Glycol-assisted Cu-doped ZnS polyhedron-like structure as binder-free novel electrode
materials
Hussain, Iftikhar; Ahmad, Muhammad; Chen, Xi; Abbas, Nadir; Al Arni, Saleh; Salih, Alsamani
A.M.; Benaissa, Mhamed; Ashraf, Muhammad; Ayaz, Muhammad; Imran, Muhammad;
Ansari, Mohd Zahid; Zhang, Kaili
Published in:
Journal of Saudi Chemical Society
Published: 01/07/2022

Document Version:
Final Published version, also known as Publisher’s PDF, Publisher’s Final version or Version of Record
License:
CC BY
Publication record in CityU Scholars:
Go to record
Published version (DOI):
10.1016/j.jscs.2022.101510
Publication details:
Hussain, I., Ahmad, M., Chen, X., Abbas, N., Al Arni, S., Salih, A. A. M., Benaissa, M., Ashraf, M., Ayaz, M.,
Imran, M., Ansari, M. Z., & Zhang, K. (2022). Glycol-assisted Cu-doped ZnS polyhedron-like structure as binderfree novel electrode materials. Journal of Saudi Chemical Society, 26(4), [101510].
https://doi.org/10.1016/j.jscs.2022.101510

Citing this paper
Please note that where the full-text provided on CityU Scholars is the Post-print version (also known as Accepted Author
Manuscript, Peer-reviewed or Author Final version), it may differ from the Final Published version. When citing, ensure that
you check and use the publisher's definitive version for pagination and other details.
General rights
Copyright for the publications made accessible via the CityU Scholars portal is retained by the author(s) and/or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal
requirements associated with these rights. Users may not further distribute the material or use it for any profit-making activity
or commercial gain.
Publisher permission
Permission for previously published items are in accordance with publisher's copyright policies sourced from the SHERPA
RoMEO database. Links to full text versions (either Published or Post-print) are only available if corresponding publishers
allow open access.
Take down policy
Contact lbscholars@cityu.edu.hk if you believe that this document breaches copyright and provide us with details. We will
remove access to the work immediately and investigate your claim.

Download date: 10/01/2023

Journal of Saudi Chemical Society (2022) 26, 101510

King Saud University

Journal of Saudi Chemical Society
www.ksu.edu.sa
www.sciencedirect.com

ORIGINAL ARTICLE

Glycol-assisted Cu-doped ZnS polyhedron-like
structure as binder-free novel electrode materials
Iftikhar Hussain a, Muhammad Ahmad a, Xi Chen a, Nadir Abbas b, Saleh Al Arni b,
Alsamani A.M. Salih b, Mhamed Benaissa b, Muhammad Ashraf c,
Muhammad Ayaz d, Muhammad Imran e, Mohd Zahid Ansari f,*, Kaili Zhang a,*
a

Department of Mechanical Engineering, City University of Hong Kong, 83 Tat Chee Avenue, Kowloon, Hong Kong
Department of Chemical Engineering, University of Ha’il, Ha’il, Saudi Arabia
c
Chemistry Department, King Fahd University of Petroleum & Minerals, Dharan 31261, Saudi Arabia
d
Department of Chemistry, Govt. Degree College Madyan, University of Swat, Pakistan
e
Department of Chemistry, Faculty of Science, King Khalid University, Abha 61413, Saudi Arabia
f
School of Materials Science and Engineering, Yeungnam University, Gyeongsan 712749, Korea
b

Received 14 April 2022; revised 18 May 2022; accepted 8 June 2022
Available online 15 June 2022

KEYWORDS
Cu-doped ZnS;
Supercapacitor;
Capacity;
Capacitance;
Flexible

Abstract The facile, efficient, and straightforward preparation of electrode material for energy
storage devices has drawn considerable interest for practical applications. In this study, we have
synthesized the polyhedron Cu-doped ZnS (ZnS:Cu) structure on carbon cloth (CC) using a
single-step glycol-assisted process. The highly interconnected polyhedron shaped ZnS:Cu functions
as positive electrode material in an aqueous electrolyte for supercapacitor application. The ZnS:Cu
polyhedron-like structures with higher electroactive sites and synergistic effect exhibited higher
specific capacitance of 468 F g1 at 1 Ag1 and cycling stability of 890.5% after 5,000 cycles.
The better electrochemical performance and higher cycling stability of ZnS:Cu can be dedicated
to interconnected polyhedron-like structures, doping of Cu in ZnS, and binder-free electrode
design. This underlines the potential of the Cu-doped ZnS-based supercapacitor for nextgeneration energy storage devices.
Ó 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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In recent years, supercapacitors (SCs) are gaining attention in
conventional energy storage devices owing to their fast charge–
discharge rate, better cycling ability, and higher power density
[1–5], which can be utilized for portable hybrid electric devices
and renewable energy devices [6–9]. Based on their charge storage mechanism, SCs are mainly divided into two subclasses: (1)
electric double-layer capacitors (EDLC) and (2) pseudocapac-
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itors [10]. EDLC uses carbon-based materials for electrode
material, further limiting the energy density [11–15]. While
countering that problem, pseudocapacitors provide a high
specific capacity thanks to their redox reaction occurring at
the surface of electrode material [16–19]. Transition metal
derivatives have been extensively used as electrode material
for supercapacitors for their variable oxidation states [20–
24]. However, transition metal hydroxide and transition metal
oxide used as electro-active material in pseudocapacitors provide poor stability in charge–discharge cycling [3,21–27].
In recent years, transition metal chalcogenides are attracting attention as effective electrode materials in pseudocapacitors [5,28]. Several studies have been conducted to
investigate the transition metal chalcogenides which can provide higher energy-specific capacity, better electronic conductivity, and mechanical stability to their corresponding metal
oxides [29]. For instance, metal sulfides, a class of chalcogenides, have shown superior electrochemical performance
due to their higher conductivity, and high theoretical capacity
thanks to their two or more valence states [7,30]. Studies have
proved the higher flexibility of metal sulfide structure by
replacing oxide with sulfide which can be due to the lower electronegativity of sulfur than oxygen [7,31–35]. ZnS has been
gaining attention in commercial applications such as sensors,
light-emitting diodes, infrared windows, and bio-devices and
mainly as electrode material for energy storage devices due
to their low cost, and high theoretical capacitance, and facile
fabrication processes [36]. In addition, ZnS exhibits a wide
bandgap of 3.5–3.8 eV, a window for the incorporation of
dopant metals as zinc composites. Furthermore, the electrochemical performance of metal sulfides can greatly improve
by employing binary transition metals, thus, exhibiting higher
electrochemical performance than single transition metal sulfides. For example, zinc-cobalt sulfides exhibit a lower optical
band and higher electrical conductivity than their single counterpart transition metal sulfide [31,37]. Hence, it is necessary to
improve the electrochemical performance of pseudocapacitors
by improving their electrode morphology, internal structure,
and surface area [38].
Over the past few years, several weak magnetic and paramagnetic ion-doped semiconductors have attracted great attention [39]. The semiconductor material‘s electrochemical
performance can be improved by doping which ultimately
boosts the electronic transport and spintronic features
[40,41]. Cu2+ is one of the promising metallic candidates to
dope zinc metal involving chalcogenide as both cations have
almost similar ionic radii, an important factor for doping
[42]. Asfaram et al. [43] reported the synthesis and characterization of Cu2+ doped ZnS on activated carbon to utilize in
simultaneous ternary adsorption of dyes. Vijayan et al. [20]
reported the series of cubic-shaped Cu doped ZnS with tuneable colors and multiphoton emission for LED applications.
From the perspective of the aforementioned advantages, we
have synthesized the polyhedron Cu-doped ZnS (ZnS:Cu) on
carbon cloth (CC) using a single step solvothermal process.
Although CuS and ZnS have been widely studied, to the best
of the author’s knowledge, there has been no evaluation of
the electrochemical performance of ZnS:Cu to date. The polyhedron ZnS:Cu structures with higher electroactive sited exhibit the higher specific capacitance of 468F g1 at 1 A g1. The
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ZnS:Cu exhibited higher cycling stability of 90.5 % after 5000
cycles. The well-doped polyhedron ZnS:Cu provides a higher
surface area and synergistic effect of Cu and Zn for high electrochemical performance which may give light to the development of electrode materials for supercapacitor applications.
2. Material and methods
2.1. Chemical and reagents used
Ultra-pure chemicals and reagents were used in the current
study. Zinc nitrate hexahydrate (Zn (NO3)26H2O), copper
nitrate trihydrate (Cu (NO3)23H2O), glycol, thiourea (CH4N2S) were purchased from Sigma Aldrich. All chemicals were
used without further purification. Carbon cloth (CC) was
pre-treated successively with 3 M HCl, ethanol, and deionized
(DI) water to remove the impurities and oxide layer from the
surface.
2.2. Preparation of copper-doped zinc sulfide
In the synthesis, glycol plays an important role in the studies of
morphologies. The facile solvothermal method was used in the
present investigation. For the synthesis of ZnS:Cu, 2 mmol of
zinc nitrate hexahydrate (Zn (NO3)26H2O), and 0.5 mmol of
copper nitrate trihydrate (Cu (NO3)23H2O) were mixed in
40 mL glycol and stirred for 30 min. Sulfur precursor solution
was prepared by dissolving 4 mmol of thiourea (CH4N2S) in
40 mL DI water under stirring. Both solutions were mixed
and stirred following which the total solution of 40 mL and
CC (1 cm  3 cm) was transferred to a 100 mL Teflon lined
stainless steel autoclave and maintained at 150 °C for 10 h.
After gradually cooling to room temperature the CC was carefully washed with deionized water and ethanol several times to
remove any unreacted residues and then dried at 80 °C for 12 h
in a vacuum oven. The process is schematically illustrated in
Fig. 1.
2.3. Characterization
The images were captured using scanning electron microscopy
(SEM, FEI Quanta 450 FEG) equipped with an energy dispersive X-ray (EDX) analyzer. Transmission electron microscopy
was evaluated using TEM, JEOL JEM-2100. The crystallinity
of the samples was examined by X-ray diffraction (XRD,
Rigaku Smart Lab Bruker D2 Phaser) using CuKa radiation.
The elemental composition was evaluated using X-ray photoelectron microscopy (XPS, Physical Electronics PHI 5802)
using monochromatized AlKa radiation.
2.4. Electrochemical studies
For the measurement of electrochemical performance binderfree ZnS:Cu was used as a working electrode), platinum plate
as the counter electrode, and Ag/AgCl as the reference electrode. Cyclic voltammetry (CV), galvanostatic charge–discharge (GCD) measurements, and electrochemical impedance
spectroscopy (EIS) were performed on a CHI 660E electrochemical workstation by using 3 M KOH as an electrolyte.
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3. Result and discussions
3.1. Characterization of Cu-dopes ZnS
Different morphologies can be formed by changing conditions
like solvothermal reaction temperature and time [7]. Here, we
used glycol in solvothermal reaction to report polyhedron-like

3

structures and their effect on electrochemical performance.
The micron-sized polyhedron-like structure is morphologically
shown in Fig. 2. The polyhedron ranges from 1 to 3 mm which
are observed to have an overlapping structure but remained
intact on the surface of the CC. The direct growth of CC
would shorten the diffusion path of ions and electrons. This
could lead ZnS: Cu electrode material to low contact resistance
and high electrochemical properties.

Fig. 1

Schematic diagram illustrating the preparation process for ZnS:Cu on carbon cloth.

Fig. 2

(a-d) SEM images of ZnS:Cu polyhedron-like structure at different magnifications.
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Fig. 3 (a-b) TEM images of ZnS:Cu polyhedron-like structure at
different magnifications and (c) XRD pattern of ZnS:Cu. Inset is
HRTEM image.

To check more details of the structure, TEM was used to
characterize the sample. The sample was sonicated to loosen
and peel off the structures attached to CC for TEM characterizations. Fig. 3(a-b) shows the TEM images of ZnS:Cu. These
images are well-matched with corresponding SEM images

Fig. 4

wherein overlapping structures of the polyhedron were
observed. The high degree of transparency for one layer of
ZnS:Cu confirms the porous nature of the structure. XRD is
the most powerful tool to study the crystallinity and phase
properties of the materials. To avoid the strong impact of
CC peaks, we checked the XRD analysis of the powder sample
(Fig. 3c). The powder sample was prepared by sonicating the
prepared material, ZnS:Cu from CC. The pattern exhibits similar XRD peaks to that of ZnS, indicating the successful formation of the zinc blende structure (JCPDS No. 05–0566)
where the peaks correspond to diffraction at (1 1 1), (2 2 0),
and (3 1 1) planes, respectively. Similar results were found for
Cu-doped ZnS and Mn-doped ZnS investigated by Peng
et al.[44] and Chandrakar et al. [36], respectively. No extra
peak was observed for copper and its related phase in all three
samples, indicating that doping of copper does not change the
zinc sulfide phase structure. However, a small shift was noted
in the peak positions, due to the non-uniform substitution of
Cu ion into Zn ion [45]. The slightly changed lattice spacings
further confirms the doping of Cu atom in ZnS.
EDX was used to study the chemical composition of the
material. Fig. 4 shows the EDX spectrum of the ZnS:Cu sample. The elements Cu, Zn, and S showed a consistent and
homogenous distribution of each element all over the
polyhedron-like structure, signifying that the ZnS:Cu was prepared uniformly. The chemical state and surface composition
were studied by XPS analysis. Fig. 5a shows the survey spectrum of ZnS:Cu. This survey spectrum consists of Cu, Zn, S,
O, and C, indicating the purity of the material. Fig. 5b shows
the high-resolution spectra of dopant Cu 2p. The binding
energy at around 932.6 and 952.5 eV was assigned to Cu
2p3/2 and Cu 2p1/2 peaks, respectively. These two peaks could

(a) SEM image of ZnS:Cu polyhedron-like structure; EDX mapping of (b) Zn, (c) Cu, and (d) S.
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Fig. 5
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XP spectra of the as-prepared ZnS:Cu (a) survey, (b) Cu 2p, (c) Zn2p, and (d) S 2p.

be assigned to Cu2+ species based on available references [45–
47]. Fig. 5c shows the higher resolution spectra of Zn 2p. The
peaks around 1022 and 1045.1 eV corresponds to Zn 2p3/2 and
Zn 2p1/2, which belongs to the Zn2+ oxidation state. Meanwhile, the S 2p region was attributed to S 2p3/2 and S 2p1/2,
indicating the presence of divalent sulfide ions in the composite. All these results indicate the successful construction of Cu
doped ZnS on CC.
3.2. The electrochemical evaluation for Cu-doped ZnS electrode
A three-electrode setup was arranged to investigate the electrochemical performance of Cu-doped ZnS. Cyclic voltammetry
(CV) tests for ZnS:Cu was carried out at a potential window
range of 0–0.5 V vs Ag/AgCl at a different scan rate of 1,
10, 25, 50, 75, and 100 mV s1. Under similar circumstances,
all CV profiles at different scan rates exhibited a similar trend
(Fig. 6a). With increasing the scan rate from 1 mV s1 to
100 mV s1, the cathodic peaks further shifted toward positive
potential, and the anodic peaks moved toward negative potential which ultimately increased the integrated area of the CV
profile, showing a sign of the polarization effect of electrode
material [48]. The enhanced integrated area of CV profiles
indicates a higher charge storage capacity along with good
recyclability. Fig. 6b depicts the GCD profiles of ZnS:Cu that
are in good agreement with CV profiles. The detailed GCD
curves of ZnS:Cu at different current densities ranging from
1, 2, 4, 8, 10, 15, 20 A g1 in a potential window range of 0–

0.4 V. The non-linear GCD curves may suggest a pseudocapacitive behaviour of the polyhedron Cu-doped ZnS electrode
and the competitive specific capacitance that was calculated
through the following equation:
R
2I Vdt
C¼
mv
here, C (C g1) denotes specific capacity, I (A) stands for current at discharge, V(V) is the potential applied during the evaluation of GCD performance,
m (g) represents the mass of
R
electrode material and dt (s) denotes the change in discharge
time.
The specific capacitance of polyhedron ZnS:Cu calculated
from GCD discharge curves were 468 (1 8 7), 380 (1 5 2), 310
(1 2 4), 250 (1 0 0), 235 (94), 151 (61), 138 (55) F g1 (C g1)
at current density of 1, 2, 4, 8, 10, 15 and 20 A g1, respectively. The polyhedron ZnS:Cu electrode exhibits excellent
capacity retention even at a high current density of 20 A g1
(Fig. 6c). The stability of polyhedron ZnS:Cu was further evaluated at a high current density of 10 A g1 for a 5,000 charge–
discharge cycle. After 5,000 cycles, the ZnS:Cu electrode
showed an outstanding Coulombic efficiency (99.4 %) and
excellent capacitance retention (90.5 %) as shown in Fig. 6d.
During the initial cycles, the Coulombic efficiency of ZnS:Cu
was enhanced from 93.102 % to 99.4 %, with increasing cycles.
This enhanced Coulombic efficiency can be attributed to the
higher inner surface area and better porosity of the electrode
which enhances the mobility of electrolyte ions. The efficient
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Fig. 6 (a) CV curves of ZnS:Cu at different scan rates; (b) GCD curves ZnS:Cu at different current densities; (c) specific capacity and
capacitance of ZnS:Cu at different current densities; (d) capacitance retention of ZnS:Cu during 5,000 GCD cycles.

polyhedron ZnS:Cu electrode material exhibits better electrochemical performance than other ZnS-based electrode materials. For instance, Hou et al. [49] and Ramachandran et al. [50]
synthesize synthesized the ZnS with 83.4 % (2000 cycles) and
86.4 % (2000 cycles), respectively. The decline accounted was
0.0019% reduction after each cycle which might be due to
the decrease in outer surface area and lesser active sites. However, that decline in specific capacitance was controlled by
enhancing the diffusion rate as illustrated above.

Fig. 7

Nyquist plots of ZnS:Cu.

The electrode kinetics was better explained by conducting
EIS evaluation at a frequency range of 100–0.01 kHz as shown
in Fig. 7. The intercept of the x-axis at the high-frequency
region is better known as equivalent series resistance (ESR)
[51]. The polyhedron ZnS:Cu electrode exhibits a low ESR
value of 1.68 ohm, suggesting a better transfer rate of electrons
in an electrode. The absence of the semicircle region known as
Rct (charge transfer resistance) was not observed, suggesting
the low faradic rate charge–discharge could be the reason.
The electrochemical performance of the ZnS:Cu electrode
was compared with other reported data as shown in Table 1,
highlighting the incentives of the polyhedron structure directly
attached to CC.
The better electrochemical performance of polyhedron
ZnS:Cu can be dedicated to the following reasons: (1) the
interconnected polyhedron structure might provide continuous
channels and efficient active sites for electrolytes; (2) the
binder-free and direct growth of active materials on CC design
of electrode facilitates a less resistive, rapid charge transfer and
better conductivity; (3) the doping of copper on ZnS contributes to the morphological variation of the electrode that
elevated the overall electrochemical performance; (4) the polyhedron ZnS:Cu structure remained interconnected, which
ensures the long cycling stability with a minimal fading. Further, the Nyquist plot confirmed the low resistance, a hint
for better retention with no diffusion restriction in log-term
stability [69]. Moreover, we schematically elaborated the ion
transport mechanism in Fig. 8, which explains the higher conductivity and OH– ions kinetics at the electrochemical active
ZnS:Cu electrode.

Glycol-assisted Cu-doped ZnS polyhedron-like structure as binder-free novel electrode materials
Table 1
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Comparison of electrochemical performance of ZnS:Cu with other works.

Samples

Electrolyte
(KOH)

Capacity
(mAh/g)

ZnS:Cu

3 M KOH

ZnO NPs

LiPF6

ZnO/carbon

1 Na2SO4

ZnO–Co3O4

3 M KOH

ZnO@NiO

3 M KOH

ZnO@PdO/Pd

3 M KOH

N-doped NiS hollow shell

1M

NiS/carbon aerogels

2M

NiS/N-doped carbon

2M

Ni7S6/rGO

2M

Ni3S2  NiS nanowires

3M

468F g1
at 1 A/g
330F g1
at 0.1 A/g
92F g1
at 2.5 A/g
83F g1
at 0.5 A/g
74F g1
at 0.5 A/g
69F g1
at 0.5 A/g
143
at 1 A/g
118
at 1 A/g
144
at 1 A/g
167
at 3 A/g
/

NiSe2 porous nanosheets

1M

NiP2/Ni hollow spheres
NiSe/rGO
CoNi2S4/carbon nanotube
rGO/CoNiSx/
NAC
ZnS/NiCo2S4/Co9S8 nanotubes
CoS hollow nanoboxes

2M
6M
2M
3M
2M
2M

78
at 3
161
at 1
142
at 1
170
at 1
157
at 1
225
at 1
150
at 1

A/g
A/g
A/g

Reference
138F g1
(20 A/g)
/

This work

/

[53]

/

[54]

/

[55]

/

[56]

103
(20 A/g)
62
(20 A/g)
75
(20 A/g)
97
(20 A/g)
123
(20 A/g)
55
(20 A/g)
104
(10 A/g)
114
(10 A/g)
/

[57]

[52]

[58]
[59]
[60]
[61]
[62]
[63]
[64]
[65]

A/g
A/g
A/g
A/g

140
at 10 A/g
102
at 20 A/g
89
(20 A/g)

[66]
[67]
[68]

4. Conclusion

Fig. 8 Schematic diagram of the mechanism involved in the high
performance of unique ion diffusion-favoured ZnS:Cu polyhedron
and their interaction with the electrolyte.

We have synthesized the polyhedron Cu-doped ZnS (ZnS:Cu)
structure on carbon cloth using a single-step hydrothermal
process. A highly interconnected polyhedron shaped ZnS:Cu
successfully functioned as positive electrode material when
assessed in KOH electrolyte for supercapacitor application.
The polyhedron ZnS:Cu structures offered higher electroactive
sites, and the electrode exhibited the high specific capacitance
of 468F g1 at 1 A g1. The ZnS:Cu exhibited high cycling stability of 890.5 % after 5000 cycles (0.0019 % reduction after
each cycle). The better electrochemical performance and higher
cycling stability of ZnS:Cu can be devoted to the interconnected polyhedron structures, doping of Cu in ZnS, and
binder-free electrode design. This work will provide insights
into the Cu-doped ZnS electrode material for nextgeneration supercapacitors.
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