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Low crystalline CoSx was fabricated by anion-exchange of 2-dimensional (2D) cobalt carbonate hydroxide
(CoCH) using aqueous sodium sulﬁde solution at room temperature. It was proved that single crystalline
CoCH nanoplates would transform into porous 2D CoSx with low crystallinity after the anion-exchange.
When they were used as electrode materials for supercapacitor, the 2D CoSx material had a much higher
speciﬁc capacitance than its precursor due to their different compositions and electroconductivities. CoSx
had a high speciﬁc capacitance of 863 F g1 at 1 A g1 and a good stability during long time chargedischarge processes, about 64.7% of initial capacitance retention after 10000 cycles. Asymmetric
hybrid devices using 2D CoSx as positive electrode and activated carbon as negative electrode were
assembled, and the capacitor devices were able to achieve a high energy density of 33.56 Wh kg1 at the
power density of 400 W kg1. The high performances of the porous CoSx make it a promising electrode
material for energy storage.
© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction
With the high-speed development of the society, renewable
energy resources and energy storage devices have received much
research attention in the world. The electrochemical storage devices including Li-ion batteries and supercapacitors (SC) are applied
widely in many ﬁelds, such as portable devices, electric vehicles, etc
[1]. The electrode materials are the most important factor for the
performance of these energy storage devices [2,3]. Compared with
Li-ion batteries, SCs are of higher power density, longer lifespan and
faster charge/discharge process. However, the energy density of SCs
is still limited. Thus, there were many previous reports which
focused on the improvement of electrode materials for SCs [4e6]. In
addition to carbon materials, battery-like electrode materials
including transition metal oxides/hydroxides [3,7,8], sulﬁdes [9,10]
and their composites [11,12] have been deeply researched as novel
electrode materials.
It is demonstrated by previous reports that transition metal
sulﬁdes have emerged as one of prominent candidates for SCs due
to their high electroconductivity and rich redox chemistry
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[9,13e15]. NiCo2S4 and its composites have drawn much attention
from researchers so far [16e19]. In general, the electrochemical
performances of metal sulﬁdes are strongly dependent on their
composition and microstructure/morphology [20]. Among them,
cobalt sulﬁdes (CoSx) have been also researched as electrode materials for SCs by Faradaic reaction due to its multiple phases and
convenient synthesis. Recently, different morphologies of CoSx
materials such as hierarchical structures [21e23], nanowires
[24e26], nanotubes [27], hollow structures [28,29], 2-dimensional
(2D) nanosheets [30,31] and composites [32e35] have been reported as electrode materials for SCs. Until now, the research of 2D
CoSx for SCs still has many limitations. Rakhi et al. reported that
Co9S8 nanoﬂakes nucleated over carbon ﬁbers showed a high
speciﬁc capacitance of 1056 F g1 at 5 mV s1 [32]. Han and coworkers prepared Co9S8 nanosheet arrays on Ni foam which
exhibited a high speciﬁc capacitance of 1098.8 F g1 at 0.5 A g1
[31]. Above reports are related to 2D Co9S8 ﬁlms grown on current
collectors for SCs. However, the research on powder 2D CoSx is still
very limited.
In this work, 2D CoSx powder with low crystallinity was fabricated by simple anion exchange of cobalt carbonate hydroxide
using Na2S solution at room temperature. The microstructure and
electrochemical performance of 2D CoSx were investigated. The 2D

J.P. Cheng et al. / Electrochimica Acta 286 (2018) 14e21

CoSx material had the similar morphology to its precursor and
showed a high speciﬁc capacitance of 863 F g1 at 1 A g1 as well as
a good cycling stability. When it was used as a positive electrode
and combined with activated carbon as a negative electrode to
assemble a hybrid capacitor, the capacitor could deliver a high
energy density of 33.56 Wh Kg1 at 400 W kg1 in a voltage window of 1.6 V, showing its great potential for energy storage.
2. Experimental
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density (E, Wh Kg1) and power density (P, W Kg1) of the hybrid
capacitors can be calculated according to the following two
equations,

E¼

1
C  DV 2
7:2

P ¼ E=Dt

(2)
(3)

where C (F g1), DV (V), Dt (s) represent the speciﬁc capacitance of
hybrid capacitor, potential window and discharge time,
respectively.

2.1. Materials
Cobalt acetate, hexamethylene tetramine (HMT), sodium sulﬁde, and KOH were used as received without further puriﬁcation.
Deionized water was used in all of the experiments.

3. Results and discussions
3.1. Structure and morphology characterization

2.2. Preparation of 2D CoSx
In a typical procedure for the synthesis of 2D cobalt carbonate
hydroxide, 2.5 mmol cobalt acetate and 7.5 mmol HMT were dissolved in 16 mL water. The obtained solution was transferred into a
Teﬂon-lined stainless-steel autoclave with a total volume of 20 mL.
The autoclave was sealed and maintained at 210  C for 2 h reaction.
Thereafter, the solution was cooled down to room temperature and
ﬁltered, and the obtained cobalt carbonate hydroxide (CoCH) with
pink color was rinsed by water several times to remove the residual
reactant. To prepare 2D CoSx, the CoCH powder was anion
exchanged by Na2S solution. The method was similar to our previous report [9]. 20 mL saturated Na2S solution was dropwise added
into the suspension of 0.2 g CoCH in 50 mL water at room temperature under a nitrogen atmosphere in 1 h. After the suspension
was stirred for 3 more hours at room temperature, black CoSx
product was ﬁltered and washed by adequate water, and then dried
at 80  C.

The XRD patterns of CoCH precursor and CoSx are shown in
Fig. 1. In Fig. 1a, the high intensity of XRD peaks implies the crystalline nature of CoCH. The peaks at 14.65 , 17.44 and 24.03 are
corresponding to the (020), (120) and (220) planes of cobalt carbonate hydroxide (PDF No. 29-1416). In addition to the peaks from
CoCH, some diffraction peaks from cobalt carbonate (PDF No. 110692) can be also observed. We found that the reaction temperature was a rather important factor for the phase of the ﬁnal product.
Below 120  C, the main product was alpha cobalt hydroxide [36,37].

2.3. Structure and electrochemical measurements
The phase of cobalt compounds was characterized by a powder
X-ray diffractometer (XRD, PANalytical, Empyrean) using Cu-Ka
irradiation (l ¼ 1.5406 Å) from 10 to 80 . A scanning electron microscope (SEM, Hitachi S-4800) and a transmission electron microscope (TEM, Philips-CM200) were used to characterize their
morphologies and microstructures. The chemical analysis of materials was carried out by X-ray photoelectron spectroscopy (XPS,
Shimadzu, AXIS Supra). Fourier transformed infrared (FTIR) spectrum was measured by a Bruker spectrometer (TENSOR 27).
The electrochemical performance of the materials was
measured under a three-electrode system in 2 M KOH aqueous
solution as electrolyte. The electrode was prepared by painting
80 wt% active material onto the surface of Ni foam using 10 wt%
acetylene black and 10 wt% PVDF as conductive addition and
polymer binder, respectively, and the mass loading of active material on each electrode was about 5 mg. The speciﬁc capacitance
(Cs, in F g1) is calculated by the following equation,

Cs ¼ I  t=ðm  DVÞ

(1)

wherein I (A), t (s), m (g), DV (V) represent the discharge current,
discharge time, mass of active material and potential window,
respectively.
Hybrid capacitors with 2D CoSx as positive electrode and activated carbon (AC) as negative electrode, a piece of cellulose paper
as the separator were assembled to evaluate their potential application. The electrochemical properties of the hybrid capacitors
were measured in a two-electrode system in 2 M KOH. The energy

Fig. 1. XRD patterns of CoCH (a) and CoSx (b).
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From 150 to 180  C, cobalt carbonate could be obtained. When the
temperature was above 210  C, cobalt carbonate hydroxide with a
high yield was thus fabricated. When CoCH was reacted with
saturated Na2S solution at room temperature, its pink suspension
turned to be black rapidly, implying an anion-exchange reaction
happened to form CoSx. The reaction mechanism is similar to our
previous report [9]. The diffraction pattern of the CoSx product is
exhibited in Fig. 1b, where only two small weak peaks at about
30.67 and 54.9 can be observed. It proves the low-crystallinity of
the CoSx product [38]. Even it was heated at 300  C for 2 h in a
nitrogen atmosphere, it still had rather poor crystallinity, as shown
in Fig. S1.
The typical SEM images of CoCH and CoSx are shown in Fig. 2 to
investigate their morphologies and structures. In Fig. 2a, we can see
that the morphology of CoCH product shows the clusters composed
of nanoplates and that these nanoplates are randomly interconnected with each other. A high magniﬁed image in Fig. 2b exhibits the typical lamellar nature of the nanoplates with a thickness
about 50 nm. It should be mentioned that the layered structure can
be well reserved after anion-exchange, as shown in Fig. 2c and d. It
means that the phase transition from cobalt carbonate hydroxide to
CoSx has few effects on their general morphology.
The microstructure of the two samples was further observed by
TEM, as displayed in Fig. 3. As shown in Fig. 3a, CoCH exhibits platelike morphology, which is consistent with SEM images. These
nanoplates have sharp and clear edges due to its single crystallinity.
The homogenous image contrast proves their uniform thickness.
The selected-area electron diffraction (SAED) pattern of a nanoplate
in Fig. 3b conﬁrms its single-crystalline nature and layered structure. The structure of CoSx nanoplates was also elucidated by TEM
observation, as shown in Fig. 3c-e. The CoSx nanoplates exhibit a
porous plate-like structure under a low magniﬁcation in Fig. 3c,

which is different from its precursor. A lot of small pores are
distributed in the whole block from the image contrast. A highmagniﬁed TEM in Fig. 3d shows that many small grains can be
found in the frame of the nanoplate. A high-resolution TEM image
in Fig. 3e also proves its low crystallinity and shows the size of
grains about 20 nm. Compared with its precursor, its implies that
the anion-exchange reaction causes to the formation of a porous 2D
CoSx structure. From the SAED pattern in the inset of Fig. 3e, the
crystallinity of CoSx is very poor, even to be amorphous, which is in
good accordance with the XRD analysis. Based on the above results,
porous CoSx nanoplates can be easily synthesized by anionexchange of 2D CoCH at room temperature [9]. The porous structure of 2D CoSx can greatly increase the quantity of electroactive
sites and facilitate the transport of aqueous electrolyte, which is
signiﬁcant to enhance the electrochemical performance of electrode materials for the energy storage.
The FTIR spectra of CoCH and CoSx are both shown in Fig. 4a. For
sample CoCH, the strong peak at about 3505 cm1 is assigned to the
stretching vibration of OeH groups of molecular water. The
shoulder vibration at around 3382 cm1 is attributed to the OeH
groups interacting with carbonate anions. The peak at 1633 cm1 is
due to the bending mode from water [39]. These bands from carbonate anions are clearly presented to prove its existence. The
characteristic peaks of carbonate anions were located at 1557, 1344,
1069 and 836 cm1, corresponding to the n(OCO2), n(CO3), n(C]O)
and d(CO3), respectively [40]. The peak observed at 970 cm1 is a
characteristic bending mode of CoeOH. For CoSx, the broad peak at
3381 cm1 is corresponding to OeH group of water. The intensity of
other bands related to carbonate anions and water is decreased due
to the phase transition. However, a strong peak at about 1095 cm1
is assigned to Co]S stretching vibration originating from the
presence of cobalt sulﬁde [31]. The strong band at 631 cm1 can be

Fig. 2. SEM images of (a,b) 2D CoCH and (c,d) 2D CoSx at different magniﬁcations.
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Fig. 3. TEM images of (a,b) 2D CoCH and (c,d,e) porous CoSx at different magniﬁcations, the inset showing their SAED patterns.

Fig. 4. (a) FTIR spectra of CoCH and CoSx, and (bed) XPS spectra of CoSx.
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also attributed to the CoeS vibration modes in the CoSx [41].
The chemical composition of CoSx nanoplates was investigated
by XPS analysis, as shown in Fig. 4b-d. The wide spectrum in Fig. 4b
suggests the existence of Co, S, O and C elements. O and C are
present due to the exposure to air. The high-resolution Co 2p
spectrum in Fig. 4c exhibits two spin-orbit doublets 2p1/2 and 2p3/2,
the peaks at 797.6 eV and 781.5 eV are the characteristic of Co2þ,
while the peaks at 794.2 eV and 779.1 eV are from Co3þ, implying
the coexistence of Co2þ and Co3þ in the CoSx. Fig. 4d is the S 2p
spectrum. Two peaks of 2p1/2 and 2p3/2 can be observed at the
binding energies of 163.4 eV and 162.1 eV, respectively, which is
typical coordination of sulfur ions with metal ions [27]. The additional satellite peak at about 169 eV corresponds to the S4þ species
in sulfate groups [31]. Thus, FTIR and XPS results both prove the
successful fabrication of cobalt sulﬁde.

3.2. Electrochemical properties
The electrochemical performances of CoSx and its precursor
were investigated and compared in 2 M KOH. The cyclic voltammetry (CV) curves of CoSx are presented in Fig. 5a at different scan
rates from 5 to 50 mV s1 in a potential window of 0.5 V. Each curve
shows a pair of redox peaks, an anodic peak at about 0.21 V and a
cathodic peak at around 0.35 V, indicating the battery-like
behavior. The surface Faradic redox reaction can be described as
Eq. (4) [42]. The shape of the CV curve changes slightly with the
increasing scan rate, implying that its unique structure can endure
fast redox reactions. The CV curves of CoSx and CoCH at 5 mV s1
are both exhibited in Fig. 5b, and the curve of CoSx has a much
larger enclosed area than that of CoCH, implying its higher speciﬁc
capacitance than that of CoCH.

Fig. 5. The electrochemical performances of CoSx and CoCH. (a) CV curves of CoSx at different scan rates, (b) CV curves of CoSx and CoCH at 5 mV s1, (c) GCD curves of CoSx at
different current densities, (d) GCD curves of CoSx and CoCH at 1 A g1, (e) the dependence of speciﬁc capacitance on the current density and (f) EIS plots of CoSx and CoCH
electrodes.
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CoSx þ OH 4CoSx OH þ e

(4)

The galvanostatic charge-discharge (GCD) curves of CoSx at
different current densities are shown in Fig. 5c, showing two small
plateau regions due to the redox reactions. The symmetric shape
and the equal charge-discharge time prove its high Coulombic efﬁciency. The calculated speciﬁc capacitance values for CoSx are 863,
805, 731, 695 and 689 F g1 at 1, 2, 5, 8 and 10 A g1 from the
discharge curves according to Eq. (1), respectively. For a straightforward comparison, the GCD curves of CoSx and CoCH at 1 A g1
are shown in Fig. 5d, in which the charge and discharge time of CoSx
electrode is much longer than that of CoCH at the same current
density. It is clearly demonstrated that CoSx has a much higher
speciﬁc capacitance than CoCH. The detailed CV and GCD curves of
CoCH are exhibited in Fig. S2. The dependence of speciﬁc capacitance on the current density of the two electrode materials are
compared in Fig. 5e, in which CoSx delivers higher speciﬁc capacitance than CoCH at any current density. CoCH has the speciﬁc
capacitance less than 150 F g1. They have comparable rate capability, about 80% retainment of speciﬁc capacitance from 1 to
10 A g1.
The electrochemical impedance spectroscopy (EIS) is also
measured, as shown in Fig. 5f, where the insert is a magniﬁed image
in high-frequency region. Each plot is composed of a semicircle in
the high-frequency region and a straight line in the low-frequency
region. As shown in the insert, the Rs value (the intercept on the real
axis) of CoSx electrode is only 0.33 U, which is much smaller than
that of CoCH (0.73 U), indicating its higher electroconductivity. As
an electrode material for practical application, its cycle stability is
also a very crucial factor. In this work, the repeated charge and
discharge measurement for 10000 cycles was conducted at 5 A g1
to test the cycle stability of CoSx and CoCH. As shown in Fig. S3 (ab), the speciﬁc capacitance retention for CoCH and CoSx is 95.6%
and 64.7%, respectively. CoSx electrode shows a worse stability than
CoCH. It may be caused by the possible phase transition from metal
sulﬁde to metal hydroxide during the long-time Faradic reaction in
alkaline electrolyte due to the instability of the amorphous and
porous structure [15]. A typical SEM image of the CoSx electrode
after test is shown in Fig. S4, where some hexagonal nanoplate are
generated. It may be a clue to the formation metal hydroxide.
Previous reports demonstrated that amorphous Ni(OH)2 [43]
and MnO2 [44] had improved capacitance and excellent rate
capability due to the disorder structures. However, there are only a
few reports on amorphous metal sulﬁdes for SCs. Zhang et al. [45]
designed double-shelled polyhedral nanocages consisting of ultrathin amorphous NixSy layer on the hollow CoS nanocages using a
MOFs-engaged strategy for SCs. Zhai and co-workers [46]
compared amorphous and crystalline CoS2 for SCs application by
experimental characterization and theoretical calculations. Amorphous CoS2 had a lower band gap and higher main D-orbital peak
than those of the crystalline [46]. In this work, CoSx and its precursor both have 2D morphology. Metal sulﬁdes usually have better
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electroconductivity than the corresponding metal carbonate hydroxides, thus resulting in faster electron transport behavior. A
large quantity of electroactive sites can be obtained in a porous
structure. Thus, CoSx material has prominently enhanced electrochemical performances than CoCH.
The speciﬁc capacitance of low-crystalline CoSx material in this
work and those of other CoSx compounds reported in the literature
are listed in Table 1, in order to obtain a comparison of CoSx materials. The CoSx material in this work shows a higher speciﬁc
capacitance than most of crystalline CoS materials. The 2D Co9S8
nanoarrays in Ref. [31] showed a higher value than this work,
because the Co9S8 ﬁlms on Ni foam were used as work electrodes
directly.

3.3. Electrochemical performance of hybrid capacitors
In order to further explore the performance of CoSx material for
practical application, CoSx//AC hybrid capacitor devices were
assembled. A hybrid capacitor is an electrochemical cell, which
presents the characteristic of a capacitor based on a capacitive
electrode and a redox battery-type electrode [49]. In this work,
CoSx was selected as a positive electrode, and AC as a negative
electrode. The CV curves of CoSx and AC at 5 mV s1 are exhibited in
Fig. 6a, where AC and CoSx have stable voltage windows
between 1.2 and 0 V and from 0 to 0.5 V, respectively. Thus CoSx//
AC hybrid capacitor is expected to achieve a wide voltage window
of 1.6 V. After the stored charges in both electrodes were balanced
[9], the optimized mass ratio of CoSx to AC was 1:1.6.
The performances of CoSx//AC hybrid capacitors were measured
in a two-electrode system in 2 M KOH solution. The CV curves of the
hybrid capacitor are shown in Fig. 6b at the scan rates from 5 to
50 mV s1 within a potential window of 1.6 V. The well reserved CV
shapes at different scan rates prove the outstanding reversibility of
the hybrid capacitor. The GCD curves in Fig. 6c are slightly
nonlinear, showing its pseudocapacitive behavior. The speciﬁc
capacitance by taking account of the total mass of the materials in
both electrodes at different current densities is shown in the insert
of Fig. 6d. The speciﬁc capacitance of the capacitor is calculated to
be 94, 85, 77, 70 and 69 F g1 at 0.5, 1, 2, 4 and 5 A g1, respectively.
The Ragone plot relative to the energy density and the corresponding power density is calculated from the discharge curves of a
typical hybrid capacitor, as shown in Fig. 6d. It can achieve the
highest energy density up to 33.56 Wh kg1 at the power density of
400 W kg1, and the power density as high as 4000 W kg1 at the
energy density of 24.11 Wh kg1. The energy and power densities of
the CoSx//AC capacitor device is shown in Table S1 along with those
of various CoSx//AC devices reported in the literature. The highest
energy density of this work is moderate among them. The high
energy densities in Refs. [48] and [23] are derived from CoSx@carbon composite and Co9S8 arrays grown on Ni foam, respectively.
This inspires us that structural design and composite preparation
are two potential strategies to further improve the performances of

Table 1
Comparison of speciﬁc capacitance of CoSx electrode materials.
Materials

Electrolyte

Mass loading

Current density

Speciﬁc capacitance

Ref.

Crystalline CoS
Crystalline CoS
Crystalline CoS
CoS2 nanoparticles
CoS2 Nanowires @carbon cloth
Co9S8 arrays@Ni foam
CoS2@thin carbon layer
2D CoSx

3M
6M
6M
6M
6M
1M
2M
2M

3 mg cm2
2.0e3.0 mg
12.5 mg
e
1.18 mg cm2
2.8 mg cm2
3 mg
5 mg

0.5 A g1
1 A g1
0.5 A g1
1 A g1
1 A g1
1 A g1
1 A g1
1 A g1

586 F g1
586 F g1
285 F g1
431 F g1
355 F g1
954 F g1
750 F g1
863 F g1

[34]
[22]
[24]
[47]
[25]
[31]
[48]
This work

KOH
KOH
KOH
KOH
KOH
KOH
KOH
KOH
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Fig. 6. (a) CV curves of CoSx and AC at 5 mV s1, (b) CV curves of CoSx//AC hybrid capacitor at different scan rates, (c) GCD curves of a hybrid capacitor at different current densities,
and (d) Ragone plot of a CoSx//AC hybrid capacitor, insert showing its speciﬁc capacitance at different current densities.

the 2D CoSx materials.
To further demonstrate the performance of CoSx//AC capacitors,
it was measured for a long-time charge-discharge process. The
relation of capacitance to cycle number is shown in Fig. S5. It shows
about 31.25% capacity decline after 10000 successive cycles. Two
capacitor devices could be connected in series for a higher operating potential. They were used to power a red LED lamp that could
light above 3 V. The lamp connected to the two cells could shine for
about 5 min, as shown in Fig. S6. Above results prove that the CoSx//
AC device is a promising electrochemical device for energy storage
application.
4. Conclusions
Two-dimensional CoSx nanoplates can be easily fabricated by
anion-exchange of 2D CoCH by Na2S aqueous solution at room
temperature. The layered morphology of CoCH is well retained after
the reaction. However, the CoSx nanoplates are low crystalline,
nearly amorphous, and have a porous structure, which are basically
different from the precursor. The 2D CoSx exhibits a remarkably
higher speciﬁc capacitance than CoCH due to its unique structure
and composition. CoSx nanoplates and activated carbon can be
assembled into hybrid capacitors. The CoSx//AC hybrid capacitor
has a high energy density and good cycling stability. The above
results exhibit the potential applications of this low crystalline CoSx
material for energy storage.
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