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Abstract Polyindole (PIn) has attracted extensive interest as promising energy storage materials

owing to fairly good thermal stability, high redox activity and stability, however, it is challenging

to prepare high-quality PIn in neutral solvents by electrochemical method. Herein, a simple route,

based on MoS2 nanosheets as electrolytes, has been developed for the electrochemical preparation

of PIn/MoS2 nanocomposite in acetonitrile solution. Due to the coordination interaction between

indole and MoS2, the onset oxidation potential of indole in this medium was reduced to 0.5 V from

0.75 V determined in acetonitrile/LiClO4. The morphologies and structures of as-obtained PIn/

MoS2 nanocomposite were characterized using SEM, TEM, XRD, Raman and XPS. The results

of thermal analysis indicated that the PIn/MoS2 nanocomposite had an improved thermal stability

relative to PIn and MoS2 nanosheets. Moreover, the specific capacitance of PIn/MoS2 nanocom-

posite was 8.3 times higher than that of PIn prepared acetonitrile/LiClO4. To the best of our knowl-

edge, this is the first report on the high-efficiency electrodeposition of PIn/MoS2 nanocomposite in

MoS2-based acetonitrile solution, which will be a promising candidate as a high efficient electrode

material in the application of supercapacitors.
� 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

As one of the most important energy storage devices, superca-
pacitors (SCs) have attracted extensive research due to its

higher power density than batteries, as well as advantages
including long service life, large power density, fast charging
and discharging processes, and environmental protection

(Zheng et al., 2017; Wang et al., 2018; Li et al., 2019a;
Zhang et al., 2019a; Wang et al., 2019a; Li et al., 2019b; Li
et al., 2020). SCs are characterized by storing charges in two
ways: (1) The electric double layer capacitance comes from

the ion adsorption and desorption at the electrode electrolyte
interface (Zhang et al., 2018; Wang et al., 2019b), but its speci-
fic capacitance is low; (2) The pseudo-capacitance comes from

the reversible faraday reaction that occurs at the electrode/-
electrolyte interface (Zhang et al., 2019b; Zheng et al., 2017;
Zheng et al., 2018), while its cycle stability is limited. To com-

pensate for their shortcomings, the two mechanisms often
work together (Xiao et al., 2019; Wang et al., 2019c). In order
to develop high-performance SCs, the electrode materials with

high specific capacitance are key. Nowadays, carbon materials
(Xiao et al., 2020; Li et al., 2017a), conducting polymers (CPs)
(Wang et al., 2020; Cheng et al., 2020) and metal oxygen/sul-
fides (Huang et al., 2019; Ye et al., 2019; He et al.,2019;

Zhang et al., 2017a) are widely studied as electrode materials.
CPs such as polyaniline, polypyrrole, polythiophene and

their derivatives along with composites have attracted exten-

sive research interest owing to their desirable physical, chemi-
cal and electrochemical properties (Snook et al., 2011; Shi
et al., 2015; Xu et al., 2010). Among CPs, polyindole (PIn)

has attracted significant attention due to its numerous advan-
tages including rapid electrochromic properties, stable redox
properties and high thermal stability (Maarouf et al., 1994;

Abthagir et al., 1998). In recent years, PIn has been considered
as a potential candidate for applications in electrocatalysis
(Zhou et al., 2010), sensors (Tebyetekerwa et al., 2017), lithium
batteries (Cai et al., 2013), SCs (Zhou et al., 2016a) and other

fields. PIn was synthesized mainly through chemical oxidation
and electrochemical oxidation. Presently, there are a few
reports on supercapacitance of PIn, in which PIn was prepared

only by chemical synthesis method (Cai et al., 2016; Zhou
et al., 2016b; Raj et al., 2015; Tebyetekerwa et al., 2017;
Majumder et al., 2017). Due to PIn prepared by chemical oxi-

dation is in the form of a powder, the nonconducting binder
such as polyvinylidene fluoride needs to be added in the pro-
cess of electrode preparation, which results in the performance
loss of PIn. Alternatively, the electrodeposition is one of the

most useful approaches for one-step preparation of CPs elec-
trodes without any binders. The electrodeposition of PIn was
mainly carried out in neutral solvents, such as acetonitrile

(ACN), benzonitrile, and CH2Cl2, with ClO4
- or BF4

- as the
supporting electrolyte. However, the preparation of PIn in
these systems was very difficult and its properties were not very

good (Xu et al., 2005). Boron trifluoride diethyl etherate
(BFEE) has been used to prepare free-standing PIn film
because the catalytic effect of BFEE and the interaction

between BFEE and aromatic monomers can reduce the oxida-
tion potential of monomers (Xu et al., 2005). However, the
middle strong Lewis acid, BFEE, is unsafe to human body in
that it breaks down into HF in the air, and it is not environ-

mentally friendly because of its toxicity. Therefore, it is impor-
tant to look for better methods to prepare the high-quality PIn
by the electrodeposition method.

Similar to graphene, MoS2 nanosheet has obtained more

and more attention because of its unique structure and elec-
tronic characteristics, such as large specific surface area, good
biocompatibility and electrochemical properties (Gan et al.,

2017; Dey et al., 2013; Thangappan et al., 2016). In MoS2 crys-
tal, the Mo layer is sandwiched between two S layers, and the
Mo atoms in the intermediate layer have an oxidation state

range from +2 to +6 (Ji et al., 2015; Li et al., 2017b;
Huang et al., 2017). So MoS2 shows pseudo-capacitance like
transition metal oxides such as RuO2 and MnO2 (Huang
et al., 2018). Currently, although some composites based on

PIn and metal oxides (MnO2, V2O5 and Co3O4) have been pre-
pared such as MnO2/poly-5-cyanindole (Zhou et al., 2014),
V2O5/PIn/carbon cloth (Zhou et al., 2016c), and Co3O4/PIn

(Raj et al., 2015), there are shortcomings in these works due
to below reason: We know that MnO2, V2O5 and Co3O4 show
good electrochemical behaviors in basic solution or neutral

aqueous solution, but they have poor redox activity in acidic
electrolyte. However, PIn can show excellent redox activity
in acidic electrolyte, whereas its electrochemical activity is very

poor in basic solution or neutral aqueous solution. Therefore,
in terms of the beneficial synergistic effects, the construction of
the above mentioned composites is defective because of sacri-
ficing the excellent electrochemical activity of PIn. So it is very

significant to rationally design a nanocomposite material by
incorporating MoS2 with high electrochemical behaviors in
acidic aqueous solution into PIn, which will maximize the syn-

ergistic effects between MoS2 and PIn.
Analogously to the function of BFEE, MoS2 nanosheets

with negative charges can serve as the supporting electrolyte,

and it has been also used as catalyst in the organic synthesis
(Yang et al., 2003; Ting et al., 1992; Delmon and Dallons,
1998), for example, the hydrogenolysis of thiophene, pyrrole

and furan on MoS2 or WS2 catalysts (Delmon and Dallons,
1998). Considering the catalytic effect, when MoS2 nanosheets
are used as electrolytes for the electro-polymerization of
indole, it may show unexpected effects. In this study, the

electro-polymerization of indole readily occurred in ACN solu-
tion using MoS2 nanosheets as electrolytes. The morphology,
structure and thermal stability of as-obtained PIn/MoS2
nanocomposite were studied. Additionally, it was found that
PIn/MoS2 nanocomposite had better electrochemical proper-
ties and stability compared with PIn prepared from other con-

ventional system. We believe that MoS2 nanosheets as good
electrolytes will be extended to the electrochemical preparation
of other CPs such as polyaniline, polypyrrole, polythiophene
and their derivatives.

2. Experimental

2.1. Chemicals

MoS2 nanosheets were prepared according to our previous

work (Li et al., 2017b). Lithium perchlorate (LiClO4) was pur-
chased from Xiya Reagent Research Center. Indole monomer,
acetonitrile (ACN, 99.9%, ACS/HPLC Certified), n-

butyllithium (1.6 M solution in hexanes) and n-hexane
(97.5%, SuperDry) were all bought from J&K Chemical Ltd.
Doubly distilled water and anhydrous ethanol were used



Scheme 1 Schematic diagrams of the electrochemical deposition

of PIn/MoS2 nanocomposite.
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throughout the work. Other reagents are analytical grade and
used directly without further purification unless otherwise
noted.

2.2. Preparation of PIn/MoS2 nanocomposite

MoS2 nanosheet dispersion was firstly prepared by ultrasonic

dispersion in ACN solution. In brief, 45 mg MoS2 nanosheets
were added into 30 mL ACN, followed by sonication (40 kHz,
600 W) for 1 h. In addition, the solution was allowed to stand

for one day to remove the settled MoS2 nanosheets, and the
upper dispersion was decanted. So, a homogeneous and stable
MoS2 dispersion (Fig. S1) was achieved, with the resulting

concentration estimated to be 0.8 mg mL�1 (10 mM). The
thickness of exfoliated MoS2 nanosheet was about 1.3 nm
(Fig. S2).

For the electrodeposition of PIn/MoS2 nanocomposite, a

common three-electrode system was adapted. The glass carbon
electrode (GCE, Wuhan Gaoss Union Technology Co., Ltd,
0.07 cm�2) was used as the working electrode. Prior to each

experiment, its surface should be carefully polished and thor-
oughly cleaned. The platinum (1.0 mm diameter) and Ag/AgCl
were used as counter electrode and reference electrode, respec-

tively. The ACN solution containing 50 mM indole and
10 mM MoS2 was purged with nitrogen before polymerization
to remove oxygen from solution and keep a certain nitrogen
pressure. The nanocomposite film was grown potentiostati-

cally on GCE substrates at 1.2 V. Scheme 1 shows the sche-
matic representation of synthesis process. For comparision,
PIn was also prepared from the ACN solution containing

50 mM indole and 10 mM LiClO4. Besides, to obtain a suffi-
cient amount of PIn and PIn/MoS2 nanocomposites for char-
acterization, an ITO-coated glass (2.5 cm � 2 cm) was

employed as the working electrode and another one
(3 cm � 3 cm) was used as the counter electrode, which was
cleaned with ITO detergent, deionized water, acetone and iso-

propanol for 20 min each time under ultrasonication before
using.

2.3. Characterization

The scanning electron microscope (SEM, JSM-5600, JEOL)
and transmission electron microscopy (TEM, Tecnai-G20,
USA) were used to characterize the morphologies of samples.

Raman spectroscopy (Renishaw inVia 2000, UK) was adopted
with an incident wavelength of 514 nm and a test range of 50 to
4000 nm. X-ray diffraction (XRD) was tested on the Bruker

D8 instrument using CuKa radiation. Thermogravimetric
analysis (TGA) was tested on TA Instruments (Q50) to charac-
terization of thermal stability of materials. X-ray photoelec-

tron spectroscopy (XPS, K-Alpha, USA) with Al Ka X-ray
radiation as the X-ray source for excitation was carried out
to analyze the elemental composition of the complex. The elec-
trochemical properties tests of all electrodes, including cyclic

voltammetry (CV), galvanostatic charge/discharge (GCD),
cycle stability and electrochemical impedance spectroscopy
(EIS) were measured by CHI660E electrochemical analyzer

(Shanghai, China) at room temperature. Details regarding
the specific capacitance calculations are presented in the
Supporting information.
3. Results and discussion

High-quality PIn film was difficultly prepared by the electro-

chemical polymerization of indole monomer in neutral sol-
vents. Fig. 1 shows the anodic polarization curves of 0.1 M
indole in ACN solution containing 10 mM LiClO4 and

10 mM MoS2 at 100 mV s�1, respectively. The onset oxidation
potential of indole in ACN/MoS2 solution was only 0.5 V,
which was lower than that determined in ACN/LiClO4

(0.75 V). The lower onset oxidation potential was probably

ascribed to the formation of complexes between the monomer
and the MoS2 by a coordinatively unsaturated Mo with its het-
eroatom N interacting (Delmon and Dallons, 1998; Bazzaoui

et al., 1994). The lower potential would provide considerably
milder polymerization condition and be in favor of yielding
a high-quality polymer.

The successive CV curves of indole monomer were shown
in Fig. 2. In ACN solution containing 10 mM LiClO4, the
strong anodic current density of the monomer was found in
the potential range from about 0.8 to 1.2 V (Fig. 2A), which

was the formation of the monomer radical cations and poly-
mer (Mo et al., 2015). However, the peak current density of
polymer between 0.2 V and 0.7 V was increased very slow

and almost coincide (Fig. 2A, insert). Additionally, only a
small amount of polymer was observed on the surface on elec-
trode. This implied the electrochemical polymerization of

indole in ACN solution containing 10 mM LiClO4 was not
successful. However, as shown in Fig. 2B, the peak current
intensity of polymer prepared from ACN solution containing

10 mM MoS2 was intensified as each successive scan increased,
indicating that the product was gradually deposited on the sur-
face of the working electrode with increasing the thickness of
polymer. An apparent polymer film was observed by naked

eyes. The higher peak current densities and the larger increas-
ing interval reflected a comparatively faster coupling of cation
radicals to polymers, suggesting that MoS2 nanosheets were

more efficient electrolytes for producing PIn films.
The morphology of the polymer has a great influence on its

electrochemical performance. Therefore, the surface morphol-

ogy of PIn/MoS2 nanocomposite was investigated by SEM, as
shown in Fig. 3. It can be seen from Fig. 3A, the surface of PIn
prepared from ACN solution containing 10 mM LiClO4 was
very compact. In Fig. 3B&C, the PIn/MoS2 nanocomposite

was loose and porous, and this morphology not only provided
a larger specific surface area for electrochemical generation,
but also facilitated the transmission of electrons and enhanced

the utilization rate of electrode materials. The effective surface
areas of PIn and PIn/MoS2 electrodes were also tested by CV



Fig. 1 Anodic polarization curves of 0.1 M PIn in ACN solution

containing 10 mM LiClO4 (a) and 10 mMMoS2 (b) at 100 mV s�1,

respectively.
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with 5 mM K3Fe(CN)6 as a probe at different scan rates (Fig
S3). The effective surface areas of PIn/MoS2 electrodes was

0.23 cm2, which was larger than that of PIn electrode
(0.11 cm2). Besides, the composition of as-prepared PIn/
MoS2 was demonstrated by energy dispersive X-ray (EDX)

and elemental mapping analysis. As shown in Fig S4, the C,
N, Mo and S atoms were evidenced in the nanocomposite,
indicating MoS2 has been doped in the PIn. And the atomic
ratio of Mo to S element ranged from 1.12% to 2.22%,

approaching the theoretical value of MoS2. The EDX mapping
analysis (Fig. 3D) demonstrated the uniform distribution of
the C, N, Mo and S elements in nanocoposites.

Fig. 4 shows TEM and HRTEM images of as-prepared
PIn/MoS2 nanocomposite. In Fig. 4A, the nanocomposite con-
tained MoS2 as black part and PIn as light color part. From

HRTEM images (Fig. 4B), there were obvious lattice fringes
of MoS2. The lattice fringes spacing corresponded to the layer
spacing of the MoS2. It was found that the interlayer distance

of MoS2 was enlarged from 0.63 nm to 0.68 nm. This may be
due to the fact that under the action of electrostatic interac-
tion, the indole nitrogen cations formed during the electro-
polymerization tended to bind to the MoS2 layer and adsorb

on the surface of the MoS2 nanosheets (Kim et al., 2016;
Yang et al., 2016), which weakened the van der Waals force
Fig. 2 Successive CV curves of 0.1 M PIn in ACN solution conta

respectively.
between the MoS2 nanosheets, causing the interlayer distance
of the MoS2 nanosheets to increase. This also indicated that
the interaction between MoS2 and PIn not only makes the

morphology of PIn more loose and rough, but also increased
the layer spacing of MoS2 nanosheets, which was beneficial
to increase the specific surface area of the material and the

transmission path of electrolyte ions, and improve the effi-
ciency of ion diffusion, thereby maximizing the capacitive per-
formance of the electrode materials.

Fig. 5 shows the XRD patterns of PIn, MoS2 and PIn/
MoS2 nanocomposite. A broad band between 15� and 30�
was observed from the XRD pattern of PIn. The XRD pattern
of MoS2 nanosheets showed several peaks at 14.2�, 32.9�,
39.6�, 43.9�, 49.6� and 58.8�, respectively, corresponding to
the (0 0 2), (1 0 0), (1 0 3), (0 0 6), (1 0 5) and (1 1 0) crystalline
planes (Kathiravan et al., 2019). For the XRD pattern of PIn/

MoS2 nanocomposite, it included the information of PIn and
MoS2 nanosheets such as a broad band between 15� and 30�,
(0 0 2), (1 0 0), (0 0 6), (1 0 5) and (1 1 0) planes. This indicated

the formation of the PIn/MoS2 nanocomposite.
Raman spectroscopy technique might give more structure

information for the MoS2, PIn and PIn/MoS2 nanocomposite,

and therefore the Raman spectra of the related samples were
tested and shown in Fig. 6. The MoS2 nanosheets showed
two characteristic peaks at 383.8 and 406.8 cm�1, respectively,
corresponding to the in-plane E1

2g mode vibration caused by

the in-plane vibration of Mo atom and S atoms in opposite
directions and A1g mode vibration related with the out-of-
plane vibration of only S atoms in opposite directions (Kim

et al., 2016; Li et al., 2012). Due to the E1
2g and A1g modes

are very sensitive to thickness of the MoS2 sample, the layer
number can be determined by measuring frequency difference

between E1
2g and A1g modes (Lee et al., 2010; Zhan et al.,

2012). The frequency difference of as-prepared MoS2
nanosheets was 23 cm�1, which was in accordance with that

of the double-layered MoS2 (Zhan et al., 2012). This further
indicated that double-layered MoS2 nanosheet was success-
fully prepared. Compared to MoS2, the E1

2g and A1g peaks of
PIn/MoS2 nanocomposite were located at 386.3 and

410.8 cm�1, and the frequency difference was measured to
24.5 cm�1. The reasons for the red shift and the widening of
the frequency difference were as follows: (1) the embedded

PIn in MoS2 enlarged the interlayer distance; (2) the PIn on
MoS2 nanosheets increased the thinkness of PIn/MoS2
ining 10 mM LiClO4 (a) and 10 mM MoS2 (b) at 100 mV s�1,



Fig. 3 SEM image of PIn (A) and PIn/MoS2 nanocomposite (B, C), elemental mapping (D) of the C, N, Mo and S elements for the PIn/

MoS2 nanocomposite.

Fig. 4 TEM (A) and HRTEM (B) images of PIn/MoS2 nanocomposite.
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nanocomposite. Besides, the two bands of PIn at about 1339.5
and 1591.3 cm�1 were ascribed to the stretching vibrations of

pyrrole ring and phenyl ring (Majumder et al., 2017), which
appeared for the PIn/MoS2 nanocomposite. This implied that
the PIn/MoS2 nanocomposite was successfully obtained.

The surface composition and bonding information of the

electrodeposited PIn/MoS2 nanocomposites were explored
via XPS. Firstly, a survey scan of the nanocomposite was
recorded and presented in Fig. S5. XPS survey spectrum indi-
cated that the nanocomposite contained O, C, N, Mo and S
elements. The high resolution XPS patterns of the C, N, Mo

and S regions were shown in Fig. 7. In Fig. 7A, the core level
spectrum of C1s had four different peaks at 291.48, 285.58,
284.88 and 284.38 eV, respectively, corresponding to C„N,
C‚N, CAN and CAC bonds. Specifically, the small peak

observed at 291.48 eV was assigned to p–p interaction, imply-
ing the existence of interfacial interaction between PIn and
MoS2 (Cai et al., 2016). In Fig. 7B, the N1s curve showed three



Fig. 5 XRD patterns of PIn, MoS2 and PIn/MoS2
nanocomposite.

Fig. 6 Raman spectra of PIn, MoS2 and PIn/MoS2
nanocomposite.
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peaks at 400.48, 399.98 and 396.68 eV, revealing the presence

of the AC‚NAH, NAH and ACAN. The XPS spectrum of
Mo 3d was decomposed into three peaks at 229.48,
232.98 eV and the additional S 2s state at 226.48 eV

(Fig. 7C). The S 2p broad peaks, as represented in the
Fig. 7D, could be fitted with the split doublet Sp3/2 and Sp1/2
located at 162.38 and 163.58 eV, respectively. Besides, there
were obviously peaks at 236.18 and 169.48 eV, which were

ascribed to Mo6+ of Mo 3d5/2 and S6- of S 2p3/2, respectively.
The thermal stability of electrode materials is an important

factor to judge its application potential. In Fig. 8, the degrada-

tion from 100 to 235 �C for MoS2, PIn and PIn/MoS2
nanocomposite was about 3%, which was attributed to the
evaporation of physically adsorbed water; and between 235

and 440 �C, the mass loss for MoS2 was about 9%, which
was the loss of chemisorbed water (Thangappan et al., 2016).
For PIn, the mass was continuously declined, the loss reached
22%, which was due to the degradation of oligomers, other

moisture trapped in PIn, and PIn backbone (Zhou et al.,
2016b). From 440 to 600 �C, there was a degradation of
17% for MoS2, this was ascribed to the oxidation of MoS2
to molybdenum oxide and SO2 (Thangappan et al., 2016),
however, the oxidation of MoS2 was well inhibited when PIn

was introduced, this was due to the strong interactions
between MoS2 and PIn. At the same time, the stability of
PIn/MoS2 nanocomposite was higher than that of PIn, indicat-

ing that the nanocomposites had better thermal stability.
The quality of the CPs film prepared by electrochemical

methods depends strongly on various experimental parame-

ters, such as the substrate, the solvent, the concentration of
the monomer and the applied potential (Shi et al., 1995). In
order to get the optimal deposition conditions of PIn/MoS2
nanocomposite in the following work, the mole percent

between indole and MoS2 and electrodeposition potentials
were optimized. As seen from Fig. 9A, the specific capacitance
of PIn/MoS2 nanocomposite reached the maximum value

when the molar fraction of MoS2 was 16%. Generally, at an
applied potential was lower than the onset oxidation potential,
the polymerization of monomer does not occur. However,

once the applied potential reasonably excesses the onset oxida-
tion potential, the polymer film can be formed on the working
electrode. Fig. 9B exhibits the chronoamperometry curves of

50 mM indole in ACN solution containing 10 mM MoS2 at
different voltages for 800 s, respectively, which showed a ten-
dency to become constant after a brief descent. The constant
current density meant the uniform deposition of the polymer

on the electrode surface. When the applied voltage was higher
than 1.5 V, some oligomers were dissolved into the solution.
This was possibly due to the disequilibrium between the poly-

merization rate and diffusion rate of monomers. Therefore, the
optimized potential of 1.2 V was selected to prepare the PIn/
MoS2 nanocomposite.

Fig. 10 shows the electrochemical performance of PIn and
PIn/MoS2 nanocomposite. From Fig. 10A, the CV curve of
PIn showed two redox peaks, while the CV curve of PIn/

MoS2 had four redox peaks, which was derived from the rever-
sible redox reaction of PIn (Majumder et al., 2017; Zhou et al.,
2016b) and MoS2 (Kim et al., 2016) in 1 M H2SO4, as shown in
Scheme 2. It can be seen that the CV area of PIn/MoS2 was

larger than those of PIn and MoS2 (Fig. S6), which proved
that the nanocomposite had a higher specific capacitance.
Fig. 10B&C present the CV curves of PIn and PIn/MoS2 at

different scan rates. During the increase of the scan rate, the
peak current density also increased, and the shape of the CV
curves did not obviously change, and this meant that the elec-

trode material had a good rate ability. As seen from Fig. S7A,
the R2 � 1 indicated the current densities of redox peaks were
increased linearly as the scan rates increased from 30 to
250 mV s�1. According to the formula: i = avb (i is the current

density and v is the scan rates), when b = 1 presented pseudo-
capacitive behavior (Simon et al., 2014), and the electrochem-
ical behavior of PIn/MoS2 electrode was an adsorption

controlled process. Meanwhile, the relationship between redox
peak currents densities and the square root of scan rates was
nonlinearly (Fig. S7B), indicating no diffusion process hap-

pened (Wang et al., 2016a).
The GCD tests were conducted to further evaluate the per-

formance of the electrode materials. In Fig. 10D&E, the non-

linear GCD curves demonstrated the pseudocapacitive
behavior, which was in good agreement with the observed
redox peaks in their CV curves. An IR drop was observed
for PIn, which was larger than that PIn/MoS2. This was due



Fig. 7 XPS spectra images of PIn/MoS2 nanocomposite, (A) C 1s, (B) N 1s, (C) Mo 3d and (D) S 2p.

Fig. 8 TGA curves of MoS2, PIn, and PIn/MoS2
nanocomposite.
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to the small inner resistance of ion diffusion within PIn/MoS2.

The low resistance of nanocomposite film was demonstrated
by below electrochemical impedance (EIS). As shown in
Fig. 10F, the specific capacitances of PIn/MoS2 was 35 mF

cm�2 at 0.3 mA cm�2, which was 8.3 times higher than that
of PIn (4.2 mF cm�2). The enhanced performance could be
attributed to the porous structure of PIn/MoS2 and the syner-
gistic effect between MoS2 and PIn. When the current density

was increased to 1.5 mA cm�2, the specific capacitances of PIn/
MoS2 and PIn were 25.1 mF cm�2 and 3.1 mF cm�2, respec-
tively. The capacitance retention of PIn/MoS2 was 72% of
the value obtained at 0.3 mA cm�2, which was closed to that
of PIn (74%) but higher than those of MoS2-based materials

reported in literature, as shown in Table 1, testifying the
PIn/MoS2 nanocomposite possessed a higher rate capability.

The EIS can help us fully understand the electrochemical

processes at the electrode/electrolyte interface, so EIS testing
was performed using a frequency range of 0.01 Hz–100 kHz
in 1.0 M H2SO4 solution at 0.2 V. Fig. 11A shows the Nyquist

impedance spectra of PIn and PIn/MoS2 nanocomposite.
From the distinct semicircle, a charge transfer resistance (R1)
of PIn/MoS2 was 13 ohm, lower than 44 ohm of PIn. This indi-

cated that PIn/MoS2 nanocomposites had a superior pathway
for charge transport. The equivalent circuit model with the
equivalent series resistance (Rs), R1, the double layer capaci-
tance (Cdl), Warburg (W), the parallel resistance of the leak-

age reaction (R2), the capacitance of active materials (C1);
and the double layer capacitance (C2) of the substrate has been
obtained by the simulation of the experimentally obtained EIS

data using ZSimpWin software. Cyclic stability can be an
important index for the performance of SCs. The results in
Fig. 11B showed that PIn/MoS2 retained over 94% of the

starting value after 1000 loops, which was higher than that
of PIn (91%). This indicated a high cycle stability of PIn/
MoS2 nanocomposite.

4. Conclusions

The electrochemical polymerization of indole monomer into

high-quality PIn film in neutral solvents was difficult. Using



Fig. 9 (A) Specific capacitance of PIn/MoS2 nanocomposite with different molar fraction of MoS2; (B) Chronoamperometry curves of

50 mM indole in ACN solution containing 10 mM MoS2 at different applied potentials for 800 s, respectively.

Fig. 10 The electrochemical performance of PIn and PIn/MoS2 nanocomposite: (A) CVs at 100 mV s�1, CVs of PIn (B) and PIn/MoS2
nanocomposite (C) at different scan rates, GCD of PIn (D) and PIn/MoS2 nanocomposite (E) at different current densities, (F) the specific

capacitance as a function current density.
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Table 1 The comparison of capacitance retention of MoS2 based materials.

Electrode materials Test condition Electrolytes Capacitance retention/% Ref

MoS2 hierarchical nanospheres 5–50 mV s�1 LiCl-PVA gel 49.5 Javed et al., 2015

Edge-oriented MoS2 films 1–10 mA cm�2 0.5 M H2SO4 15.1 Yang et al., 2014

sPANI/A-MoS2 1–20 A g�1 1 M H2SO4 62 Fu et al., 2017

MoS2/C-3 0.5–20 A g�1 1 M H2SO4 61.8 Ji et al., 2015

MoS2 nanosheet 1–10 A g�1 1.0 M Na2SO4 57.1 Huang et al., 2014

MoS2@PANI-1 1–50 A g�1 0.5 M H2SO4 26.9 Zhu et al. 2015

MoS2/Cs-20 1–10 A g�1 1 M Na2SO4 66.2 Zhang et al., 2017b

MoS2/PPy/PANI 0.5–10 A g�1 0.5 M H2SO4 53 Wang et al., 2016b

PIn/MoS2 0.3–1.5 mA cm�2 1 M H2SO4 71.9 This work

Fig. 11 Nyquist plots and fitted equivalent circuits of PIn and PIn/MoS2 nanocomposite at 0.2 V (A) and their cycling stability at

1 mA cm�2 (B).

Scheme 2 The reversible faraday redox reaction of PIn and MoS2 in 1in 1 M H2SO4.

High-efficiency electrodeposition of polyindole nanocomposite 6069
MoS2 nanosheets as electrolytes, PIn/MoS2 nanocomposite
was firstly and easily prepared from ACN solution containing

MoS2 and indole monomer by electrochemical deposition. The
onset oxidation potential of indole in ACN/MoS2 was only
0.5 V, which was lower than that determined in ACN/LiClO4

(0.75 V). The result of the morphology and structure indicated
that PIn/MoS2 nanocomposite was obtained well. The results
of TGA indicated that PIn/MoS2 nanocomposite had better

thermal stability compared with those of MoS2 and PIn. Elec-
trochemical results indicated that PIn/MoS2 nanocomposite
had a specific capacitance of 35 mF cm�2 at 0.3 mA cm�2,
which was 8.3 times higher than that of PIn (4.2 mF cm�2).

After charge–discharge 1000 cycles, the capacitance retention
of PIn/MoS2 was 94% of the initial specific capacitance. Due
to the formation of complexes between the monomer and the

MoS2 is beneficial to reduce the onset oxidation potential of
monomer, inspired by this work, more MoS2/CPs nanocom-
posites will be developed as high-performance electrode mate-
rials for supercapacitors.
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