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Abstract. Flower-like CoS hierarchitectures were successfully synthesized through a hydrothermal route in the presence
of ethylenediamine as ligand and structure-directing agent. The structure and morphology of the products were characterized
by X-ray diffraction, transmission electron microscopy, ﬁeld emission scanning electron microscopy and N2 adsorption–
desorption isotherm. Flower-like CoS hierarchitectures are constructed by two-dimensional CoS nanopedals interlaced and
stacked with each other. When tested as electrode material for supercapacitors, the as-fabricated CoS delivers a speciﬁc
capacitance of 357 F g−1 at 0.5 A g−1 . After 2000 repetitive charge–discharge cycles, there is only 12.7% loss of the
original speciﬁc capacitance. The results signify that the CoS supercapacitor possesses good electrochemical performances,
suggesting its potential application in supercapacitor.
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1. Introduction
With the increasing energy consumption and global
warming, it is imperative to search for sustainable and alternative energy conversion and storage device. Supercapacitors,
also named electrochemical capacitors (ECs), were given
great attention by virtue of their ultrafast charge–discharge
ability, long durability, high energy density and pollution
free [1,2]. In terms of charge storage mechanism, ECs can
be normally sorted into two types, pseudocapacitors relied
on Faradic reactions of the modiﬁed-electrode and electrical
double-layer capacitors (EDLCs) involved in charge absorption and diffusion at electrode/electrolyte interface [3]. It is
well-accepted that electrochemical properties of electroactive materials greatly depend on their size, morphology and
architecture. Therefore, many researchers have focussed on
rational designing desirable porous structures, novel heterostructures and complicated hierarchical structures of the
electrode materials to further enhance the capacitive properties [4,5]. For example, the strategy of introducing structuredirecting agents or ligands was extensively employed to
generate electroactive materials effectively with special structures [6–8].
Among transition metal chalcogenides, cobalt sulphide
with various stoichiometric compositions, like CoS, CoS2 ,
Co3 S4 , Co8 S9 were widely explored. Speciﬁcally, CoS is considered as a promising candidate for supercapacitor in terms
of its high reversible redox capability as well as cost effectiveness [9–11]. Up to now, CoS electrode materials fabricated

via different methods have diverse nanostructures or
microstructures and exhibit attractive electrochemical properties. For example, CoS microspheres [12] were produced
through benign hydrothermal route in mixed solvents. CoS
nanosheets [13] electrochemically deposited on nickel foam
could exhibit a high speciﬁc capacitance of 1471 F g−1
at 4 A g−1 in 1 M KOH aqueous electrolyte. Hollow
CoS nanoprisms [14] were prepared by a two-step and
microwave-assisted method. Despite manifold alternative
synthesis ways to obtain CoS material with multiple morphologies, it still remains a challenge for seeking simple,
efﬁcient and environmental-friendly means of acquiring highperformance CoS supercapacitor.
In this work, with the assistance of ethylenediamine
acting as ligand and structure-directing agent, ﬂower-like
CoS hierarchitectures with high purity and single-phase
crystallinity were fabricated via a simple one-step hydrothermal approach. Scanning electron microscopy (SEM)
conﬁrmed that ﬂower-like CoS hierarchitectures were
formed by two-dimensional CoS nanopedals interlaced and
stacked with each other. The as-prepared CoS hierarchitectures showed a speciﬁc capacitance of 357 F g−1 at a
current density of 0.5 A g−1 as electrode material for supercapacitor. After 2000 galvanostatic charge–discharge cycles
at 0.5 A g−1 , the speciﬁc capacitance could retain 87.3%
of its original capacitive value. The resultant CoS hierarchitectures have displayed excellent electrochemical properties, thus, making it applicable for high-performance
supercapacitor.
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2. Experimental
2.1 Preparation of ﬂower-like CoS hierarchitectures
Co(CH3 COO)2 ·4H2 O, thiourea, ethylenediamine and ethanol
were purchased commercially from Sinapham Chemical
Reagent Co. Ltd. (Shanghai, China). All materials and chemicals reagents were of analytical grade and used as-received.
Flower-like CoS hierarchitectures were fabricated as follows:
Co(CH3 COO)2 ·4H2 O (0.3 g) and thiourea (0.181 g) were initially dissolved in distilled water (20 ml). Then, the dispersion
was stirred homogeneously for 30 min. Subsequently, 300 μl
ethylenediamine was added to the mixture. After being stirred
vigorously for 1 h, the mixture was transferred into a 25 ml
Teﬂon-lined autoclave for hydrothermal process at 180◦ C for
12 h. After cooling down to room temperature, the CoS sample was separated by ﬁltration, rinsed and centrifuged with
deionized water and absolute ethanol. The ﬁnal product was
obtained when vacuum dried at 60◦ C overnight.
2.2 Structural and morphological characterization
The microstructure and morphology of the obtained material
were observed by SEM (Hitachi SU8020) and transmission
electron microscopy (TEM, JEOL 2010) using an accelerating voltage of 200 kV. The crystal structure was analysed by
powder X-ray diffraction (XRD) with CuK α radiation (Rigaku
Dmax 2500 PC). The speciﬁc surface area calculated by the
Brunauer–Emmett–Teller (BET) method was recorded on N2
adsorption–desorption analyzer at 77 K (ASAP 2020).
2.3 Electrochemical determination
To assess the electrochemical performances of the resultant
CoS material, a classical three-electrode electrochemical cell
including the electrolyte of 6 M KOH aqueous solution was
employed. CoS-modiﬁed electrode was prepared by combining 80 wt% of CoS material, 10 wt% carbon black and 10 wt%
polytetraﬂuoroethylene (PTFE) binder into a slurry. The
slurry was thoroughly mixed, loaded onto Ni foam (1 cm ×
1 cm), and then pressed at 10 MPa. After vacuum drying
at 80◦ C for 10 h, working electrode based on CoS-modiﬁed
electrode was obtained. Platinum foil and saturated calomel
electrode (SCE) acted as counter and reference electrodes,
respectively. The electrochemical determinations containing cyclic voltammetry (CV), galvanostatic charge/discharge
(GCD) and electrochemical impedance spectroscopy (EIS)
were tested by a CHI760E electrochemical work station
(Shanghai, China). Cycling performance was measured with
a CT 2001A Tester (Wuhan, China). The speciﬁc capacitance
by GCD measurement can be calculated from the equation
given below [15]:
C = I t/(mV ),

(1)

where C (F g−1 ) is the speciﬁc capacitance, I (A) the constant
discharging current, t (s) the discharge time, V (V) the
potential interval and m (g) the mass of electroactive material
in the electrode.

3. Results and discussion
As we know, Co2+ tends to cooperate with carboxyl or amine
ligand to form a sexadentate complex compound [16,17].
Among a variety of ligands, ethylenediamine (EDA) is a signiﬁcant amine ligand for the synthesis of several functional
materials [18–21]. For the growth of ﬂower-like CoS hierarchitectures assisted by EDA ligand, a possible process can
be postulated as follows. Firstly, Co2+ reacted with EDA
to form a sexadentate complex. Meanwhile, with increasing temperature, thiourea decomposed to release S2− slowly.
The generated S2− could gradually react with Co ion of
the formed sexadentate complex to produce CoS nucleus.
Consequently, the CoS crystalline grew into ﬂower-like CoS
hierarchitectures through the well-known Ostwald ripening
process. During the hydrothermal process, EDA reduced the
concentration of the free Co ions via effective cooperation
with Co ions. Furthermore, the gradual generation of S2− as
the decomposition of thiourea restricted cohesion and growth
of crystal. This is favourable for the production of ﬂower-like
CoS hierarchitectures.
The structure composition of as-prepared CoS powder
was characterized by XRD. The XRD pattern in ﬁgure 1
shows six diffraction peaks at 2θ = 30.6◦ , 35.3◦ , 46.9◦ ,
54.4◦ , 62.6◦ and 66.6◦ , which unambiguously correspond to
the respective (100), (101), (102), (110), (103) and (201)
phase planes of CoS. All the diffraction peaks are consistent
with the standard hexagonal CoS with the lattice parameters a = b = 3.368 Å, c = 5.17 Å (JCPDS no. 65-3418).

Figure 1. XRD pattern of CoS product.
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Figure 2. (a and b) SEM and (c) TEM images of CoS product.

No characteristic peaks from other phases were observed,
implying high purity and single-phase crystallization of the
sample. Additionally, the weak intensity of diffraction peaks
reﬂects weak crystallinity of the product.
The morphology of the CoS hierarchitectures was characterized by SEM. Typical magniﬁed SEM images shown in
ﬁgure 2a and b reveal that resultant CoS product is composed
of quasi ﬂower-like microspheres with various diameters. It
can be clearly noted that these ﬂower-like CoS hierarchitectures are constructed by two-dimensional CoS nanopedals
cross-linked and stacked with each other. The large particle
size and ﬂower-like microstructure result in a limited BET
speciﬁc surface (ﬁgure 3). To further specify this interesting
microstructure, typical TEM image of CoS material is shown
in ﬁgure 2c. CoS sample exhibits densely packed clusters
which are in groups of ﬂower-like hierarchitectures. In good
accordance with SEM analysis, the improved transparency
under TEM observation identiﬁes some apparent nanoplates
at the surface of the quasi ﬂower-like microspheres. This internal interlaced structure of the nanopedals could effectively
maintain the long-standing existence of the architecture.
The N2 adsorption–desorption isotherm plots of asprepared CoS is shown in ﬁgure 3. The plot shows a representative IV isotherm with an apparent hysteresis loop starting
from P/P0 = 0.015. The BET surface area and total pore
volume of ﬂower-like CoS hierarchitectures are determined
to be 0.176 m2 g−1 and 0.03 cm3 g−1 , respectively. These relatively low values are an additional indication of the typical
large particle size characteristics of CoS hierarchitectures.
The capacitive properties of ﬂower-like CoS hierarchitectures were determined via CV. The detailed CVs of
as-synthesized CoS at different scan rates are illustrated in
ﬁgure 4a. The shapes of the CV curves based on CoSmodiﬁed electrode suggest that capacitive feature of CoSmodiﬁed electrode is distinct from that of EDLC, whose CV

Figure 3. N2 absorption–desorption isotherm of CoS product.

shape is similar to an ideal rectangle model [22]. Under
observation, there is a pair of strong redox peaks in CV curves,
demonstrating that the as-obtained CoS electrode shows typical pseudocapacitive characteristics governed by reversible
Faradaic reactions occurring in the electrochemical process.
According to the reported literatures [13,23], two reasonable
redox reactions of the CoS electrode in alkaline electrolytes
are likely to involve in the reversible conversion processes of
CoS  CoSOH and CoSOH  CoSO. They are described
as follows:
CoS + OH−  CoSOH + e− ,
CoSOH + OH−  CoSO + H2 O + e− .
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Figure 4. (a) CV curves of CoS-modiﬁed electrode at rising scan rates from 5 to 50 mV s−1 , and (b) plot of peak
current vs. the square root of the scan rate of CoS electrode.

Figure 5. (a) GCD curves of CoS electrode at different current densities from 0.5 to 10 A g−1 , and (b) speciﬁc
capacitances of CoS electrode at different current densities.

Upon an increase in scan rate, the potential of anodic and
cathodic peaks move slightly to more positive and negative directions separately. This occurs because the internal
diffusion resistance in the pseudoactive electrode material
increases with the augmentation of scan rate [23,24]. Also
the peak current densities (IP ) rise by enlarging the scan rate
(V ). The phenomenon may be on account of the limited ion
diffusion rate failing to neutralize electronic within Faradic
reactions [25]. Originated from the CV data, ﬁgure 4b gives
a ﬁne linearity between oxidation and reduction of IP against
V 1/2 . As classical Sevick equation expresses [26], in semiinﬁnite diffusion process governed CV in liquid electrolytes,
IP vs. V 1/2 is a linear relationship for a kinetically plain redox
reaction regardless of the scan rate. These results provide a
conﬁrmation that the diffusion process of hydroxyl ions controls the rate of redox reactions on the resulting CoS electrode.
Figure 5a presents GCD curves of CoS product at diverse
current densities. During charge/discharge process, a distinct

plateau region and a nonlinear relationship of potential vs.
time appear in GCD curves, suggesting a typical pseudocapacitance characteristic deriving from the Faradic reaction
between electrode and electrolyte. This analysis agrees well
with the result from the CV curves. Moreover, GCD conﬁgurations display high symmetry at different current densities, illustrating remarkable pseudocapacitive behaviours and
good reversible Faradic reaction capability. Based on speciﬁc
capacitance calculation equation, the speciﬁc capacitance of
CoS product is determined to be 358, 335, 280, 194 and
128 F g−1 when the current density is 0.5, 1, 2, 5 and 10 A g−1 ,
respectively (ﬁgure 5b). These values of speciﬁc capacitance
are considered relatively high for pseudocapacitive performance, especially in view of the limited BET surface area
(∼0.176 m2 g−1 ). It can be ascribed to synergic effects combining metallic compound intrinsic nature and ﬂower-like
hierarchitectures microstructure. The electrode only offers
128 F g−1 at 10 A g−1 , maintaining 35% speciﬁc capacitance
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Figure 6. Cycling performance and Coulombic efﬁciency of CoS
electrode at 0.5 A g−1 .

value at 0.5 A g−1 . Notably, as current density varies from
0.5 to 10 A g−1 , the speciﬁc capacitance displays a reduction
probably owing to the insufﬁciency of redox reaction time
at high discharging rate. It is proposed that at high current
densities, the fast current accumulating process restricts ion
and electron transmission rates, and thus, hinders full access
of active sites on the electrode and redox actions between the
electrode and electrolyte [27].
To examine the charge–discharge cycling stability of
CoS-modiﬁed electrode, GCD cycles were undertaken at
0.5 A g−1 . The speciﬁc capacitance retention and corresponding Coulombic efﬁciency (η) [28] for 2000 consecutive cycles
are shown in ﬁgure 6. The speciﬁc capacitance retention
shows gradual decrease and preserves 87.3% of the initial
value after being cycled 2000 times. Additionally, η is also
called charge–discharge efﬁciency, retains >95% during the
whole charge–discharge process, demonstrating full activation and a high efﬁciency of the CoS-modiﬁed electrode.
These results verify that the CoS-based electrode exhibits
superiority for supercapacitor with excellent cycling stability and high efﬁciency.
For further understanding the detailed electrochemical
performance of the as-prepared CoS electrode, EIS measurements were undertaken at open circuit potential with a ﬁxed
amplitude of 5 mV in the frequency range of 0.1–10 kHz.
The Nyquist plots (ﬁgure 7) of CoS-modiﬁed electrode before
and after cycling are compared. Both EIS spectra share a similar shape and exhibit a small depressed semicircle arch at
high frequency region and a sloped line at low frequency
region. According to the equivalent circuit (inset of ﬁgure 7),
the x-axis intercept in high frequency region is a representation of solution resistance (RS ), combining inherent electrode
resistance and contact resistance at electrolyte/electrode interfaces. Accordingly, the RS values of CoS-modiﬁed electrode
before and after cycling are 1.38 and 1.03 , respectively. In
high-medium frequency region, the diameter of the semicircle
arch along x-axis corresponds to charge-transfer resistance
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Figure 7. Nyquist plots for CoS electrode before and after cycling.
The inset is the magniﬁed plots in high frequency region and the
equivalent circuit simulated the Nyquist plots.

(Rct ), which determines the response rate of electrode
material in electrolyte. As observed from the magniﬁed ESI
data, after cycling, CoS-modiﬁed electrode possesses a little smaller Rct , revealing a bit higher electric conductivity. A
plausible explanation can be that after cycling, sufﬁcient electrolyte permeation and wetting within the interior of electrode
favours the rapid transportation of electrons, thus, reducing
Rct and enhancing electric conductivity [29,30]. In low frequency range, the slope of the straight line represents Warburg
resistance (W ) associating with ions diffusion from the electrolyte to the electrode interface. After cycling, the higher
slope of the straight line demonstrates faster ion transfer rates
between electrode and electrolyte. Furthermore, the nearly
vertical linear part in the EIS spectra suggests that as-obtained
CoS electrode for supercapacitor is an ideal capacitor model
[31]. Overall, the results manifest that CoS-modiﬁed electrode after cycling has desirable fast ions transport rates and
charge-transfer kinetics; thus, presenting excellent capacitance properties [32].

4. Conclusions
Flower-like CoS hierarchitectures with high purity were successfully fabricated by a one-step hydrothermal method with
the help of EDA as ligand and structure-directing agent. Twodimensional CoS nanopedals interlaced and stacked with each
other to form ﬂower-like CoS hierarchitectures. When utilized
as electrode material for supercapacitor, the CoS hierarchitectures show typical pseudocapacitive features and exhibit
excellent cycling durability. The speciﬁc capacitance of CoS
hierarchitectures reaches 357 F g−1 at 0.5 A g−1 . After 2000
GCD cycles at 0.5 A g−1 , the speciﬁc capacitance remains
87.3% of its initial value. This CoS active material with novel
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hierarchitectures may have other potential applications in
lithium–sulphur batteries, sodium-ion batteries and oxygen
evolution reaction catalysts.
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