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Abstract

The performance of supercapacitors is strongly influenced by the performance of electrode materials. The cobalt-sulfur com-
pounds are used as electrode materials due to their wide range of sources, low price, and high conductivity. It was found that
higher number of electron-hole pairs and higher conductivity could be provided by sulfidation. This is related to the mixing
valence of Co in the cobalt sulfur compound, which promotes electron transfer to the electrolyte. During the charging and
discharging process, CoS, is not easy to fall off from the surface of carbon nanofibers, thus increasing the doubling rate and
cycling stability, due to the one-dimensional morphology of the interconnected conductive paths and excellent mechanical
stability. At the current density of 1 A g ', the specific capacitance of CoS,-CNFs reaches 488.0 F g !, over 74% of initial
capacitance is retained as the current density improves from 1 to 10 A g ', and it also exhibits an excellent cycling performance

with 91.0% capacitance retention after 1000 times charge/discharge cycles (at the current density of 1 A g ).
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Introduction

With the rapid development of economy, people’s demand for
energy is increasing. That has led researchers around the
world to pay more attention to research on energy storage.
As a novel energy storage device, supercapacitors have
attracted more and more attention due to its unique advan-
tages: short charging time, high power density, and excellent
cycle stability [1, 2]. Therefore, it is expected to be used in
electric vehicles, portable tools, and other fields [3]. As one of
the main factors affecting the performance of supercapacitors,
electrode material has many kinds [4]. As the earliest electrode
material used for supercapacitors, carbon materials have ad-
vantages of wide sources, low cost, easy operation, and no
toxicity [5]. Carbon material has abundant pore structure,
which shows good electrochemical performance [6, 7]. As
the electrode material, carbon materials have high
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conductivity, stability, and high power density, and their the-
oretical specific capacity are insufficient, and the voltage win-
dow in the water electrolyte is narrow, resulting in low energy
density, which cannot meet the needs of the current special
field, thus limiting the application in supercapacitors [8, 9].
Due to their unique physicochemical properties, the transition
metal compounds have several times higher specific capacity
than carbon materials, and their prices are far lower than con-
ductive polymers, showing a broad prospect in the field of
preparation of tantalum capacitor electrode materials.
Transition metal sulfides show a broad prospect in the field
of preparation of tantalum capacitor electrode materials, be-
cause of their advantages of wide source, rich variety, low
price, high conductivity, and high electrochemical activity.

Carbon nanofibers are widely used as one-dimensional car-
bon materials [10]. Carbon nanofibers not only have the ad-
vantages of good electrical conductivity, many chemical ac-
tive sites, excellent thermal stability, high mechanical
strength, and chemical resistance, but also have the advan-
tages of large aspect ratio, compact structure, and large spe-
cific surface area, which make it an ideal electrode material
[11]. But that still has the common shortcoming of all carbon
materials-insufficient energy density. There are various
methods for preparing carbon nanofibers.
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Regardless of the template method, the electrochemical
deposition method or the arc discharge method, there are de-
fects such as high cost and complicated process. However, the
electrospinning method has become an important method for
preparing carbon nanofibers because of its simple preparation
[12]. The preparation of carbon nanofibers by electrospinning
requires high polymers, but high polymers are expensive.
Therefore, in order to save costs, a part of the carbon materials
was used to replace the polymer.

Cobalt-based sulfides in various transition metal sulfides
can be used as electrode materials for supercapacitors because
of their high conductivity and different stoichiometry. Cobalt-
based sulfides mainly include CoS [13, 14], CoS, [15, 16],
Co3S, [17, 18], and CogSy [19, 20]. Xing [21] reported
octahedron-shaped CoS, crystals have been successfully fab-
ricated through a simple hydrothermal route without any sur-
factant or template. The as-fabricated CoS, electrode shows
specific capacitance of 236.5 F g ' at 1 A g~'. At a current
density of 2 A g, the capacity retention rate after 2000 cycles
is 92.6%, which shows excellent cycle stability. Tang [22]
reported a nanocomposite of cobalt disulfide (CoS,) nanopar-
ticles, and chemically reduced graphene oxide (RGO) sheets
were prepared through a facile solvothermal method without
any template. CoS,-RGO nanocomposites have excellent spe-
cific capacitance, excellent rate performance, and good cycle
stability in the voltage range — 0.3 to 0.65 V. The CoS,-RGO
nanocomposite fulfilled a high capacitance of 331 F g™ ' at
0.5 A g ' and the capacitance retention rate was 97% after
2000 cycles.

In this work, CoS,-CNFs composites were prepared by
electrospinning and hydrothermal method. The combination
of CoS, and carbon materials can not only make up for the
shortcomings of insufficient energy density of carbon mate-
rials, but also alleviate the volume expansion of metal sulfides
during charge and discharge, which can activate the synergis-
tic effect of different materials, thereby significantly improv-
ing the electrochemical performance and cyclic stability.

Experimental
Chemicals and reagents

Cobalt acetate tetrahydrate, polyacrylonitrile, and
thioacetamide were purchased from Shanghai Maclean
Biochemical Technology Co., Ltd. N,N-methylformamide
and acetylene black were purchased at Tianjin Tianxin Fine
Chemical Development Center. Ethylene glycol, absolute eth-
anol, and potassium hydroxide were purchased from Tianjin
Guangfu Technology Development Co., Ltd. PTFE was pur-
chased from Guangzhou Songbai Chemical Reagent Co., Ltd.
Nickel foam was purchased from Kunshan Tenerhui
Electronic Technology Co., Ltd.
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Preparation of Co-CNFs

Firstly, 0.9 g polyacrylonitrile (PAN) and 0.1 g carbon mate-
rials [23] were dissolved in 10 ml n-n and dimethylformamide
solution (DMF). The blend was kept under magnetic stirring
for 6 h to form a viscous liquid at room temperature. Because
the solubility of porous carbon in organic solvents is not ideal,
the porous carbon is suspended and uniformly dispersed in the
organic solution. Then, 3 mmol cobalt acetate were added into
the solution with vigorous stirring at overnight. The spinning
solution was sonicated for 15 min on the ultrasound machine
so that it was completely uniformly mixed. A plastic syringe
with a 20-gauge stainless steel needle was filled with the pre-
pared spinning solution and then connected to the high-
voltage anode. No syringe pump was used during the spinning
process. A tin foil-coated cylinder served as a nanofiber col-
lector. The distance from the tip of the needle to the collector
was 20 cm. The advancing speed was 0.15 mm min '. The
negative high pressure was — 2 kV. The positive high pressure
was 13 kV. And the room temperature was 25 °C. The nano-
fiber film by the above electrospinning was fixed on the mag-
netic boat to ensure the tension of the film. The obtained fibers
were placed in a muffle furnace and pre-oxidized in air at
260 °C for 1 h, with a heating rate of 1 °C min . Then the
material was carbonized in nitrogen with a heating rate of
5°C minfl, held at 800 °C for 1 h and cooled to room tem-
perature. Under these conditions, Co-CNFs were obtained.
For performance comparison, carbon nanofibers were pre-
pared under the same conditions without adding cobalt acetate
(CNFs).

Preparation of CoS,-CNFs

Firstly, thioacetamide at a molar ratio of 1:10 and Co-CNFs
were dissolved into 60 mL of ethylene glycol and then mag-
netic stirring for 2 h to form homogeneous solution.
Subsequently, the suspension was transferred into a 100-mL
Teflon-lined stainless steel autoclave and maintained at
150 °C for 12 h in an oven, followed by natural cooling to
room temperature. After cooled down, the resulting black sol-
id product was washed with absolute ethanol and deionized
water many times and dried in vacuum at 70 °C for 12 h. The
entire preparation process is shown in Scheme 1.

Structure characterization

The structure of the as-prepared samples was tested by X-ray
diffractometer (XRD, MSA-XD2, Rigaku, Japan) in the 26
range of 5 to 80°. Raman spectrum was evaluated by spec-
trometer (JYHR800, Micro-Raman).The X-ray photoelectron
spectroscopy (XPS) spectra were acquired on a scanning X-
ray photoelectron spectrometer (Thermo Scientific, USA)
with monochromatized Al Ko X-ray source. The surface



lonics (2020) 26:5737-5746

5739

Scheme 1 Schematic illustration for preparation of CoS,-CNFs

structure of the sample was observed by cold field emission
type scanning electron microscope (SEM, JSM-6701FJapan
Electron Optics Co., Ltd.). The microstructures of samples
were imaged by transmission electron microscopy (TEM,
JEOL JEM-2010).

Electrochemical characterization

The electrochemical performance measurements were carried
out on a CHI660E electrochemical work station (CHI660E,
Shanghai Chenhua Instrument Co., Ltd.) in 6 M KOH aque-
ous electrolyte with a conventional three-electrode configura-
tion. In order to prepare a working electrode, 80 wt% active
material, 15 wt% carbon black as a conductive additive, and
5 wt% polytetrafluoroethylene (PTFE) binder were mixed
uniformly, using anhydrous ethanol as the solvent [24]. The
paste was then loaded onto a piece of nickel foam (2.0 x
1.0 cm) with a coating area of 1 cmx 1 cm and dried at
70 °C for 12 h in a vacuum oven. Then, the electrode sheet
was formed under a pressure of 5 MPa for 40 s. Cyclic volt-
ammetry (CV), galvanostatic charge/discharge (GCD), and
impedance (EIS) were performed on an electrochemical work-
station using a saturated calomel electrode (SCE) and a plati-
num foil as a reference electrode and a counter electrode,
respectively. The CV tests were conducted with a potential
range of —0.2 V to 0.5 V by varying the scan rate from 5 to
30 m Vs . The GCD tests were conducted with a potential
range of — 0.1 to 0.4 V at a current density from 1 to 10 A g .
Electrochemical impedance spectroscopy (EIS) tests were per-
formed in a frequency range from 0.01 to 100,000 Hz at open
circuit potential. The specific capacitance C (F g '), was cal-
culated using the following formulae:

IAt
C=— 1
mAV (1)
where i denotes the discharge current, At is the discharge
time, m is the mass load, AV is the potential window of dis-
charge [12, 25, 26].

Results and discussion

In order to verify the crystal structure of the sample we pre-
pared, the crystallographic structures of as-prepared CoS,—
CNFs were analyzed by X-ray powder diffraction (XRD), as
shown in Fig. 1.

Compared with the standard pattern of JCPDS No. 41-
1471, the CoS,—CNFs composites, several significant diffrac-
tion peaks at 27.9°, 32.3°, 36.2°, 39.8°, 46.3°, and 54.9°are
attributed to the (110), (200), (210), (211), (220), and (311)
respectively [27, 28]. In addition, the diffraction peaks ap-
peared at 22° for CoS,—CNFs, corresponding to the (002)
crystal plane of the graphite layer [29]. It can be proved that
the prepared composite material contains CoS,. Carbon nano-
fibers provide a support for CoS,, which making it uniformly
dispersed and preventing the imagination of CoS, from
agglomeration.

In order to further verify whether the sample of CoS, and
CNFs were combined or not, Raman spectroscopy tests were
carried out on the CoS,—CNFs as presented in Fig. 2. It can be
seen from the figure that there is a diffraction peak around
670 cm ', which belongs to the characteristic peak of cobalt
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Fig. 2 Raman spectra of the CoS,-CNFs

ions in CoS, [25]. At the same time, two distinct characteristic
peaks were observed around 1360 cm™' and 1600 cm ',
which belonged to the D peak and G peak in the carbon ma-
terial, thus further illustrating the successful recombination of
CoS, and CNFs. The D peak represents the disordered struc-
ture of the carbon material, and the G peak is the graphitized
structure [30]. The intensity ratio of D band to G band (/p//¢,
can reflect the degree of structural graphitization in the carbon
materials [31]. The Ip/Is value of the CoS,-CNFs composite
was 0.92, indicating that the carbon material in the CoS,-
CNFs composite has a higher degree of graphitization. This
provides a guarantee for the excellent cycle stability of subse-
quent electrochemical tests.

In order to further identify the phase composition of the
CoS,-CNFs composite, the binding energy and chemical
states of the composite, XPS measurements were conducted,
as shown in Fig. 3. Figure 3a shows the full peak spectrum of
CoS,-CNFs composite material. As can be seen from the fig-
ure, the CoS,-CNFs composite material contains four ele-
ments C, O, Co, and S. The C element was provided by the
prepared carbon material and the high polymer polyacryloni-
trile (PAN) as the carbon source; the element O was intro-
duced for preoxidation in the muff furnace in an atmosphere
of air after spinning. The purpose of preoxidation in muff
furnace is to enhance the toughness of carbon nanofibers;
the elements Co and S were added during the experiment.
Figure 3b shows the fitting peak of the C element in the com-
posite material. There are four fitting peaks in C 1 s, and the
peaks about 284.7 eV, 284.9 eV, 286.4 ¢V, and 288.6 ¢V
correspond to C=C-C, C-S, C-0, and C =0, respectively
[12, 32]. The peak of C—S indicates that the composite con-
tains a small amount of sulfur embedded in the carbon lattice
[33]. Figure 3c shows the fitting peak of Co 2p element in the
composite material. The binding energies of Co 2p3, and Co
2p1» given by Co 2p spectrum are 776.1 to 790.4 ¢V and
792.9 to 808.3 eV, respectively [34, 35]. The Co 2p;,, peak
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can also be fitted into three peaks, whose binding energy
peaks appear at 793.6 ¢V, 796.4 ¢V, and 801.9 eV, respec-
tively. The binding energy at 778 eV and 792.9 eV can be
attributed to Co>", and that located at 780.9 eV and 796.8 eV
belongs to Co ** [36, 37]. Figure 3d shows the high resolution
XPS spectrum of S 2p.As can be seen that three curves can be
fitted in the high-resolution XPS spectrum of S 2p, corre-
sponding to three different types of sulfur substances. In the
S 2p XPS spectrum (Fig. 3d), the curve is fitted to three peaks,
which can be assigned to S in S 2p3, (161.4 eV), S 2p;»
(162.5 eV), and SO** (167.6 eV) [38]. The existence of
SO** may be related to the partial oxidization of sulfur species
by air on the material’s surface [39]. The content of each
element of CoS,-CNFs composite material is shown in
Table 1. It can be seen from Table 2 that Co:S is
3.07%:6.21%, closing to 1:2, which further proves that the
metal sulfide in the generated composite material exists in
the form of CoS,, that is consistent with the results of XRD
analysis.

In order to study the composite of CoS, and carbon nano-
fibers from the microscopic characterization, we observed
changes of the structure of the carbon fiber by SEM and
TEM, as shown in Fig. 4.

Figure 4a is a scanning electron micrograph of PAN-based
carbon nanofibers prepared by electrospinning. It can be seen
from the figure that the PAN-based carbon nanofibers were
evenly distributed, and the surface is smooth, indicating that
the porous carbon prepared by doping has no effect on the
structure of the carbon nanofibers. Figure 4b is a scanning
electron microscope image of Co-CNFs nanofibers after car-
bonization. From the figure, it can be seen that fine particles
were attached to the surface of the fiber and are evenly dis-
tributed on the surface of the carbon nanofibers. The introduc-
tion of metal salt ions through electrostatic spinning technol-
ogy can make the cobalt ions uniformly dispersed on the fiber
surface to prevent cobalt ions from agglomerating. Figure 4c
is a scanning electron microscope image of CoS,-CNFs com-
posite material. It can be seen that the particles on the fiber of
CoS,-CNFs composite material increased significantly after
hydrothermal vulcanization. That might be during the hydro-
thermal reaction, the sulfur ions in the thioacetamide were
released and combined with the cobalt ions on the carbon
nanofibers to form CoS,, due to the high temperature. And
during the sulfidation process, volume expansion broke the
carbon fiber and thus appeared on the surface. As shown in
Fig. 4d, that CoS, was evenly distributed on the surface of
carbon nanofibers, rather than agglomerated together. This is
because the metal salt was anchored uniformly on the carbon
nanofibers by electrostatic spinning, so the metal sulfide
formed during vulcanization was evenly dispersed in the car-
bon nanofibers. HETEM image for CoS,-CNFs composite
material (Fig. 4e) reveals a lattice spacing of 0.248 nm, which
corresponds to the (210) plane. Figure 4f is the SAED
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diffraction ring diagram of CoS,-CNFs composite material,
from which the (111), (200), (210), (220), and (311) crystal
planes of CoS, can be detected, proving that the CoS, parti-
cles are anchored on the surface of CNF. The crystalline na-
ture is consistent with the XRD results. The element mapping
shown in Fig. 4g demonstrates a uniform distribution of Co, S,
C, and O elements on the surface of the CoS,-CNFs compos-
ite material. All the tests above indicated that CoS, and CNFs
were successful.

Electrochemical property testing was an important method
to characterize electrode materials. We applied the electro-
chemical workstation to test the electrochemical properties
of the composite material CNFs, Co-CNFs, and CoS,-CNFs,
as shown in Fig. 5. Figure 5a shows the cyclic volt-amperes of
CNFs, Co-CNFS, and CoS,-CNFs composites at 20 mV s
It can be seen from the figure that Co-CNFs and CoS,-CNFs
had a pair of redox peaks, and the CV curve area of CoS,-
CNFs was the largest, and the electrochemical performance
was the best. However, because the electrochemical range was
not suitable, CNFs showed a rectangular shape that was not an
electric double layer. Figure 5b shows the GCD of CNFs, Co-
CNFS, and CoS,-CNFs composites. Under the current density

Binding Energy (eV)

of 1 A g_l, the specific capacitance of CNFs, Co-CNFS, and
CoS,-CNFs composites were 15 F g !, 358.8 F ¢!, and
488 F g '. The CoS,-CNFs composite has the longest dis-
charge time and the best electrochemical performance. In ad-
dition, there is a platform for the Co-CNFS and CoS,-CNFs
composites during charging and discharging, namely, there is
a pair of redox peaks, which is consistent with the cyclic volt-
ampere curve. Figure 5S¢ shows the variation of specific ca-
pacitance with the increase of current density. At the current
density of 10 A g ', the specific capacitance of CNFs, Co-
CNFs, and CoS,-CNFs composites were 4 F gfl, 248 F gfl,
and 360 F g '. When the current density increased by 10
times, the capacitance retention rates of CNFs, Co-CNFS,
and CoS,-CNFs composites were 22%, 69.1%, and 74% re-
spectively. The CoS,-CNFs composites have good rate per-
formance. As the current density increases in supercapacitors,
it is a common phenomenon that the specific capacitance de-
creases. That is because during constant current charging and
discharging, due to insufficient contact between the electrode
material and the electrolyte at high current density, which
leads to the redox reaction, is insufficient. Ion and electron

Table 2 Specific capacitance of CoS,-CNFs (F g 1)
Table 1 Surface element content of CoS,-CNFs

Sample C(F/gy C(F/gy C(F/g) C(F/gy C(F/gy C(Flg)
Sample C% 0% Co % S% 1Alg 2A/g 4Alg 6A/lg 8Alg 10A/g
CoS,-CNFs 79.07 11.65 3.07 6.21 CoS,-CNFs  488.0 4424 4218 3964 3780  360.0
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transport is difficult during fast charge and discharge, and
cannot be carried out sufficiently, so that the chemical valence
state of metal cobalt ions is not fully converted in the electro-
lyte. Figure 5d is the AC impedance diagram of the composite
material. The AC impedance diagram includes a straight line
with a semicircle in the high-frequency region and a slope in
the low-frequency region. The intercept on the X axis is usu-
ally used to represent the solution resistance, Rs, which con-
sists of the internal resistance of the electrode material and the
contact resistance at the electrode/electrolyte interface [40,
41]. The lower the Rs value, the more sufficient the contact
between the electrode material and KOH in the electrolyte,
and the smaller the contact resistance between the resistor
and the interface between the two, which is conducive to the
electrolyte reaching the surface of the electrode more effec-
tively, resulting in good activation effect, complete redox re-
action, and complete chemical valence conversion of cobalt
element in the electrolyte. In the low-frequency region, the
slope of the inclined line is related to the Valborg resistance
(W), which reflects the diffusion rate of ions from the electro-
lyte to the electrode material surface. The closer the slope of
the line is to 90°, the faster the diffusion rate of ions to the
electrode surface [42]. Based on the above electrochemical
analysis, the CoS,-CNFs composite has the best electrochem-
ical performance.
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The electrochemical test of CoS,-CNFs composite was
performed below, as shown in Fig. 6. Figure 6a shows the
CV curve of CoS,-CNFs at different scanning rates from 5
to 30 m Vs~ in the potential window from —0.2 to 0.5 V. It
can be seen from the figure that there is a pair of redox peaks at
different scanning speeds, instead of the ideal rectangular dou-
ble electric layer, indicating that the CoS,-CNFS composite
material as the electrode of supercapacitor is not simply elec-
trostatic charge adsorption and ion diffusion, but shows the
electrochemical performance of pseudocapacitance. As can be
seen from the figure, at a sweep rate of 5 m V!, there was a
pair of significant redox peaks. As the scanning speed in-
creases, especially at a scanning speed of 30 m V s™', polar-
ization occurs, and the cyclic voltammetry curve was de-
formed, possibly due to the presence of ohmic voltage drop
and dispersion capacitance at large scanning speeds. In addi-
tion, it can be seen from the figure that the position of the
redox peak was shifted. That is because the redox reaction
cannot satisfy the electron neutralization, which limits the dif-
fusion rate of ions. At present, the electrochemical reaction
mechanism of metal sulfide in the alkaline electrolyte is not
particularly clear, but the element sulfur and oxygen belong to
the same race. So referring to the Faraday reaction of metal
oxide in the alkaline electrolyte, the following is the possible
storage mechanism of CoS,-CNFs composite material as the
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electrode material in alkaline solution [43]:

CoS; 4+ OH = CoS,0H + H,0 + ¢! (2)
CoS,0H + OH ~ C0S,0 + H,0 + ¢! (3)

As can be seen from the figure, with the increase of scan-
ning speed, both the intensity and position of the redox peak
increase. The output position of oxidation peak moves in the
negative direction, while the reduction peak moves in the pos-
itive direction. That is because when the redox reaction oc-
curs, the diffusion resistance increases, limiting the diffusion
speed. So it cannot quickly neutralize the electrons generated
during the redox reaction. Figure 6b shows the relationship
between the peak current (anode and cathode) and the square
root of the scanning rate. By increasing the scanning rate, we
can see the change in the position of the redox peak of the
CoS,-CNFs composite, which may be due to the more com-
plete redox reaction occurred during the reaction. It can be
seen from the figure that the peak current shows a linear
change. The correlation coefficient (R%) has a high phase re-
lationship of 0.99884 anode peak and 0.99785 cathode peak.
So the surface peak is linearly related to the square root of the
scanning rate, which can be explained by the classic Sevick
equation [44]:

Ip =2.69 x 10°n32AD,/2V1/2C, (4)

where Ip is the peak current density, N is the electron transfer
number, A is the contact surface area of the electrode, Dy is the
diffusion coefficient of the rate limiting species such as proton, V
is the scanning rate, and Cj is the proton concentration.

It can be seen from the above formula that, as long as the
reaction type is determined, the square root of peak current den-
sity and scanning speed is linear when other variables are fixed,
indicating that the redox mechanism is limited by surface reac-
tion. Figure 6¢ shows the constant current charge-discharge dia-
gram of CoS,-CNFs composite material under different current
densities. It can be seen from the figure that there is a platform in
charge and discharge, which is not an isoscele-like triangle with
double electrical layers, consistent with the redox peak in the CV
curve. Therefore, the energy storage and release of CoS,-CNFs
composite material is characterized by redox reaction. The charg-
ing and discharging time decreases with the increase of current
density. Table 1 shows the specific capacitance of CoS,-CNFs
composite material at different current densities. Therefore, the
above electrochemical performance analysis shows that the
CoS,-CNFs composite material as the electrode material of the
supercapacitor is the energy storage characteristic of the
pseudocapacitor. Figure 6d shows the CoS,-CNFs cycle charac-
teristics at a current density of 5 A g ' with 1000 cycles of charge
and discharge. The CoS,-CNFs capacitance retention rate was
91.0% after 1000 cycles.

@ Springer

Table 3  The electrochemical data of CoS2 as electrode material
Cobalt material ~ Current density ~ Specific capacitance ~ References
CoS,/NCNTF ~ 1.0A g! 9370 m Ah g [15]
CoS, 10Ag" 2365F g! [21]
C0S,-RGO 05Ag" 331 Fg! [22]
C0S,-CNFs 10Ag"! 488.0F g! This work

To evaluate the superiority of the prepared electrode mate-
rials, Table 3 lists our results compared to previously pub-
lished of CoS, as electrode material.

Conclusions

In summary, we had developed a self-standing CoS,-CNFs
electrode with CoS, nanoparticles either encapsulated in or
attached to the interconnected one-dimensional carbon fibers.
Cobalt metal ions are added to carbon nanofibers through
electrostatic spinning, so there is less chance for CoS, to fall
off carbon nanofibers, and the synergistic effect of the two is
better played. Although the conductivity of cobalt dioxide is
high, volume expansion occurs, reducing the contact area with
the electrolyte. And there was a serious volume change and
dissolution of polysulfide compounds accompanying the
CoS, conversion reaction. Carbon nanofibers can reduce the
volume change during charge and discharge and increase the
proportion of active substances involved in the reaction.
Carbon nanostructured surface morphology provides more
ion intercalation or deintercalation at the electrochemically
active sites that can enhance performance during electrochem-
ical reactions. The CoS,-CNFs exhibited excellent perfor-
mance with a high specific capacitance of 488 F g ' at a
current density of 1 A g '. After charging and discharging
for 1000 cycles at a current density of 5 A g ', the capacitance
retention value was maintained at 91.0%. The remarkable
electrochemical properties of CoS,-CNFs had indicated that
it was a promising electrode material for supercapacitors.
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