800 Yang et al.

(2021)

NiCo2O4@NiCoAl-LDH – 1814.2 F g−1

at 1 A g−1
93% @2000 Chemical bath

deposition
103.5 F g−1

at 1 A g−1
99.5% @10000 74.7 800 He et al.

(2017)

NiCo2S4@NiCo2O4
core@shell
nanoneedle/rGO

– 1590 F g−1

at 5 A g−1
96% @2000 hydrothermal 104 F g−1

at 3 A g−1
82% @1000 32 375 Singh et al.

(2020)

CoNi2S4/rGO
nanosheets

121.9 1526 F g−1

at 1 A g−1
– one-step pyrolysis 154 F g−1

at 1 A g−1
93.7% @8000 54.8 798 Zhang et al.

(2020)

CoNi2S4 nanosheets
into S, P co-doped
graphene (DGNCS)

153.65 1136.5 F g−1

at 1 A g−1
70.1% @5000 multi-step

hydrothermal
72.06 F g−1

at 1 A g−1
86.49% @5000 25.62 8000 Jing et al.

(2020)

Y-doped
α-Ni(OH)2/graphene
heterostructure

40.687 822.3 C g−1

at 1Ag−1
76.24% @2000 solvothermal 229.5 F g−1

at 1 A g−1
83.28% @7000 81.6 1129.8 Zhu et al.

(2020)

rGO- NiMoO4@Ni-Co-S – 318 mA h g−1 88.87% @10000 hydrothermal 74 F g−1

at 1 A g−1
90.89% @10000 57.24 801.8 Acharya

et al.
(2021a)

3D MnO2/HRGO
composite

241.8 108.0 F cm−3

at 1 mA cm−2
72.2% @1000 hydrothermal 24.6 F cm−3

at 1 mA cm−2
93.7% @1000 149.7 µWh

cm−2
2.8 mWh
cm−3

Park et al.
(2021)

Mn3O4-CeO2/holey-
graphene

160.21 310 F·g−1

at 2 A g−1
92.4% @1000 hydrothermal – - – - Qian et al.

(2019)

NiCo2S4@HGH – 1000 F g−1

at 0.5 A g−1
96.6% @2100 Solvothermal and

hydrothermal
312.6 F g−1

at 6 A g−1
87% @5000 21.3 8400 Tiruneh

et al.
(2018)

NiCo2S4/N, S-HRGO
composite

29.7 184.2 mAh g−1

at 1 A g−1
91.8% @2000 hydrothermal – 87.5% @10000 35.4 15000 Liu et al.

(2021)

porous graphene-NiO
(PGNO)

87 511 F g−1

at 5 mV s−1
80% @10000 solvothermal 86 at 5 mV s−1 84% @10000 5.9 2000 Sethi et al.

(2021)

prGO 18.7 568.5 F g−1

at 1 A g−1
126.4% @10000 one-pot

microwave-assisted
434.8 F g−1

at 1 A g−1
- 15 2500 Ma et al.

(2021)

Hybrid CuCo2S4/NS–pG
composite

101.4 1402.22 F g−1

at 1 A g−1
95.9% @5000 hydrothermal 280.0 F g1

at 1 A g−1
92.1% @5000 80.59 2302.65 This work
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