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a  b  s  t  r  a  c  t

Unique  two-dimensional  (2D)  porous  nanosheets  with overwhelmingly  rich  channels  and  large specific
surface  area  exhibit  superior  electrochemical  capacitance  performance,  as  compared  to  the  conventional
zero-  and  one-dimensional  counterparts.  As  ternary  transition  metal  sulfides  (TMSs)  are  well  recognized
for  their  high  electrochemical  activity and  capacity,  and  the  replacement  of  oxygen  with  sulfur  may  result
in  high  stability  and  flexible  properties  of  the nanomaterials,  as  compared  to transition  metal  oxides,
herein  we  report  the  synthesis  of  2D  porous  nanosheet  arrays  of  ZnxCo1-xS (x  = 0, 0.25,  0.5,  0.75,  and  1)
via  a facile  hydrothermal  process.  Due  to the  synergistic  effect  of the  metal  components  and  a  unique
2D  porous  structure,  the Zn0.5Co0.5S electrode  was  found  to stand  out as the  best  among  the  series,  with
a  high  specific  capacity  of  614  C  g−1 at 1 A  g−1 and  excellent  cycle  retention  rate  of  90 % over  10,  000
cycles  at 10  A  g−1. Notably,  a supercapattery  based  on  a Zn0.5Co0.5S positive  electrode  and  an  activated
Electrochemical energy storage carbon  (AC)  negative  electrode  (Zn0.5Co0.5S//AC)  was  found  to  display  a 1.6  V  voltage  window,  a  61  mA  h
g−1 specific  capacity  at  1 A  g−1, a 49 Wh kg–1 energy  density  at 957  W  kg–1 power  density,  and  excellent
cycling  performance  (88  % over  10, 000  cycles),  suggesting  tremendous  potential  of  Zn0.5Co0.5S in  the
development  of high-performance  supercapattery  devices.

© 2021  Published  by Elsevier  Ltd on behalf  of The  editorial  office  of Journal  of  Materials  Science  &
Technology.
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1. Introduction

Development of clean, efficient, and sustainable energy conver-
sion/storage technologies has been stimulating extensive research
interest, largely because of the potential applications in diverse
areas, in particular, mobile electronics and transportation [1–3].
Among these, supercapacitors (SCs) represent an efficient and
environmentally friendly technology, which features rapid charge-
discharge dynamics, favorable power density, and extended cycle
life [4,5]. At present, SCs are divided into two types based on charge
storage mechanism. The first is electrical double layer capacitors
(EDLC) that rely on non-faradaic charging/discharging of the elec-
trode double layer, and the second is pseudocapacitors (PCs) based
on faradaic reactions that occur on the electrode surface. Both

EDLCs and PCs have the problem that the energy density (E) is much
lower than that of batteries, which greatly limits their practical
application potential and field. According to the calculation formula
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f energy density for capacitors (E = 0.5CV2), the rational design of
he positive and negative electrode configuration to broaden the
verall working voltage (V) is helpful to improve the energy den-
ity of the capacitors. Hybrid supercapacitors (HSCs), also known
s supercapatteries, which are assembled from electrode materials
ith two different storage mechanisms (e.g., EDLC on one elec-

rode and PCs on the other) [6–9]. Supercapatteries represent a
nique design by combining the characteristics of rechargeable
atteries and supercapacitors, and are generally assembled using
edox battery-type materials as one electrode and EDLC materials
s the other electrode [10,11]. Notably, the energy/power density
f supercapatteries can be readily manipulated by the design and
ngineering of the nanostructured electrode materials.

One commonly used material for electrodes of supercapatterie
s transition metal oxides (TMOs), e.g., Co3O4 [12], NiO [13,14],

nO2 [15], and ZnO [16]. Although TMOs exhibit a high specific
apacitance and overwhelmingly rich Faraday redox reactions, the

lectrical conductivity and rate performance in general remain
nsatisfactory. To mitigate the issues, bimetallic oxides, such as
iCo2O4 [17], NiMn2O4 [18], CuFe2O4 [19], and CoMn2O4 [20], have
een used as electrode materials. Recently, transition metal sul-
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Scheme 1. Schematic of the 

fides (TMSs) have caught the attention of researchers in various
fields, such as energy storage/conversion, solar cell, gas sensors,
and nanoreactors, due to their unique physical and chemical prop-
erties, such as superior electrical conductivity and thermal stability
[21–27]. Some supercapatteries have likewise been fabricated by
using (TMSs) as electrode materials, such as CoS2 [28], Ni3S2 [29],
Co9S8 [30], and ZnS [31]. Compared to its oxide counterparts, TMSs
present higher conductivity due to the replacement of oxygen with
sulfur atoms produced a more flexible structure allowing easy
electron transport lower electronegativity and lower band-gaps
[32–34]. More recently, ternary TMSs, such as NiCo2S4 [35], CoNiS2
[28], MnCo2S4 [36], and FeNi2S4 [37], have also been studied, due to
the synergistic effect between the different metal species. Simul-
taneously, ternary TMSs have much lower optical band gap and
much higher conductivity compared to their single TMSs coun-
terparts [38]. For instance, zinc cobalt sulfide (ZnCoS) has been
found to exhibit satisfactory electrochemical performance, due to
its narrow optical band gap, ultrahigh electrical conductivity, and
synergistic effect between the Co and Zn species [39]. For instance,
Wu and co-workers [32] prepared hierarchical Zn0.76Co0.24S flow-
ers on nickel foam and observed a 1906 F g−1 specific capacitance
at 1 A g−1. In another study [40], Zn0.76Co0.24S@Ni3S2 core-shell
nanosheets were synthesized on nickel foam, and exhibited a 1209
C g−1 specific capacitance at 2 A g−1.

Herein, we report the preparation of porous ternary ZnxCo1-xS (x
= 0, 0.25, 0.5, 0.75, and 1.0) nanosheet arrays via a facile hydrother-
mal  method that exhibit outstanding electrochemical performance,
as compared to the individual sulfides. This is mainly ascribed to the
following structural characteristics: (i) the unique 2D porous struc-
ture provides abundant channels for rapid mass transfer; (ii) the Co
and Zn centers in the bimetallic compound provide rich redox reac-
tions; and (iii) TMSs produce a softer structure than TMOs, because
sulfur possesses a lower electronegativity than oxygen. Among the
series of samples, Zn0.5Co0.5S exhibits the highest specific capac-
itance and excellent cycle stability. A supercapattery device was
assembled with Zn0.5Co0.5S as the positive electrode and activated
carbon (AC) as the negative electrode, which achieved an ultrahigh
energy/power density and ultra-long cycle stability.

2. Experimental section

2.1. Materials
Thiourea (CH4N2S), cobalt nitrate hexahydrate
(Co(NO3)2·6H2O), zinc nitrate hexahydrate (Zn(NO3)2·6H2O),
potassium hydroxide (KOH) and polyvinylidene fluoride (PVDF)

m
8
o
c

200
etic procedure of ZnxCo1-xS.

ere purchased from Kelon in Chengdu, China. Foam nickel (NF)
s a current collector was  purchased from Jiayisheng Company.
ommercial activated carbon (AC) was  purchased from Nanjing
ioneer Nano Technology Co., Ltd. All chemicals were of analytical
rade and used with no further purification.

.2. Sample preparation

ZnxCo1-xS samples were synthesized by a simple hydrothermal
rocedure (Scheme 1). Briefly, a solution was first prepared by dis-
olving Zn(NO3)2 and Co(NO3)2 (2 mmol  each) in deionized water
40 mL)  under magnetic stirring, and mixed with another solution
ontaining 4 mmol  of CH4N2S in 40 ml  of deionized water under
igorous stirring. The resultant solution was  then transferred into a
eflon-lined stainless steel autoclave (100 mL,  Anhui Kemi Machin-
ry Technology Co., Ltd.) and subject to hydrothermal treatment at
50 ◦C for 12 h. After the solution cooled down naturally to ambi-
nt temperature, the sample was  rinsed with ethanol and deionized
ater multiple times, and dried at 60 ◦C in a vacuum oven for 24 h,

ffording Zn0.5Co0.5S nanomaterials. ZnxCo1-xS samples from other
n/Co molar ratios (i.e., 1:0, 1:3, 3:1, and 0:1) were also synthesized

n the same manner.

.3. Characterizations

Scanning electron microscopy (SEM) studies were carried out
ith a HITACHI S-4800 field-emission scanning electron micro-

cope (FESEM), and transmission electron microscopy (TEM)
tudies with a Tecnai G2 F20 S-Twin microscope operated at 200
V. X-ray diffraction (XRD) and X-ray photoelectron spectroscopic
XPS) studies were performed with a Bruker D8 Advance powder
iffractometer and an ESCALAB250Xi spectrometer, respectively.
itrogen adsorption-desorption isotherms were acquired with a
icromeritics ASAP 2020 analyzer.

.4. Electrochemical performance

Half-cell measurements were conducted in a three-electrode
onfiguration with an aqueous solution of 2 M KOH with a CHI
60E electrochemical workstation, using a saturated calomel elec-
rode (SCE) as the reference electrode and a platinum mesh as the
ounter electrode. To prepare the working electrode, the ZnxCo1-xS
btained above, acetylene black and PVDF were dissolved in N-

ethyl 2-pyrrolidinone (NMP) at the respective mass fraction of

0 %, 10 %, and 10 %, and the uniformly mixed slurry was  deposited
nto a piece of nickel foam (1 cm × 1 cm)  and fixed by a motor
lamp, corresponding to a ZnxCo1-xS loading of ca. 1.5 mg cm–2.
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Fig. 1. Representative SEM images of (a-d) Zn0.5Co0.5S, (e-f) Z

Impedance measurements were carried out at the open-circuit
voltage with the frequency varied from 0.01 Hz to 100 kHz. Cycling
stability of the active materials was evaluated using a LANHE test
equipment. The specific gravimetric capacity (Q, C g–1) of the elec-
trode was estimated by Eq. (1) [41],

Q = 2I
∫
Vdt

m�V
(1)

with I being the electrode current, �V  the fixed potential range, m
the content of the active material on the NF, and

∫
V·dt the integral

area under the discharge curve.

2.5. Cell performance measurements

A supercapattery device was assembled consisting of a
ZnxCo1-xS anode and a commercial AC cathode. Full-cell tests were
implemented in a two-electrode configuration with a CHI 760E
Electrochemical Workstation in 2 M KOH in water. The optimal
ratio of the mass loadings between ZnxCo1-xS (m+) and AC (m−)
was determined by Eq. (2),

m+

m− = C− × �V−

C+ × �V+ (2)

where C is the specific capacitance, and V the potential window.
Three parameters were used to quantify the performance of the
supercapattery, specific capacity (Cs, mAh  g–1), energy density (E,
Wh kg–1), and power density (P, W kg–1) [42],

Cs = 2I
∫
Vdt

3.6 m�V
(3)

E = I
∫
Vdt

3.6m
(4)
P = 3600 × E

�t
(5)

where I, m, t, �V  and
∫

V·dt represent the current, combined mass
loading of the anode and cathode active materials, discharge time,

0
a
(
w

201
o0.75S, (g-h) Zn0.75Co0.25S, (i-j) CoS, and (k-l) ZnS nanosheets.

otential window, and the integrated area enclosed by the dis-
harge curve, respectively.

. Results and discussion

A series of ZnxCo1-xS (x = 0, 0.25, 0.5, 0.75, and 1) nanosheet
rrays were prepared by a facile hydrothermal procedure at 150 ◦C
t controlled Zn(NO3)2/Co(NO3)2 feed ratios along with thiourea.
he structures of the ZnxCo1-xS nanosheets were first character-

zed by SEM and TEM measurements. From the low-magnification
EM images in Fig. 1(a, b), the Zn0.5Co0.5S sample can be seen
o display a 2D nanosheet array structure, which entailed a uni-
orm porous nanostructure formed by the disorderly stacking of

any fine nanosheets of about 30 nm in thickness, as revealed in
igh-resolution SEM images (Fig. 1(c, d)). ZnxCo1-xS samples pre-
ared at other Zn/Co atomic ratios showed a similar 2D porous
anosheet structure (Figs. 1(e)-(l) and S1). The porous nanosheet
tructure of the Zn0.5Co0.5S sample can also be seen in TEM
tudies (Fig. 2(a)), which was composed of a large number of
akes. High-resolution TEM studies (Fig. 2(b)) clearly show the

ormation of ultra-thin, wrinkled nanosheets of about 30 nm in
hickness. From the selected area electron diffraction (SAED) pat-
erns (Fig. 2(c) inset), the lattice spacing was quantified to be 0.31,
.19, and 0.16 nm,  corresponding to the (111), (220), and (311)
acets of Zn0.5Co0.5S (JCPDS No.47–1656). The lattice fringes can
lso be clearly resolved in high-magnification TEM measurements
Fig. 2(c)), where the interplanar distances of 0.31 nm and 0.19
m were readily resolved. Fig. 2(d)-(k) shows the TEM images of
ther samples in the series, which exhibited similar morphology
nd structure.

XRD measurements were then carried out to further character-
ze the obtained samples. From Fig. 3(a), the ZnxCo1-xS (x = 0.25,

.5, 0.75, and 1) samples can be seen to display three major peaks
t 2� = 29.0◦, 48.1◦, and 57.1◦, which can be ascribed to the (111),
220), and (311) diffractions of Zn0.76Co0.24S (JCPDS No. 47-1656,
ith lattice constants of a = b = c =5.39 Å) and ZnS (JCPDS No. 05-
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Fig. 2. TEM images of (a-c) Zn0.5Co0.5S, (d, e) Zn0.25Co0.75S, (f, g) Zn0.75Co0.25S, (h, i) CoS, and (j, k) ZnS nanosheets. Panel (b) inset is a zoom in of the boxed area. Top inset to
panel  (c) is the corresponding SAED patterns, and the bottom insets are the zoom in of the boxed areas.

Fig. 3. (a, b) XRD patterns and (c) crystal structure diagram of the ZnxCo1-xS nanosheets.
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Fig. 4. (a) Full-survey spectrum of Zn0.5Co0.5S nanosheets, and the corresponding
adsorption-desorption isotherm and (f) pore size distribution of Zn0.5Co0.5S nanosh

0566, with lattice constants of a = b = c =5.41 Å) with F-m43 group
symmetry [43,44]. Additional diffraction peaks can be seen at 2� =
30.9◦ (100), 35.7◦ (101), 47.2◦ (102), and 54.9◦ (110) for CoS (JCPDS
No.75−0605, with lattice constants of a = b =3.38 Å and c =5.15
Å) with P63/mmc group symmetry, respectively [45]. One can see
that the position and intensity of the diffraction peaks of ZnxCo1-xS
are very close to those of ZnS, suggesting a similar crystalline lat-
tice. It is well known that the ionic radius of Zn2+ (74 pm)  is only
marginally larger than those of Co2+ and Co3+ (74 vs. 69 and 61
pm). Therefore, it is most likely that ZnxCo1-xS (x = 0.25, 0.5, and
0.75) nanosheets were synthesized by the replacement of Zn2+ in
ZnS with Co2+/Co3+ [45]. Compared with the standard diffraction
patterns, the diffraction peaks of ZnS and Zn0.5Co0.5S nanosheets
(Fig. 3(b)) can be found to shift to a higher angle, suggesting macro-
scopic residual stress inside the materials (rather than the error of
the instrument) [46,47]. In addition, all the diffraction peaks of ZnS
appear at a larger angle than those of Zn0.5Co0.5S, indicating that
Co ions successfully replaced Zn ions in ZnS. Due to the inclusion
of heteroatoms that were smaller than the host atoms, the lattice
constants became smaller and the XRD diffraction peaks shifted to
a larger angle. Fig. 3(c) shows the crystal structure of ZnxCo1-xS. The
interplanar spacing (d) of Zn0.5Co0.5S was estimated by the Bragg
equation,

2dsin� = n�(n = 1, 2, 3. . .)(6)

where �, n, and � denote the diffraction angle, reflection order
(n = 1, 2, 3, . . .),  and X-ray wavelength (� =0.15406 nm). Based
on Eq. (6), the interplanar spacings of the diffraction peaks at 2�
= 29.0◦, 48.1◦, and 57.1◦ were estimated to be 0.31, 0.19 and 0.16
nm,  respectively, consistent with results from TEM measurements

(Fig. 2). These results show that the ZnxCo1-xS samples were indeed
successfully synthesized.

The valence states and surface elemental composition of the
ZnxCo1-xS nanosheets were then analyzed by XPS studies. Fig. 4(a)

2
t
(

203
-resolution XPS scans of the (b) Co 2p, (c) Zn 2p, and (d) S 2p electrons. (e) N2

hows the full spectrum of the Zn0.5Co0.5S nanosheets, where the
lements of Zn (1022 eV), Co (781 eV), and S (163 eV) can be
learly resolved (the C signals at 284 eV and O at 531 eV most
ikely arose from H2O and CO2 impurities) [48]. Deconvolution of
he high–resolution scan of the Co 2p electrons (Fig. 4(b)) yields
wo  doublets at the binding energies of 2p3/2/2p1/2 = 781.2/797.1
V for Co3+ and 782.7/798.9 eV for Co2+, along with two satellite
eaks (787.4 and 803.6 eV) [39] The high-resolution scan of the
n 2p electrons (Fig. 4(c)) entails two main peaks at 1022.2 and
045.2 eV, due to the 2p3/2 and 2p1/2 electrons of Zn2+, respectively
49]. Similarly, deconvolution of the S 2p high-resolution spectrum
Fig. 4(d)) yielded two peaks at (2p3/2) 163.5 and (2p1/2) 164.7 eV
f S2− [50]. Additionally, from the integrated peak area, the atomic
atio of Zn/Co in the Zn0.5Co0.5S sample can be estimated to be 1.2,
lose to the initial feed ratio.

The porosity of the ZnxCo1-xS nanosheets was then examined
y nitrogen adsorption-desorption analysis. The Zn0.5Co0.5S sam-
le can be seen to display a type IV isotherm with an obvious
3 hysteresis loop (Fig. 4(e)), suggesting the formation of meso-
ores and capillary condensation in the material [51]. Fig. 4(f)
hows the distribution curve of the pore size based on the Barrett-
oyner-Halenda (BJH) model, where the pore size of the Zn0.5Co0.5S
ample is mainly distributed between 3 and 50 nm, suggesting the
bsence of macropores and micropores. The specific surface area
f the Zn0.5Co0.5S nanosheets was estimated to be 43.64 m2 g–1,
verage pore diameter 3.71 nm,  and pore volume 0.18 m3 g–1, a
nique feature conducive to the electrochemical capacitance per-

ormance.
The half-cell electrochemical tests of the prepared samples were

hen conducted in a three-electrode set-up in a water solution of

 M KOH. Fig. 5(a) shows the CV curves of the ZnxCo1-xS elec-
rodes at the potential sweep rate of 40 mV  s–1 in 0 to 0.6 V
vs. SCE). All samples can be seen to display a pair of voltamme-
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Fig. 5. (a) CV curves of the ZnxCo1-xS nanosheets at the potential sweep rate of 40 mV  s−1. (b) CV curves of the Zn0.5Co0.5S nanosheets with the potential sweep rate varied
S elec
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from  10 to 100 mV  s−1. (c) Plot of cathodic and anodic peak currents of the Zn0.5Co0.5

(i)  and log (v) of the Zn0.5Co0.5S electrode. (e) Capacitive and diffusion-controlled c
the  capacitive contribution of the Zn0.5Co0.5S electrode at various potential sweep r

try peaks, most likely arising from battery-type Faraday reactions
[44],

ZnS + OH−↔ ZnSOH + e− (7)

CoS + OH−↔ CoSOH + e− (8)

ZnxCo1-xS + OH−↔xZnSOH + (1-x)CoSOH + e− (9)

CoSOH + OH−↔ CoSO + H2O + e− (10)

Notably, the peak current and integral area of the CV curves of
the Zn0.5Co0.5S electrode are significantly greater than those of the
other four samples. This means that the Zn0.5Co0.5S electrode has a
more active redox reaction and a higher capacity, which likely arose
from the synergistic interactions within the multi-metallic system
[39]. From Fig. 5(b), one can see virtually no change of the shape of
the CV curve when the potential sweep rate is increased from 10 to
100 mV  s–1. This indicates that the Zn0.5Co0.5S electrode has excel-
lent reversibility and rate performance. In addition, at increasing
scan rates, the anode and cathode peaks shift only slightly to the
positive and negative directions, indicative of low charge-transfer
resistance and fast redox reactions of the Zn0.5Co0.5S electrode, in
comparison to other electrodes (Fig. S2). Fig. 5(c) shows the linear
regression of the peak current (i) and the square root of the poten-
tial sweep rate (v1/2). It can be seen from the fitting in the figure that
the electrochemical current of the sample is diffusion-controlled.

To study the dynamics of the Zn0.5Co0.5S electrode, the depen-
dence of the peak current (i) on the corresponding scan rate (v) can
be expressed by Eq. (11) [52],

i=avb (11)

with a and b being fitting constants. b also represents the reaction

kinetics,

b = log i − log a

log v
= log i

logv
− logva (cons tan ts )� (12)

d
a
o
i
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trode with the square root of the potential sweep rate. (d) Linear regressions of log
utions to the total current of the Zn0.5Co0.5S electrode at 10 mV s−1. (f) Fraction of

At b = 1, the energy storage is controlled by the surface capaci-
ance; whereas at b = 0.5, it suggests a diffusion-controlled process
53]. According to the linear relationship (Fig. 5(d)), the b value
as estimated to be 0.58 for the anodic sweep and 0.54 for the

athodic sweep, which implies that charge storage is largely deter-
ined by diffusion-controlled Faraday processes and capacitance

ffects. These two contributions can be quantified by Eqs. (13) or
14) [52],

(v) =k1v+k2v1/2 (13)

(v)/v1/2=k1v1/2+k2 (14)

Fig. 5(e) shows that approximately 42 % of the charge stor-
ge at the potential sweep rate of 10 mV  s–1 arose from the
iffusion-controlled process. At increasing potential sweep rate,
he capacitance contribution increases accordingly, whereas the
iffusion-controlled component diminishes (Fig. 5(f)). This verifies
hat the capacitive effects are dominant at high scan rates.

Fig. 6(a) presents the galvanostatic charge-discharge (GCD) pro-
les of the ZnxCo1-xS electrodes at 4 A g–1 current density, which
ll show a clear charge-discharge platform at 0 to 0.45 V. This is
ompletely different from the isosceles triangle shape characteris-
ic of a conventional EDLC [54]. This result indicates that Faraday
eactions indeed occurred at the three electrodes (Eqs. 7–10). In
ddition, the Zn0.5Co0.5S electrode shows a longer charge-discharge
ime and a greater integrated area under the discharge curve at the
ame current density (4 A g–1) and potential window (0 to 0.45 V)
han the other electrodes, suggesting a larger specific capacitance
or the Zn0.5Co0.5S electrode. Fig. 6(b) shows the GCD curves of the
n0.5Co0.5S electrode with the current density varied from 1 to 10

 g–1, and Q (Fig. 6(c)) was  calculated to be 614 C g–1 at the current

ensity of 1 A g–1, 584 C g–1 at 2 A g–1, 551 C g–1at 4 A g–1, 526 C g–1

t 6 A g–1, 500 C g–1 at 8 A g–1 and 478 C g–1 at 10 A g– 1. A decrease
f the specific capacitance of the electrode can be seen with an

ncrease of the current density, likely thanks to the concentration
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Fig. 6. (a) GCD profiles of the ZnxCo1-xS nanosheets at the 4 A g−1 fixed current d
the  specific capacity of the ZnxCo1-xS electrodes at various current densities. (d) Spe
electrodes. Top inset to panel (e) is the equivalent circuit, whereas the bottom inset

polarization effect of the electrode, so that the active material can-
not fully facilitate the redox reaction [44]. The GCD curves of the
other electrodes were included in Fig. S3, and the corresponding Q
was calculated and included in Fig. 6(c). At the current density of
10 A g–1, the ZnS, Zn0.75Co0.25S, Zn0.5Co0.5S, Zn0.25Co0.75S, and CoS
electrodes can be seen to still retain 62 %, 71 %, 78 %, 71 %, and 63 %
of the mass specific capacitance at 1 A g–1, respectively, indicating
excellent rate performance.

Long-term stability is a key parameter for the safe operation and
service life of the electrodes in practical applications. Therefore, the
cycle stability of the ZnxCo1-xS samples was tested by repeated GCD
measurements at 10 A g–1. From Fig. 6(d), the capacity retention
rates of the ZnS, Zn0.75Co0.25S, Zn0.5Co0.5S, Zn0.25Co0.75S, and CoS
electrodes after 10, 000 cycles were determined to be 71 %, 86 %, 90
%, 88 %, and 78 %, respectively, indicating outstanding cycle stability.
Additionally, the Zn0.5Co0.5S electrode shows better cycle stabil-
ity than the other electrodes. One may  notice that the capacity of
these electrodes increased slightly during the first few thousands of
charge-discharge cycles, and then gradually decreased, suggestive
of activation of the electrode materials in the initial scans [44,53].
Notably, in comparison with TMSs and TMOs reported recently in
the literature, the Zn0.5Co0.5S electrode can be seen to exhibit an
outstanding electrochemical performance (Table S1).

Electrochemical impedance spectroscopy (EIS) measurements
were then conducted to further explore the charge transfer kinet-
ics and the results were compared. Fig. 6(e) shows the Nyquist plots
of the ZnxCo1-xS electrodes at the open-circuit voltage in the fre-
quency range of 0.01 Hz to 100 kHz. From the fitting of the EIS
data (the corresponding equivalent circuit is depicted in the top
inset to Fig. 6(e)), the charge transfer resistances (Rct) was  esti-
mated to be 6.64 � for ZnS, 3.31 � for Zn0.75Co0.25S, 0.13 � for
Zn0.5Co0.5S, 3.58 � for Zn0.25Co0.75S, and 5.12 � for CoS, with a

respective solution resistance (Rs) of 1.13, 0.58, 0.55, 0.57 and 0.99
�. That is, Zn0.5Co0.5S exhibited the lowest charge-transfer resis-
tance among the series. Furthermore, at low frequencies, the linear

a
t
t

205
. (b) GCD curves of the Zn0.5Co0.5S nanosheets at 1 to 10 A g−1. (c) Comparison of
apacity over 10, 000 GCD cycles at 10 A g−1, and (e) Nyquist plots of the ZnxCo1-xS
oom in of the low-impedance region.

egment of Zn0.5Co0.5S exhibited a greater slope than those of the
ther samples, indicating a faster diffusion rate of OH− [55,56].
aken together, these observations are consistent with results from
he GCD and CV tests, where the Zn0.5Co0.5S sample exhibited the
est performance among the series.

The high performance of the Zn0.5Co0.5S electrode may  be due
o the following structural characteristics. (i) 2D porous nanosheets
ith a rich pore structure and large electrochemical surface area

rovide ready accessibility of a large number of reaction active sites.
ii) CoS and ZnS have a similar crystal structure, and the chemical
roperties of Co and Zn atoms are very similar, which makes it pos-
ible to form bimetallic sulfide and enhance the electrochemical
roperties due to the synergistic effect of the metal centers. (iii)
ernary transition metal sulfides have high electrochemical activ-

ty and capacity due to redox reactions caused by various oxidation
tates and high electrical conductivity. It is also highly stable and
exible, as compared to metal oxides because sulfur is less elec-
ronegative than oxygen.

To assess the practical application of the samples, ZnxCo1-xS//AC
upercapattery devices were assembled by using the ZnxCo1-xS
anosheets (with a battery-type energy storage mechanism) as the
ositive electrode (ZnxCo1-xS/NF) and AC (with an electric double-

ayer energy storage mechanism) as the negative electrode (AC/NF)
n 2 M KOH in water (Fig. 7(a)). The supercapacitor energy density
E = 0.5CV2) can be improved by increasing the capacitance (C) per
nit mass and the working potential window (V) of the samples.
herefore, the capacitive properties of the AC electrode were also
ssessed in a three-electrode configuration. From Fig. S4(a), all CV
urves can be seen to show a rectangular shape at potential sweep
ates up to 100 mV  s–1, which is consistent with the capacitance
haracteristics of the electrical double-layer energy storage mech-
nism [57]. The corresponding GCD curves (Fig. S4(b)) do not show
 charge-discharge platform at current densities up to 10 A g–1 in
he potential range of -1 to 0 V. Based on these data, the AC elec-
rode was found to exhibit a specific capacitance of 133 C g–1 at 1
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Fig. 7. (a) Structural schematic of the ZnxCo1-xS//AC supercapattery. (b) CV curves of the Zn0.5Co0.5S and AC electrodes at the fixed potential sweep rate of 10 mV s−1. (c)
CV  curves at the potential sweep rate of 40 mV s−1 and (d) GCD profiles at 4 A g−1 current density of the Zn0.5Co0.5S//AC supercapattery in varied potential windows. (e)

ties of
Co0.5S

p
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CV  at different potential sweep rates and (f) GCD profiles at different current densi
ZnxCo1-xS//AC supercapatteries with current density. (h) Nyquist plots of the Zn0.5

zoom  in of the low-impedance region.

A g−1, 126 C g–1 at 2 A g−1, 119 C g–1 at 4 A g−1, 112 C g–1 at 6
A g−1, 108 C g–1 at 8 A g−1, and 107 C g–1 at 10 A g−1 (Fig. S4(c)).
Therefore, the optimal mass ratio between Zn0.5Co0.5S and AC in the
supercapattery was calculated to be 0.36 at 1 A g–1 current density
(details in the Supporting Information). Therefore, the actual mass
loadings of the active material and AC were fixed at 1.5 and 4.2 mg
cm–2, respectively.

Fig. 7(b) depicts the CV profiles of the Zn0.5Co0.5S and AC
electrodes at the potential sweep rate 10 mV  s–1. With a poten-
tial window of 0 to 0.6 V for the Zn0.5Co0.5S electrode and
-1 to 0 V for the AC electrode, the range of potential of the
Z0.5C0.5S//AC supercapattery was set at 0–1.6 V. This is confirmed
in two tests. Fig. 7(c) shows the CV curves of the supercapat-
tery at the potential sweep rate of 40 mV  s–1 within various
potential ranges. At potentials beyond 1.7 V, the device began
to produce polarization. Subsequently, the GCD profiles of the

–1
supercapattery were collected at 4 A g in various potential win-
dows (Fig. 7(d)). When the charging voltage exceeded 1.6 V, it
was sometimes difficult to increase the voltage while continu-
ing to charge the device. Based on the above results, the final

a
A
v

206
 the Zn0.5Co0.5S//AC supercapattery. (g) Variation of the specific capacitance of the
//AC supercapattery. Insets to panel (h) are (top) equivalent circuit and (bottom)

otential window of the Zn0.5Co0.5S//AC supercapattery was  set
t 0–1.6 V, and CV curves were obtained at different scan rates
Fig. 7(e)), which are composed of a narrow curves (0 to 0.8 V)
ith a low current response and broad curves (0.8–1.6 V) with

ymmetrical peaks, featuring both capacitance and battery-type
ehaviors [58,59].

At increasing sweep rate, the CV curves did not show a sig-
ificant change of the shape, indicating high electrochemical
eversibility and excellent rate performance of the supercapattery.
n fact, all GCD curves (1–10 A g–1) of the device are neither trian-
ular nor obvious charge-discharge platforms (Fig. 7(f)), suggesting
ombined contributions of two capacitor types, in good agreement
ith the CV results [60]. The device was  found to exhibit a specific

apacity (C) of 61 mA h g–1 at 1 A g–1, 53 mA  h g–1 at 2 A g–1, 42 mA
 g–1 at 4 A g–1, 36 mA  h g–1 at 6 A g–1, 31 mA  h g–1 at 8 A g–1, and
8 mA h g–1 at 10 A g–1. The electrochemical data of supercapatter-

es based on other Zn Co S electrodes are shown in Fig. S5, which
x 1-x

re consistent with the characteristics of the Zn0.5Co0.5S//AC device.
dditionally, to compare their electrochemical performance, the C
alues of these devices were estimated at different current den-



Y. Li et al. Journal of Materials Science & Technology 89 (2021) 199–208

o0.5S/

A

N
a
t
2
a
L
2

A

t
0

R

[
[

[

[

[

[
[
[

[

[

[

[
[
[

[
[

Fig. 8. (a) Reversibility tests of 10, 000 GCD cycles at 10 A g−1 of the Zn0.5C

sities, as depicted in Fig. 7(g). Fig. 7(h) shows the Nyquist plot of
the Zn0.5Co0.5S//AC device in the frequency range of 0.01 Hz to 100
kHz, and fittings based on the equivalent circuit in the Fig. 7(h) inset
yields an Rct of 0.21 � and Rs of 0.59 �,  again, the lowest among
the series of samples.

In order to evaluate the service life of the Zn0.5Co0.5S//AC device,
the cycle stability was probed at 10 A g–1 current density (Fig. 8(a)).
After 10, 000 GCD cycles, the device retained around 88 % of the
initial capacity, suggesting outstanding cycle stability. Note that
for practical applications, energy density (E) and power density
(P) also need to be taken into consideration. One can see that the
Zn0.5Co0.5S//AC device achieved a high energy density of 49 Wh
kg–1 at the power density of 957 W kg–1, and even 23 Wh  kg–1

when the energy density was increased by almost ten folds to 9413
W kg–1. This performance is markedly higher than those of other
ZnxCo1-xS//AC devices (Fig. S6).

The Ragone plot is depicted in Fig. 7(b), where the power and
energy densities of the Zn0.5Co0.5S//AC device can be seen to be
highly comparable to leading results in the literature based on rel-
evant electrode materials, such as ZnCoS//PrGO (17.7 Wh  kg–1 at
435 W kg–1) [47], ZnCo2O4//AC (42.83 Wh  kg–1 at 425 W kg–1) [61],
NiCoS//CC (33.4 Wh  kg–1 at 751.5 W kg–1) [62], CoS//CoS (14.25
Wh kg–1 at 150 W kg–1) [63], NiCo2S4//C (22.8 Wh kg–1 at 160
W kg–1) [64], MnCo2S4//PrOG (31.3 Wh kg–1 at 800 W kg–1) [65],
CuCo2S4//AC (40 Wh  kg–1 at 379 W kg–1) [66]. These observations
suggest that the Zn0.5Co0.5S nanosheets are viable electrode mate-
rials for the development of high-performance supercapatteries.

4. Conclusions

In summary, a series of porous ZnxCo1-xS nanosheet arrays
were prepared via a facile hydrothermal method. Of these, the
Zn0.5Co0.5S electrode displayed a high specific capacitance of 614
C g−1 at 1 A g−1 and excellent cycle retention rate of 90 % after
10, 000 cycles at 10 A g−1, which were superior to other electrodes.
Interestingly, the Zn0.5Co0.5S//AC supercapattery device also exhib-
ited an excellent electrochemical performance, displaying a 49 Wh
kg–1 energy density at 957 W kg–1 power density, and 23 Wh kg–1

at 9413 W kg–1, as well as 88 % retention after 10, 000 cycles. This
remarkable performance was attributed to the following structural
characteristics: (i) the porous nanosheet morphology, (ii) the syn-
ergistic effect between the Co and Zn centers, and (iii) the various
oxidation states in the ternary transition metal sulfides. Results
from this work suggest that design and engineering of ternary
transition metal sulfide nanosheets may  be an effective route to
the production of effective electrode materials for next-generation,
high-performance energy storage technologies.
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