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electrode materials for excellent supercapacitor
performance

Yanfang Wang,a Xinrong Lv,a Suyan Zou,a Xiaoyun Lin *ab and Yongnian Ni a

In this study, molybdenum disulfide (MoS2), polyaniline (PANI) and their composite (MoS2/PANI) were

facilely prepared via a liquid-phase method and in situ polymerization. An MoS2/PANI/functionalized

carbon cloth (MoS2/PANI/FCC) was facilely constructed by a drop-casting method. MoS2/PANI-10/FCC

displays remarkable electrochemical performances, and its specific capacitances varied from 452.25 to

355.5 F g�1 at current densities ranging from 0.2 to 4 A g�1, which were higher than those of MoS2/CC

(from 56.525 to 7.5 F g�1) and pure PANI/CC (319.5 to 248.5 F g�1), respectively. More importantly, the

MoS2-10/PANI/FCC electrode has a long cycling life, and a capacity retention of 87% was obtained after

1000 cycles at a large current density of 10 A g�1. Moreover, the MoS2/PANI-10/FCC-based symmetric

supercapacitor also exhibits excellent rate performance and good cycling stability. The specific

capacitance based on the total mass of the two electrodes is 72.8 F g�1 at a current density of 0.2 A g�1

and the capacitance retention of 85% is obtained after 1000 cycles.
1. Introduction

Supercapacitors (SCs) are important storage devices due to the
high power density and high energy density than fuel cells/
batteries and traditional capacitors,1,2 and have received
considerable attention from scientists in recent years. The
capacitive property of SCs is inuenced by assembled tech-
nology, electrolyte, electrode materials etc., the most important
factor of which is electrode materials.3 Therefore, it is very
important to develop new electrode materials with high specic
capacitance, good rate capability and high cycling stability.

SCs are classied into two types depending on their charge
storage mechanism: electrical double layer capacitors (EDLCs)
and pseudocapacitors. In general, pseudocapacitors are
produced by the fast reversible faradic transitions of active
materials and can yield higher specic capacitance than
EDLCs.4–6

Common pseudocapacitors materials include metal
hydroxides,6,7 transition metal compounds,8–11 and conductive
polymers.12,13 Among these materials, polyaniline, a typical
conductive polymer lm, is widely used in supercapacitor
electrode materials with high theoretical capacitance, good
conductivity, and low cost.14,15 However, two major defects are
found in PANI pseudocapacitive materials, including low prac-
tical capacitance and poor cycle stability.16,17 In addition, PANI
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electrode materials tend to cause a loss and unstable structural
stability during the charge–discharge processes, resulting in
poor supercapacitor performances, because the redox sites of
the polymer backbone are not adequately stable and can be
destroyed within a limited number of charge–discharge cycles.
Therefore, numerous researchers focus on the architectural
design of the multicomponent electrode materials to solve the
above-mentioned problems. Many researchers have reported
the use of two-dimensional nanosheets as the substrates for
growing different nanosized PANI.18–20

Molybdenum disulde (MoS2) nanosheet, a typical layered
transition-metal sulde, has attracted considerable attention as
a supercapacitor electrode owing to its attractive properties
such as high theoretical specic capacitance and good cycling
stability.21–23 However, poor electrical conductivity for MoS2
limits its practical electrochemical performances. Studies have
reported that the MoS2 and PANI composite is endowed with
a synergistic effect and can overcome the above-mentioned
deciencies of MoS2 and improve its electrochemical perfor-
mances.24,25 Furthermore, an electrode substrate is also an
important factor to affect the rate capability and power density
of supercapacitors.

In this study, a MoS2/polyaniline/functionalized carbon
cloth electrode (MoS2/PANI/FCC) was constructed for applica-
tions in supercapacitors. MoS2 nanosheet and PANI were
synthesized by a liquid-phase method, and the MoS2/PANI
nanocomposite was prepared via in situ polymerization. The
MoS2/PANI/FCC electrode delivers the enhanced specic
capacitance and excellent cycle stability.
RSC Adv., 2021, 11, 10941–10950 | 10941
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2. Experimental
2.1 Materials

Aniline (analytical grade), Na2MoO4$H2O (100 g, 99.95%), L-
cysteine (analytical grade) and ammonium persulfate (APS)
were purchased from Beijing Chemical Reagent Co., China, and
used without further purication. A carbon cloth was obtained
from Taiwan Carbon Energy Technology Co., Ltd.
2.2 Instruments and equipment

Electrochemical experiments (cyclic voltammetry (CV) and gal-
vanostatic charge–discharge (GCD)) were performed on
a CHI660A (Shanghai Chenhua Co., Ltd.) electrochemical
workstation in conjunction with a standard three-electrode
system. The working electrode was a MoS2-10/PANI/FCC, the
auxiliary electrode was a conductive electrode, and the reference
electrode was an Ag/AgCl electrode.

Electrochemical impedance spectroscopy (EIS) was per-
formed in a 1.0 mol L�1 H2SO4 electrolyte solution, using an
alternating current voltage of 10 mV, within the frequency range
of 0.01–104 Hz on Instruments of AUTOLAB (PGSTAT302N,
Metrohm, Switzerland) electrochemical workstation.

Transmission electron microscopy (TEM) images were
recorded to characterize the morphology of MoS2 and MoS2–
PANI nanomaterials with the use of a FEI Tecnai G2 F20
(Thermo Fisher Scientic – CN).

Scanning electron microscopy (SEM) images were obtained
using a SU8010 instrument (Hitachi Co. Ltd., Japan).

The X-ray diffraction experiment was carried out on a Bede
D1 System (Bede, UK) using Cu Ka radiation (l ¼ 1.5406), with
a Bragg angle range of 10�–70�.
2.3 Preparation of MoS2 nanosheets

MoS2 was prepared in a typical process: 0.25 g Na2MoO4$2H2O
was dissolved in 25 mL deionized water and the pH value was
adjusted to 6.5 with 0.1 mol L�1 HCl. Then, 0.5 g L-cysteine and
50 mL deionized water were added to the above mixture solu-
tion. Aer ultra-sonication for 10 min, the mixture was trans-
ferred into a 100 mL Teon-lined stainless steel autoclave and
was held at 200 �C for 36 h. Aer the above solution was cooled
to room temperature naturally, the MoS2 composites were
collected via centrifugation, washed with ultrapure water and
ethanol for several times sufficiently and then dried in
a vacuum at 60 �C for 12 h. Finally, the MoS2 nanosheets were
obtained.
2.4 Preparation of MoS2/PANI

PANI was synthesized according to the following method:
0.92 mL aniline, 20 mL of 1 mol L�1 HCl and 10 mL ethanol
were dispersed into 50 mL deionized water in an ice bath (0–5
�C) with magnetic stirring. Aer stirring for 10 min, 10 mL
1 mol L�1 (NH4)2S2O8 was added into the above mixture drop by
drop, and then stirred in an ice bath for 12 h. The obtained
precipitates of PANI were washed deionized water and ethanol
10942 | RSC Adv., 2021, 11, 10941–10950
for several times and dried in a vacuum at 60 �C for 12 h. The
dark green powder of PANI was nally obtained.

Typically, MoS2/PANI composites were prepared by in situ
polymerization induced by a MoS2 substrate. In a typical
synthesis, 0.1 g of MoS2 was dispersed in 30 mL of 1 mol L�1

HCl by ultrasonication, and then, the mixture was placed in an
ice bath. Subsequently, the fabrication process is the same as
that for the preparation of the above-mentioned PANI. On the
other hand, by changing the amount of MoS2 during the poly-
merization process, MoS2/PANI hybrid materials with different
amounts of MoS2 and controllable morphologies were prepared
using the same process, which were denoted as MoS2/PANI-x,
where x is the mass percentage of MoS2 in the hybrid materials
(x ¼ 2, 5, 10, 15 and 38).

2.5 Preparation of MoS2/FCC, PANI/FCC or MoS2/PANI/FCC

The construction process of the working electrode is as follows:
rst, a carbon cloth (CC) was cut into appropriate size (1 � 2
cm2), and a few pieces of CC were fully immersed in 2.0 mol L�1

H2SO4, and the cyclic voltammetry (CV) test was carried out at
the potential range from �0.8 V to 2.0 V at 100 mV s�1. The as-
prepared functionalized CC (FCC) was fully washed with ultra-
pure water and dried in a vacuum at 80 �C. Second, the active
materials (MoS2, PANI or MoS2/PANI) (80 wt%), acetylene black
(10 wt%) and polytetrauoroethylene (PTFE, 10 wt%) were
mixed, and n-methyl pyrrolidone was used to homogenize the
mixture. An appropriate mixture (about 3 g aer drying) was
evenly applied on the functionalized carbon cloth (FCC) (1 � 2
cm2), and then dried in a vacuum oven for 12 h. Finally, MoS2/
FCC, PANI/FCC or MoS2/PANI/FCC was soaked in an electrolyte
for 12 h for activation. The schematic of the construction
process for the MoS2/PANI/FCC electrode is shown in Scheme 1.

2.6 Experimental procedure

The crystal structures of the as-synthesized samples were
investigated via X-ray diffraction (XRD) (Bruker D8 advance)
with Cu-Ka radiation (l ¼ 1.54178). The morphology charac-
terization of the as-synthesized samples was investigated via
eld-emission scanning electron microscopy (FESEM, SU8010)
and transmission electron microscopy (TEM, FEI Tecnai G2
F20).

The electrochemical tests were carried out on a three-
electrode system in a 1.0 M H2SO4 aqueous electrolyte, and
MoS2/FCC, PANI/FCC orMoS2/PANI/FCC, Ag/AgCl electrode and
conductivity electrode were used as the working electrode,
reference electrode and counter electrode, respectively. The
electrochemical measurements of the electrode materials were
characterized via cyclic voltammetry (CV) and galvanostatic
charge–discharge (GCD) in the CHI660A electrochemical
workstation (Shanghai Chenhua Co., Ltd). CV tests were per-
formed between �0.2 V and 0.6 V (vs. Ag/AgCl) at different scan
rates. GCD was carried out in the potential range of �0.2 V and
0.6 V (Ag/AgCl) at different current densities of 0.2, 0.5, 1, 1.5, 2
and 4 A g�1. Electrochemical impedance spectroscopy (EIS)
measurements were also carried out in the frequency range
from 100 kHz to 0.1 Hz at an open circuit potential in the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 The construction process of MoS2/PANI-10/FCC.
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Autolab (PGSTAT302N, Metrohm, Switzerland). All the electro-
chemical experiments were carried out at room temperature.

The specic capacitance (Cs) of the electrode material was
calculated according to the following equation:

Cs ¼ I � Dt/(DV � m) (1)

E ¼ Cs � DV2/2 � 3.6 (2)

P ¼ (3600E)/Dt (3)

where I, Dt, DV, m, E and P denote discharge current (A),
discharge time (s), voltage change during the discharge process
(V), weight of active materials (g), energy density (W h kg�1) and
power density (kW kg�1), respectively.
3. Results and discussion
3.1 Characterization of MoS2, PANI and MoS2/PANI-10

Fig. 1 shows the crystal characteristics of MoS2, PANI and MoS2/
PANI-10. All the diffraction peaks (14.3�, 32.6� and 58.3�) in
both samples can be assigned to hexagonal MoS2, respectively.23

For the pure PANI sample, its XRD pattern includes three peaks
at approximately 14.1�, 20.5� and 25.5�, which are attributable
to PANI (011), (020) and (200) planes, respectively, suggesting
that PANI existed in the form of emeraldine salt.26 In addition,
Fig. 1 XRD patterns of MoS2, PANI and MoS2/PANI.

© 2021 The Author(s). Published by the Royal Society of Chemistry
these three peaks of MoS2 are also observed in the MoS2/PANI-
10 composite materials and the diffraction peak intensity of the
hybridmaterial is lower than that of MoS2 and pure PANI, which
may be caused by PANI nanosheets. To a certain extent PANI,
the layered structure of MoS2/PANI-10 was destroyed by PANI
nanosheets. Moreover, the weak diffraction peak around 20.5�

for PANI is observed, suggesting that PANI is existed in a semi-
crystalline state in the MoS2/PANI-10.27

Themorphology of MoS2 andMoS2/PANI-10 was investigated
by eld emission scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) (Fig. 2). Fig. 2A and 2D
show the SEM images of MoS2 and MoS2/PANI-10, and it can be
seen that the precursor MoS2 had a lamellar structure with an
uneven layer assembled surface (Fig. 2A). Fig. 2D shows that the
layer PANI nanosheet was grown on the surface of the MoS2
nanowire arrays. TEM images of MoS2 and MoS2/PANI-10 are
shown in Fig. 2B and E. From Fig. 2B, the as-prepared MoS2 was
layered, but there is a stacking phenomenon in different MoS2
materials. When MoS2/PANI-10 was tested, more serious
stacking phenomenon was observed and formed a disordered
nano-structure (Fig. 2E), which coincided with the SEM image
of MoS2/PANI-10. From the lattice fringes of the high-resolution
TEM (HRTEM) image MoS2 (Fig. 1C) and MoS2/PANI-10
(Fig. 1F), lattice spacing between adjacent planes for MoS2
and MoS2/PANI-10 was measured 0.62 nm and 0.92 nm,
respectively. An interplanar spacing of 0.62 nm corresponded to
the (002) plane of MoS2 nanosheets, and interplanar spacing of
0.92 nm was observed in MoS2/PANI-10, indicating that amor-
phous PANI anchored onto the surface of the MoS2 nanosheet
to form a loose structure, which is desirable for supercapacitor
application because both surfaces containing thin PANI wafers
are effective in contributing pseudocapacitance to the total
energy storage.

Fig. 3 shows that the uniform distribution of C, N, Mo and S
elements of MoS2/PANI-10 can be seen in the elemental
mapping images, which indicated that PANI was grown on the
surface of MoS2 nanomaterials successfully.

In order to further analyze the composition of MoS2/PANI-10,
XPS characterization was used to obtain more information.
Fig. 4A shows the full-band scanning image of MoS2/PANI-10,
and it can be seen that MoS2/PANI-10 is composed of Mo, S,
C, N and O elements. It was explained that the elements of Mo
and S originated fromMoS2 nanosheet, C and N elements came
from PANI, and O element may have generated by the Mo's
RSC Adv., 2021, 11, 10941–10950 | 10943
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Fig. 2 FESEM, TEM, and HRTEM images of MoS2 (A–C), MoS2/PANI-10 (D–F).
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REDOX reaction during the hydrothermal reaction. These
results were consistent with the elemental mapping images of
the MoS2/PANI-10 in Fig. 3. It can be seen from the XPS spectra
image of C 1s (Fig. 4B) that three peaks at the binding energies
of 283.5, 284.5 and 285.5 eV correspond to the following func-
tional groups of C–C, C–N, and C–O, respectively. Two peaks
Fig. 3 Elemental mapping images of MoS2/PANI-10.

10944 | RSC Adv., 2021, 11, 10941–10950
of N 1s (Fig. 4C) at the binding energies of 398.8 and 399.65 eV
were bound up with the corresponding functional groups for
C]N- and –NH-, respectively. Fig. 4D is the XPS spectrogram of
Mo 3d, and two peaks at the binding energies of 230 and
231.5 eV are attributed to Mo4+ 3d5/2 and Mo4+ 3d3/2, respec-
tively. Also, a peak at 235.4 eV in the XPS spectrogram of Mo 3d
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The XPS spectra image of the MoS2–PANI full spectrum (A), C 1s (B), N 1s (C), Mo 3d (D), S 2p (E).
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was observed, which was mainly caused by Mo6+ 3d3/2, indi-
cating that there existed a reactant-Na2MoO4$2H2O. In addi-
tion, from Fig. 4F, the S 2p spectrogram included two peaks of
167.8 eV (S 2p3/2) and 169 eV (S 2p1/2). Compared with the re-
ported literatures,28–30 there was a signicant shi in the peak
position of S 2p for MoS2, which may be caused by the oxidation
process of MoS2. Furthermore, according to the Mo, S, C and N
peak area results, the quantitative percentage of Mo, S, C and N
can be calculated to be 7.20%, 4.13%, 71.6% and 18.9%,
respectively. As the peak area ratio for Mo6+/Mo4+ was estimated
to be 1 : 3 according to Fig. 4D, the quantitative percentage of
© 2021 The Author(s). Published by the Royal Society of Chemistry
Mo4+ and S was 5.4% and 4.13%; that is to say, the ratio of Mo4+

and S2� are close to 1/2.28 or �1/2. So, and Mo element mainly
existed in the form of MoS2.

3.2 Electrochemical properties for MoS2/FCC, PANI/FCC and
MoS2/PANI-x/FCC

To explore their potential application in energy storage devices,
the electrochemical properties of MoS2/FCC, PANI/FCC and
MoS2/PANI-x/FCC were investigated via cyclic voltammetry (CV)
and galvanostatic charge–discharge (GCD) tests in a three-
electrode system in 1 M H2SO4 electrolyte. At a scan rate of
RSC Adv., 2021, 11, 10941–10950 | 10945

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra09126j


Fig. 5 CV profiles at 5 mV s�1 (A) and galvanostatic charge–discharge curves at 0.5 A g�1 (B) of MoS2/FCC, PANI/FCC and MoS2/PANI/FCC with
different amounts of MoS2 in the 1MH2SO4 electrolyte. (C) Charge–discharge curves of MoS2/PANI-10/FCC at a current densities of 0.2, 0.5, 1, 1.5, 2
and 4 A g�1. (D) CV cures of MoS2/PANI-10/FCC tested in the 1 M H2SO4 electrolyte at different scan rates of 5, 10, 20, 30, 50 and 100 mV s�1.
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5 mV s�1, the CV curves of MoS2/FCC, PANI/FCC and MoS2/
PANI-x/FCC are shown in Fig. 5A. The CV prole of MoS2/FCC
revealed the typical CV curve of the electric double-layer
capacitor (EDLC) within the potential window of �0.2–0.6 V
(vs. Ag/AgCl). The capacitance characteristics for PANI/FCC and
MoS2/PANI-x/FCC were different from that of EDLC. For PANI/
FCC, a pair of distinct redox peaks was observed correspond-
ing to the typical pseudocapacitive characteristic, which was
ascribed to the transformation between the leucoemeraldine
(LB) and emeraldine salt (ES) states of PANI. According to the
ref. 31, the redox and conductive mechanisms of PANI could be
deduced (Scheme 2). Compared with PANI/FCC and MoS2/FCC,
the resultant MoS2/PANI-x/FCC possessed both pseudocapaci-
tance and EDLC capacitance with signicantly increased
current densities and expanded the integral area of the CV
curves, which resulted in a distinctly higher electrochemical
capacitance than that of bare PANI/FCC and MoS2/FCC. The
results could be due to the synergistic effects between PANI and
MoS2, which facilitated charge carriers to transfer back and
forth from MoS2 nanosheet edges to inside and outside of
PANI.16,26 In addition, MoS2/PANI-x/FCC (MoS2/PANI-2/FCC,
MoS2/PANI-5/FCC, MoS2/PANI-10/FCC, MoS2/PANI-15/FCC and
MoS2/PANI-38/FCC) were tested by CV, and MoS2/PANI-10/FCC
showed drastically enhanced current response, indicating that
10946 | RSC Adv., 2021, 11, 10941–10950
only a moderate amount ratio of PANI to MoS2 can obtain the
desirable capacitance.

Furthermore, the GCD curves of MoS2/FCC, PANI/FCC and
MoS2/PANI-x/FCC are shown in Fig. 5B, which were measured at
a constant current density of 0.2 A g�1 with voltage between
�0.2 and 0.6 V. The results indicated that the capacitance of
Scheme 2 The possible redox and conductive mechanism of PANI.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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MoS2/FCC and PANI/FCC were 56.53 and 319.5 F g�1, respec-
tively. A maximum capacitance (452.25 F g�1) was obtained
when the amount of MoS2 was 10% (MoS2/PANI-10/FCC). When
the amount of MoS2 increased to 15% and reduced to 5%, the
capacitances of the MoS2/PANI-15/FCC and MoS2/PANI-5/FCC
were calculated to be 428.6 F g�1 and 392.3 F g�1, respec-
tively. However, when the amount of MoS2 was 38% and 2%,
and the capacitance of MoS2/PANI-38/FCC and MoS2/PANI-2/
FCC reduced to 189.7 F g�1 and 252.6 F g; this could be
because MoS2/PANI-10/FCC had a higher electronic conduc-
tivity than other components due to the uniform dispersion of
PANI on the surface of the MoS2 sheet, which enhanced the
charge transfer and facilitated the redox reactivity of PANI.

Fig. 5C shows the CVs of MoS2/PANI-10/FCC at different scan
rates. From Fig. 5C, a couple of obvious redox peaks can be
observed, and the redox peak currents of MoS2/PANI-10/FCC
increased signicantly and maintained the peak shape of CV
with the increase in the scan rate from 5 mV s�1 to 100 mV s�1,
indicating extraordinary fast charge–discharge property. More-
over, it was noted that the anodic and cathodic peak potentials
of MoS2/PANI-10/FCC shied positively and negatively with the
increase in the scan rate from 5 mV s�1 to 100 mV s�1,
respectively, which showed that MoS2/PANI-10/FCC possessed
high-rate charge or discharge properties. The specic capaci-
tance values of MoS2/PANI-10/FCC decreased with the increase
in the scan rates by calculation. This may be because the
Fig. 6 Capacitance retention (A), Nyquist plots measured at the frequenc
frequency region) (B), and cycling performances at 50 mV s�1 (C), of MoS

© 2021 The Author(s). Published by the Royal Society of Chemistry
migration of ions in the electrolyte was limited at high scan
rates.

Furthermore, the GCD curves of MoS2/PANI-10/FCC (Fig. 5D)
displayed a pair of charge and discharge plateaus due to the
synergistic effects between PANI and MoS2 to the total capaci-
tance of composites. MoS2/PANI-10/FCC showed the specic
capacitances of 452.3, 409.4, 393.8, 382, 374, 355.5 F g�1 at
current densities of 0.2, 0.5, 1.0, 1.5, 2.0, 4.0 A g�1, respectively,
indicating an excellent rate capability.

The corresponding specic capacitances for MoS2/CC, PANI/
CC and MoS2/PANI-10/FCC at current densities of 0.2, 0.5, 1.0,
1.5, 2.0, 4.0 A g�1 are plotted in Fig. 6A. It can be seen that the
specic capacitances for MoS2/PANI-10/FCC varied from 452.25
to 355.5 F g�1 at current densities from 0.2 to 4 A g�1, which are
higher than those of MoS2/CC (from 56.53 to 7.5 F g�1) and pure
PANI/CC (319.5 to 248.5 F g�1), respectively. Moreover, when the
current densities were varied from 0.2 to 4.0 A g�1, the capaci-
tance retention of MoS2/PANI-10/FCC was 79%, which was also
better than that of MoS2 (13%) and PANI (77%). These results
indicate that MoS2/PANI-10/FCC possessed an excellent rate
capability compared with pure MoS2/FCC and PANI/FCC. The
remarkable rate performance could be mainly because the layer
MoS2 not only acted as an active electrode material in the
electrochemical reaction but also as a framework to provide
more paths for the insertion and extraction of ions within PANI.
y range from 100 kHz to 0.01 Hz (inset, the close-up view of the high-

2/FCC, PANI/FCC and MoS2/PANI-10/FCC in the 1 M H2SO4 electrolyte.

RSC Adv., 2021, 11, 10941–10950 | 10947

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra09126j


Table 1 Results of other reported electrode materials based on MoS2 in comparison with the electrode material in this study

Electrode materials Cs Cyclic stability Ref.

MoS2/TiN nanotube 353.2 F g�1 (0.6 A g�1) 63% (700 cycles) 32
MoS2/activated carbon 333.5 F g�1 (1 A g�1) 81.8% (7000 cycles) 33
PANI/MoS2 400 F g�1 (0.8 A g�1) 84% (500 cycles) 34
MoS2/PANI 390 F g�1 (0.8 A g�1) 86% (1000 cycles) 35
MoS2/PANI-10/FCC 393.8 F g�1 (1.0 A g�1) 87% (1000 cycles) This work
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The Nyquist plots for MoS2/FCC, PANI/FCC and MoS2/PANI-
10/FCC are shown in Fig. 6B, and the plots are composed of
a straight line at the lower frequency region and a semicircle at
the higher frequency region. In general, the electron-transfer
resistance (Ret) corresponds to the semicircular portion at
higher frequencies, and its diameter is equal to the Ret. The Rets

for MoS2/FCC, PANI/FCC and MoS2/PANI-10/FCC were calcu-
lated to be 2.02 U, 1.42 U and 1.19 U, respectively, indicating
that MoS2/PANI-10/FCC had good conductivity, which endowed
MoS2/PANI-10/CC with remarkable rate performance and high
capacitance behavior.

Fig. 6C shows the cycle performance of MoS2/FCC, PANI/FCC
and MoS2/PANI-10/FCC over 1000 charge–discharge cycles
under 5.0 A g�1. It was found that MoS2/FCC maintained a bad
charge–discharge performance, and the capacitance retention
Fig. 7 (A) Curves of the symmetric SC at different scan rates of 5, 10, 20,
SC at current densities of 0.2, 0.5, 1, 1.5, 2 and 10 A g�1. (C) Cycling per

10948 | RSC Adv., 2021, 11, 10941–10950
is 29% aer 1000 cycles, and the capacity retention of 82% was
obtained aer 1000 cycles at the PANI/FCC. Furthermore, MoS2/
PANI-10/FCC delivers a high capacitance retention of 87% aer
1000 cycles. The improved stability was mainly ascribed to
a gradual access of electrolyte ions to the active sites of the
electrode surface due to the layer structure, in which the layer
structure provides a space between PANI and effectively
accommodate the mechanical deformation caused by the
shrinking of the nano-structures during the long-term charge–
discharge processes. MoS2/PANI-10/FCC showed excellent elec-
trochemical properties, and the results compared with others is
shown in Table 1.32–35

To further investigate the capacitive performance of MoS2/
PANI-10/FCC, it is employed to assemble a symmetric SC with
1 M H2SO4 as the electrolyte over a voltage window of 0–0.7 V.
30, 50 and 100 mV s�1. (B) Charge–discharge curves of the symmetric
formance at 1.5 A g�1.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 shows a series of supercapacitive measuring techniques.
As expected, the redox peaks of CV proles are maintained over
a wide range of scan rates (Fig. 7A). Moreover, the charge–
discharge curves keep the same shape, and their discharge
counterparts show no obvious IR drops even at high current
densities (Fig. 7B), demonstrating the excellent rate perfor-
mance of the device. The specic capacitance based on the total
mass of the two electrodes is 73 F g�1 at a current density of
0.2 A g�1, corresponding to 292 F g�1 for a single electrode when
multiplying by a coefficient of 4, which complies with the test
method as described by Ruoff et al. 36 Moreover, the cycle
performance of the MoS2/PANI-10/FCC-based symmetric SC is
tested by a charge–discharge technique at a current density of
1.5 A g�1, and the capacitance retention is 85% aer 1000 cycles
(Fig. 7C).
4. Conclusions

In this study, MoS2 nanosheet and PANI were synthesized by
a liquid-phase method, and an MoS2/PANI nanocomposite was
prepared via in situ polymerization. The MoS2/PANI nano-
composite possessed excellent physicochemical properties,
such as large specic surface area, excellent conductivity and
pseudocapacitive characteristic. Based on these, CC with a rich
carbon element was functionalized and was used as the col-
lecting uid. Then, the MoS2/PANI/FCC electrode was con-
structed to investigate its electrochemical properties. MoS2/
PANI-10/FCC showed specic capacitances of 452.3, 409.4,
393.8, 382, 374, 355.5 F g�1 at current densities of 0.2, 0.5, 1.0,
1.5, 2.0, 4.0 A g�1, respectively. Moreover, the stability of the
composite electrode reached 87% aer 1000 cycles. This study
indicates that MoS2/PANI-10/FCC was an excellent electro-
chemical energy storage material, and can be applied in the
eld of energy storage devices.
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