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ABSTRACT: In this paper, with coal tar pitch as the carbon
source, porous carbon (PC) was prepared by one-step carbon-
ization. To improve the energy density of coal tar pitch-based
porous carbon, MoS,@PC was prepared by a hydrothermal
method on a PC substrate. The effect of MoS, loading on the
structure and electrochemical properties of the sample was studied.
The results show that the specific surface area of the MoS,@PC-
0.3 synthesized is 3053 m” g™', and the large specific surface area
provides sufficient attachment sites for the storage of electrolyte
ions. In the three-electrode system, the specific capacitance of
MoS,@PC-0.3 at 0.5 A ¢! is 422.5 F ¢”', and the magnification
performance is 57.3% at 20 A g~'. After 10,000 charge/discharge
cycles, the capacitance retention rate of the sample is 76.73%, with
the Coulombic efficiency being 100%. In the two-electrode test system, the specific capacitance of MoS,@PC-0.3 at 0.5 A g™" is
321.4 F ¢!, with the power density and energy density being 500 W kg™' and 44.6 Wh kg™, respectively. At a current density of 20
A g, the capacitance retention rate is 87.69% after 10,000 cycles. This study greatly improves the energy density of PC as the
electrode material of supercapacitors.
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1. INTRODUCTION

Supercapacitors (SCs) have attracted wide attention due to
their high power density,' long cycle life,” and fast charge/
discharge rate.” However, the disadvantage of supercapacitors
is equally obvious: the limited energy density, which seriously
hinders the industrial application of SCs in energy con-
sumption devices.”” It is well known that the energy density of
SCs is mainly related to the capacitive behavior of electrode
materials.”” Therefore, to improve the energy density, it is an
urgent task to develop efficient and novel SC electrode
materials.”’

In recent years, the application of two-dimensional layered
nanostructures, especially MoS, in batteries and super-
capacitors,'”"" has been widely studied. It has good in-plane
covalent bonds, resulting in special mechanical elasticity in the
layer and outstanding robustness along the C axis.'” Because of
different interlayer interactions, MoS, also consists of three
types, namely, 1 T, 2 H, and 3 Re MoS,."> However, pure
MoS, as an electrode material has the disadvantages of easy
agglomeration and low conductivity. To solve these problems
of MoS,, some scholars used graphene, carbon nanotubes,
porous carbon, and other'*™"” nanomaterials to composite
with MoS, to optimize its electrochemical performance as an
electrode material for supercapacitors. The special structure of
the composite can uniformly disperse MoS, and expose more
reactive sites, thus improving the electrochemical performance.
In addition, PC used in supercapacitors has the disadvantage of
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low energy density, and the advantage of high energy density of
MoS, can well neutralize this shortcoming so as to achieve the
purpose of improving the electrochemical performance of
composite materials. By means of magnetron sputtering
technology, Tiwari et al.'® directly grew ultrathin MoS,
nanoflakes on carbon nanotubes prepared by chemical vapor
deposition. The asymmetric supercapacitor assembled with
this as the working electrode displays a high volume specific
capacity. Fu et al.'” prepared three-dimensional spongy
polyaniline (PANI) using SiO, as a hard template and then
added polyvinylpyrrolidone (PVP) during the growth of MoS,
to obtain a high-energy-density SPANI/A-MoS, composite. Lin
et al.”” used a hydrothermal method to grow MoS, nanosheets
on the layered porous carbon derived from pomelo peel. At a
current density of 0.5 A g™, the specific capacitance was 411.4
F g~'. Wang et al”' combined MoS, with porous carbon
derived from corncobs, and the prepared electrode material
possessed a specific capacitance of 333.5 F g™' at a current
density of 1 A g~'. Sangeetha and Selvakumar®” prepared
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carbonized tendu/MoS, composites with the specific capaci-
tances of three-electrode progerties attaining 193 F g™ at the
optimum ratio. Lin et al*’ synthesized the sandwich-like
composites of carbonized popcorn and MoS, by a hydro-
thermal method. The highest reversible capacity was as high as
475 mAh g™ at a current density of 0.2 A g'. As shown by the
above research, it is feasible to load MoS, with carbon
materials.

In addition, as a byproduct of the semicoke industry, China’s
medium- and low-temperature coal tar has an annual capacity
of about 6.2 million tons. The production capacity of medium-
and low-temperature coal tar asphalt in Yulin is about 3.68
million tons, accounting for 60% of the national production
capacity. However, medium- and low-temperature coal tar
pitch is mostly used as infrastructure materials and heavy fuel
oil, resulting in serious waste of carbon resources and
environmental pollution.”* Therefore, how to improve the
utilization of high-value-added products based on coal tar pitch
has become an urgent problem to be solved.

In this case, this paper uses coal tar pitch-based porous
carbon as the substrate to prepare MoS,@PC composites by
the hydrothermal method. PC has the characteristics of a high
specific surface area and rich pore structure, providing
sufficient growth space for loaded MoS,. The results show
that the electrochemical properties of MoS,@PC composites
are significantly improved compared with those of PC.

2. EXPERIMENTAL SECTION

2.1. Materials. The low-temperature CTP (softening point
176 °C) was provided by Yulin Coal Chemical Industry
Upgrade Technology R&D Center. CTP was pulverized to
pass through a 200-mesh sieve (particle size <74 ym) followed
by vacuum desiccation at 80 °C for 24 h before use.
Polytetrafluoroethylene (PTFE) was purchased from Aladdin
Chemical Co. Ltd., China. KOH (85 wt %) and HCI solution
(37 wt %) were purchased from Shanghai Chemical Reagent
Co. Ltd, China. Ethanol, which is analytically pure, was
purchased from Tianjin Kemiou Chemical Reagent Co., Ltd.
Ammonijum molybdate and thiourea, also analytically pure,
were purchased from Tianjin Binhai Kedi Chemical Reagent
Co., Ltd, and Tianjin Yongsheng Fine Chemical Co., Ltd,,
respectively.

2.2. Synthesis of MoS,@PC. MoS, was prepared by
adding thiourea and ammonium molybdate according to the
molar ratio of sulfur/molecular nitrogen (a ratio of 2:1). A
certain amount of thiourea and ammonium molybdate was
dissolved in 80 mL of deionized water for ultrasound for 10
min and then placed in 200 mL of polytetrafluoroethylene
lining for 24 h in a 220 °C drying oven. After the sample was
cooled to room temperature, the supernatant was poured out,
centrifuged with anhydrous ethanol and deionized water three
times, and dried at 105 °C for 12 h to obtain MoS,.

A certain amount of PC (Supporting Information) and
ammonium molybdate was weighed and dissolved in 80 mL of
deionized water (the mass ratio of MoS, and PC is M = 0.2,
0.3, and 0.4, and the mass of MoS, is calculated according to
the conversion rate of 100%). The subsequent steps were
consistent with the process of preparing MoS,. The obtained
sample was named as MoS,@PC-M.

2.3. Characterization. Under 77 K, the hole structure of
MOS,@PC-M was characterized by N, adsorption (Micro-
meritics Asap 2460). The SSA and the aperture distribution
were determined by Brunauer—Emmett—Teller (BET) and

density functional theory (DFT) methods, respectively. The
microstructure and surface shape of MOS,@PC-M were
studied with a scanning electronic microscope (SEM,
Sigma300) under 10 kV acceleration voltage. The internal
structure of MoS,@PC-M was determined by transmission
electron microscopy and high-resolution transmission electron
microscopy (TEM and HRTEM, Talos F200X G2, superX).
The samples were characterized using an X-ray diffractometer
(XRD, Bruker D8 Advance). The Raman spectrum in the
range of 400—4000 cm™' was recorded using a HORIBA
Scientific LabRAM HR Evolution laser confocal Raman
spectrometer. X-ray photoelectron spectroscopy (XPS, Ther-
mo Scientific K-Alpha) was used to detect the content and
distribution of elements in MoS,@PC-M.

2.4. Electrochemical Measurements. A total of 1-2 mg
of MoS,@PC-M, polytetrafluoroethylene (PTFE), and acety-
lene black were mixed in 10 mL of ethanol solution at 8:1:1
mass ratio to obtain a working electrode slurry. The slurry was
applied on 1 X 1 cm? pretreated foam nickel and then dried for
24 h in an 80 °C blast drying oven. Before the test, the
electrode material was immersed in 6 M KOH for 12 h so that
the electrolyte ions could better diffuse into the electrode
material.

In the three-electrode system, Pt and Hg/HgO electrodes
were used as the counter and reference electrodes, respectively.
CV and GCD tests were performed on the electrode sheet
under a potential window of —1 to 0 V. The EIS measurements
were conducted at an amplitude of 10 mV and a frequency of
1072-10° Hz. Its cycle stability (CT3002A) was tested in a
LANDdt V7 test system.

The specific capacitance (C) of a single electrode was
calculated by the following equation (eq 1):

_ IAt

mAV (1)

where m (g) denotes the mass of the active material in the
electrode, I (A) is the discharging current, and AV (V)
represents the potential change within the discharge time At
(s).

The Coulombic efficiency (17) was calculated by using eq 2:

=5 )
where t; (s) and t, (s) denote the discharge and charge times,
respectively.

According to the Cottrell equation, in the linear scanning
process with a constant scanning rate, the electrode current is
controlled by the following relationship (eqs 3 and 4):

i=a’ 3)
log(i) = log(a) + b log(v) (4)

where i (v) denotes the current at a given action potential, v
(mV s7") is the scanning rate, and a and b are constants.

In the two-electrode system, a 6 M KOH solution was used
as an electrolyte, and two electrode sheets with the same mass
were used as positive and negative electrodes to form a coin-
shaped symmetrical device. The electrochemical tests were
carried out on the electrochemical workstation and the
LANDdt V7 test system. The specific capacitance of a single
electrode was calculated from the GCD values according to the
following equation (eq $):

https://doi.org/10.1021/acsomega.3c02610
ACS Omega 2023, 8, 34471-34480


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c02610/suppl_file/ao3c02610_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c02610?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Figure 1. SEM and elemental surface distribution maps of the samples: (a—c) MoS,, (d—f) MoS,@PC-0.2, (g—i) MoS,@PC-0.3, and (j—1)

MoS,@PC-0.4.

2IAt

mAV ()

where I (A) denotes the discharging current, m (g) is the
average mass of the active material in the two electrodes, and
AV (V) represents the potential change within the discharge
time At (s).

The energy density (E) and power density (P) were defined
using eqs 6 and 7:

_ AV

LT 2% 36 (6)
_ 3600E,
N (7)

where P, (W kg™') denotes the specific power density, E, (W h
kg™!) is the specific energy density, C, (F g~') stands for the
specific capacitance, and AV (V) represents the potential
change within the discharge time At (s).

3. RESULTS AND DISCUSSION

3.1. Material Characterization. Figure 1 shows the SEM
and elemental plane distributions of MoS, and MoS,@PC-M.
Figure la shows that the prepared MoS, is a flower-shaped
sphere with a diameter of about 2 um assembled from MoS,
nanosheets. The hollow structure between these nanosheets
plays a great role in increasing the specific surface area of
MoS,. In addition, flower clusters of MoS, can be observed on
all MoS,@PC surfaces, indicating that MoS,@PC has been
successfully synthesized in the experiment (Figure 1d-l).
Except for a few flower-like MoS, on the MoS,@PC-0.2
surface, no other morphologies of MoS, were observed.

However, with the increase in MoS, content, lamellar MoS,
semi-embedded on the PC substrate appears on the sample
surface (Figure 1gh), which may affect the pore structure of
MoS,@PC, resulting in the reduction of the electrical double-
layer capacitance provided by PC. As shown in Figure 1j,k, the
lamellar MoS, has a very high distribution density, which may
cause the storage and transportation of electrolyte ions on
MoS,@PC-0.4 to be blocked, thus affecting the electro-
chemical performance. The elemental plane distribution
diagram shows that with the increase in MoS, load (Figure
1fil), the distribution of the Mo element is denser. It is
noteworthy that all of the elements of MoS,@PC-0.3 are
evenly distributed without obvious accumulation, which
ensures the rapid transmission of electrolyte ions.

Figure 2 shows the TEM, HRTEM, lattice, and SAED
images of MoS,@PC-0.3. As shown in Figure 2a, spherical
MoS, is formed by winding irregular sheet MoS,, and the pores
between sheets provide an additional specific surface area for
the storage and transportation of electrolyte ions. Figure 2b
shows that MoS, has clear and neat lattice stripes, indicating
that the synthesized MoS, has high crystallinity. In addition,
Figure 2¢ shows that the characteristic spacing of the sample
lattice plane is 0.647 nm, which can be attributed to the (002)
crystal plane in the 2H-MoS, phase (Figure 2d), which is
consistent with the following XRD results.”

Figure 3 shows the N, adsorption and desorption and pore
size distribution curve of MoS,@PC-M. MoS,@PC-M displays
a type I/IV isotherm, indicating that it has a large number of
micropores and a small amount of mesopores (Figure 3a). The
pore size distribution in Figure 3b also further shows that the
pore size of MoS,@PC-M is mostly concentrated below 2 nm.
The specific surface area of MoS,@PC-0.3 calculated by DFT
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Figure 2. (a) TEM image of MoS,@PC-0.3, (b) HRTEM image of
MoS,@PC-0.3, and (c, d) lattice and SAED pattern of MoS,@PC-0.3.

is 3053 m* g~!, which shows that the specific surface area of
MoS,@PC-0.3 can be improved compared with that of PC
(Table 1 and Table S1). The specific surface area of MoS,@
PC-0.4 is 2258 m> g_l, which is lower than that of PC. This
indicates that when excessive MoS, is loaded on the surface of
PC, it can cover the pore structure of part of PC, resulting in
the reduction of its specific surface area. This will affect the
storage and transport channels of the electrolyte ions.

Figure 4a shows the XRD spectrum of MoS,@PC-M.
MoS,@PC-M has the (002) and (100) diffraction peaks
attributed to graphite at 23 and 43°”° and shows high intensity
diffraction peaks at low angles, indicating that it has rich
micropores. The diffraction peaks of the sample at 14.3 and
33.4° correspond to the (002) and (100) crystal planes of
MoS,,”” which are consistent with the TEM analysis results. In
addition, the diffraction peak intensity of XRD is proportional
to the loading amount of MoS,, whereas the diffraction peak
intensity of the low angle is just the opposite, which is caused
by the loading of MoS, blocking part of the micropores of PC.
This phenomenon supports the previous speculation about the
SEM results. Figure 4b shows that all samples have D and G
peaks attributed to graphite near 1350 and 1595 cm™".* It is
worth noting that MoS,@PC-M retains the original graphite
structure and lattice defects of PC to a certain extent, and its
Ip/I; values are around 0.9. In addition, the diffraction peak at
860 cm™! can be attributed to the C—C stretching and C—C—
H bending of amorphous carbon,” indicating that MoS,@PC-
M is composed of a large amount of disordered amorphous
carbon.*® The diffraction peaks of MoS,@PC-M at 375 and

Table 1. Textural Parameters of the Samples

PV (m® g_l)
SSAmp  SSAme -
sample (m* g™) (m*g™) total micro (nm)
MoS,@PC-0.2 2664 2527 1.31 1.14 1.97
MoS,@PC-0.3 3053 2898 1.48 1.29 1.93
MoS,@PC-0.4 2258 2164 1.08 0.98 1.92

402 cm™! correspond to the typical ElZg and A, vibration
modes of the 2H-Mo$S, phase.’’

Table 2 shows the elemental content of the sample obtained
by XPS analysis. As can be seen, the contents of Mo and S also
increase significantly with the increase in loading. Figure S a
shows that the samples have Mo 4p, S 2p, C 1s, Mo 3d, Mo 3p,
Mo 3s, and O 1s peaks with different strengths. The Mo and S
peaks increase significantly with the increase in MoS, loading,
which are consistent with the results in Table 2. Figure Sb
displays the C 1s peak of MoS,@PC-M, which can be
decomposed into four peaks corresponding to different carbon
bonds, namely, 284.4 eV >C—Cx, 285.7 eV >C—Sx, 286.6 eV
>C—0—, and 289.1 eV >C=0. It can be seen that different
MoS, loads have little effect on the carbon bond. Figure Sc
shows the Mo 3d peak of MoS,@PC-M. The two peaks at
229.1 and 232.2 eV in the figure correspond to the 3ds,, and
3d;/, peaks of the Mo—S bond of 2H phase MoS,,
respectively.”> Because this result is consistent with the
Raman result, it can be determined that MoS, in MoS,@PC-
M exists in the 2H phase. In addition, the peak strength of
Mo® at 235.7 eV is weak, indicating that Mo in the composite
mainly exists in the form of MoS,, and the weak peak at 226.1
eV is caused by the S 2s peak.” During the process of
discharging and charging, Mo® ions in MoS,@PC-M can
improve the oxidation and reduction between Mo and Mo*,
thus improving the reversible capacity in the electrochemical
cycle process.”* Figure 5d shows the XPS spectra of S 2p;,
and S 2p,,, of MoS,@PC-M, which are 162.0 and 163.2 eV,
respectively. Caused by the Mo—S bond in MoS,,> they
correspond to 2H phase molybdenum disulfide and the results
in Figure Sc as well.

3.2. Electrochemical Characterization. 3.2.1. Three-
Electrode System. As shown in Figure 6a, there is no obvious
redox peak in the CV curve of MoS,@PC-M, but a small
envelope peak in the voltage range of —0.8 to —0.4 V, which is
caused by the redox reaction of oxygen-containing functional

1000 1.2
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s o 1.0 10 —e— MoS,@PC-0.3
800 | : —+— MoS,@PC-0.4
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Figure 3. (a) N, adsorption—desorption isotherms and (b) pore size distribution curves of the samples.
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Figure 4. (a) XRD patterns of MoS,@PC-M and (b) Raman pattern of MoS,@PC-M.

Table 2. Elemental Content of MoS,@PC-M Obtained by
XPS analysis

XPS (%)
sample C Mo (¢] N
MoS,@PC-0.2 90.58 0.63 7.13 1.67
MoS,@PC-0.3 84.87 2.59 7.77 4.76
MoS,@PC-0.4 75.15 492 8.47 8.45

groups and a small amount of Mo® in the sample. The area
enclosed by the CV curve can quantify the specific capacitance
of the sample. It can be seen that the specific capacitance of
MoS,@PC-0.2 and MoS,@PC-0.3 is significantly improved

compared with that of PC. This is because there is less MoS,
loaded on the surface of MoS,@PC-0.2. On the basis of not
affecting the pore structure of PC, it contributes a certain
amount of pore structure and Mo®, which can cause a redox
reaction, resulting in its specific capacitance being improved
compared with PC. Further increasing the load of MoS, will
not affect the original pore structure of PC, and its own pore
can also provide more storage and transport space for
electrolyte ions. In addition, a proper amount of oxygen-
containing functional groups and the pseudocapacitance
provided by Mo® make its specific capacitance significantly
improved. When the PC surface is loaded with excessive MoS,,
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o
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©
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> 2 Z ~. MoS,@PC-0.3
b= [}
2 §
e 2 £
,-——J»—LJ MoS,@PC-0.2
MoS,@PC-0.2
T T T T . .
0 200 400 600 800 1000 296 292 288 284 280
Binding energy (eV) Binding energy (eV)
(¢) Mo 3d i MoS,@PC-0.4 (d) s 2p MoS2@PC-0.4
Mo** 3d,
5 S 2p,;,
Mo*® 3d S2s .
> MoS,@PC-0.3 MoS2@PC-0.3
g ) z
@ 2
€ E
MoS,@PC-0.2 MoS2@PC-0.2
240 238 236 234 232 230 228 226 224 222 170 168 166 164 162 160 158

Binding energy (eV)

Binding energy (eV)

Figure S. (a) XPS spectrum of MoS,@PC-M, (b) XPS spectrum of C 1s of MoS,@PC-M, (c) XPS spectrum of Mo 3d of MoS,@PC-M, and (d)

XPS spectrum of S 2p of MoS,@PC-M.
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Figure 6. (a, b) CV and GCD curves of PC and MoS,@PC-M, (c) slope values of the plot of current density versus scan rate obtained by linear
fitting, (d) CV curves of MoS,@PC-0.3 at different scan rates, (e¢) GCD curves of MoS,@PC-0.3 at different current densities, and (f) rate

performance curves of MoS,@PC-0.3

its own pore structure will be blocked, resulting in obstruction
of electrolyte ion transport, thus reducing the specific
capacitance. According to Figure 6b, the specific capacitances
of MoS,@PC-0.2, MoS,@PC-0.3, and MoS,@PC-0.4 at 0.5 A
g~ current density are 387, 422.5, and 280 F g™, respectively,
and the specific capacitance of MoS,@PC-0.3 is increased by
36.4% compared with that of PC. Figure 6¢ shows the change
relationship between the scanning rate and the logarithm of
current density fitted according to eq 4. The slope of the fitting
curve is close to 1, indicating that the MoS, PC-0.3 electrode is
mainly based on the double-layer energy storage mechanism.*®

As can be seen from Figure 6d, the CV curve of the MoS,@
PC-0.3 electrode material presents a rectangular shape at a low
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scanning speed. With the increase in scanning speed, the CV
curve gradually presents a shuttle shape, which is due to the
existence of a large number of micropores in MoS,@PC-0.3.
When the scanning speed increases, the electrolyte solution
can not get in and out of the electrode material surface quickly
due to the small pore size, which leads to a certain delay in the
ion diffusion and leads to poor conductivity. Figure 6e,f shows
the GCD curves and magnification performance diagrams of
MoS,@PC-0.3 under different current densities. Due to the
increase in transmission resistance, the specific capacitance of
MoS,@PC-0.3 decreases with the increase in current density.
At a current density of 20 A g/, the capacitance retention rate
of MoS,@PC-0.3 is only 57.3%. This may be due to the
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volume change of MoS, during the charging and discharging
process, resulting in its poor magnification performance. Table
3 describes the comparison of the specific capacitance of the

Table 3. Electrochemical Performance of the Samples

capacitance current density

material electrolyte Fg) (Ag™h reference

MoS,/ 1M 3338 1 21
C(corncobs) Na,SO,

flower-like 1M 201.4 0.2 37
MoS,/C Na,SO,

MoS,/activated 0.5 M 261 2mVs! 22
carbon H,SO,

MoS,-graphene 1M 243 1 38

Na,SO,

MoS,@C 6 M KOH 355.6 Smvst 37
nanofiber

MoS,/RCF 3 M KOH 2258 0.5 39
electrode

ACFTs/MoS, 1M 308.5 5mV s 40

Na,SO,

C/MoS, 3 M KOH 210 1 41
composites

MoS,/ 1M 338.3 1 42
C(cornstalks) Na,SO,

MoS,@PC-0.3 6 M KOH 422.5 0.5 this

work

MoS,-based and biomass-derived porous carbon electrodes in
different electrolytes. It can be found that the MoS,@PC-0.3
composite had a higher specific capacity.

To study the impedance of the composite materials, EIS
tests were carried out on PC and MoS,@PC-M. Figure 7
shows the AC impedance spectrum of PC and MoS,@PC-M
with a voltage of 10 mV in the frequency range 1072—10° Hz.
As can be seen, the R. value of MoS,@PC-0.3 is about 0.3,
while the R_ value of PC is 0.63, twice that of MoS,@PC-0.3.
The semicircle diameter of MoS,@PC-M in the high-
frequency region is also much smaller than that of PC,
which indicates that the R, value of MoS,@PC-0.3 is low. It
indicates that MoS,@PC-M has a low charge transfer
resistance, which allows electrolyte ions to be stored and
released to the electrode surface quickly.” In addition, Figure
7b shows that MoS,@PC-0.3 has a low relaxation time
constant, which ensures that electrolyte ions can quickly
penetrate into electrode materials, making it have good
capacitance and fast charging capacity.”* The phase angle of
MoS,@PC-0.3 at the minimum frequency is about —63°
indicating that the electrode material of MoS,@PC-0.3 is

mainly dual-capacitor energy storage, supplemented by the
pseudocapacitor energy storage mechanism.”® Figure 7c shows
that the capacitance retention rate of MoS,@PC-0.3 is 76.73%
and the Coulombic efficiency is 100% after 10,000 cycles of
charging and discharging. The poor cycling stability is due to
the loss of MoS, during charge and discharge. Based on this,
we intend to solve this scientific problem by wrapping carbon
materials in the following work.

3.2.2. MoS,@PC-M Symmetric SCs. To further explore the
electrochemical performance of the MoS,@PC-M electrode
material, two electrode materials of the same quality were used
as positive and negative electrodes for the two-electrode
system test. Figure 8 shows that the CV curves of MoS,@PC-
M display a rectangular shape, indicating that MoS,@PC-M
mainly stores and transports electrons through the pore
structure. It is worth noting that there is a small envelope peak
in the voltage range of 0.4—0.8, which is due to the existence of
Mo® in MoS,@PC-M. It can induce the redox reaction to
form a redox peak, thus providing pseudocapacitance. With the
increase in scanning rate, the CV curve of MoS,@PC-0.3 does
not change significantly, indicating that it has high reversibility,
good electrochemical activity, and stable voltage window
(Figure 8b). As can be seen from Figure 8¢, the shape of the
GCD curve of MoS,@PC-M slightly deviates from the
isosceles triangle. It indicates that the capacitance contribution
of the sample is mainly double-layer capacitance, supple-
mented by pseudocapacitance, which is consistent with the CV
result. The specific capacitances of MoS,@PC-0.2, MoS,@PC-
0.3, and MoS,@PC-0.4 at 0.5 A g_1 are 126.0, 321.4, and 232.3
F g7', respectively, in the two-electrode system; MoS,@PC-0.3
is 59.7% higher than that of PC (Figure S3). Figure 8d shows
the GCD curve of MoS,@PC-0.3 under different current
densities. As can be seen, when the current density increases,
the GCD curve has no obvious IR value, indicating that the
MoS,@PC-0.3 electrode material has good magnification
performance.” Figure 8e shows the relationship between the
energy density of MoS,@PC-0.3 and the power density. When
the power density is 500.0 W kg™, the energy density is 44.6
W h™! kg™". Even at a high power density of 9998.6 W kg ™/,
the energy density is still 31.94 W h™" kg™". The energy density
of MoS,@PC-0.3 is much higher than that of PC, which
indicates that the load of MoS, can greatly improve the energy
density of PC. Figure 8f shows that the capacitance retention
rate of MoS,@PC-0.3 after 10,000 charge—discharge cycles is
up to 87.69%, and the Coulombic efficiency is 100%.
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Figure 7. (a) Nyquist plot and the inset showing details in the high-frequency range of MoS,@PC-M and PC, (b) relationship between phase angle
and frequency of MoS,@PC-M, and (c) cyclic performance and Coulombic efficiency plots of MoS,@PC-0.3
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Figure 8. Electrochemical properties of samples in the two-electrode system: (a) CV curves of MoS,@PC-M, (b) CV curves of MoS,@PC-0.3 at
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power density and energy density of MoS,@PC-0.3, and (f) cycling performance and Coulombic efficiency of MoS,@PC-0.3 at 20 A g™".

4. CONCLUSIONS

In this paper, MoS,@PC was prepared by the hydrothermal
method with self-made PC as the substrate, ammonium
molybdate as the molybdenum source, and thiourea as the
sulfur source. The effects of different MoS, loadings on the
morphology, structure, and electrochemical properties of
MoS,@PC were studied. Among them, MoS,@PC-0.3 displays
good electrochemical performance due to the appropriate
MoS, load. The pore structure of MoS,@PC provides
sufficient attachment sites and diffusion channels for the
storage and transportation of the electrolyte ions. In addition,
the loading of MoS, not only greatly increases the specific
surface area of the material but also enhances the additional
redox reaction. It provides a pseudocapacitor energy storage
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mechanism and improves the energy density of PC
accordingly. In the three-electrode system with 6 M KOH as
the electrolyte, MoS,@PC-0.3 shows the highest specific
capacitance (422.5 F g7' at 0.5 A g™'), which is 36.4% higher
than that of PC. In the double-electrode system, the specific
capacitance of MoS,@PC-0.3 at a current density of 0.5 A g
is 321.4 F g!. At a current density of 20 A g™, the capacitance
retention rate is 87.69% after 10,000 cycles, and the
Coulombic efficiency is 100%. In addition, the power density
provided by the MoS,@PC-0.3 electrode is 500.0 W kg™', and
the energy density can reach 44.6 W h kg™'. When the power
density is 9998.6 W kg™, the energy density is still 31.9 W h
kg™'. It shows that the load of MoS, greatly improves the
energy density of PC. Therefore, this paper provides a simple,
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green, and economic strategy for large-scale preparation of
MoS,@PC using coal tar pitch-based PC as a precursor for
SCs.
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