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Revised: 16 December 2015 Conducting polymers generally show high specific capacitance but suffer from

Accepted: 18 December 2015 poor rate capability and rapid capacitance decay, which greatly limits their

practical applications in supercapacitor electrodes. To this end, many studies

O iligl e Jinitvasily Wisss have focused on improving the overall capacitive performance by synthesizing

a0l Spmges Vel e nanostructured conducting polymers or by depositing a range of coatings to

BECRIE AN increase the active surface area exposed to the electrolyte and enhance the

charge transport efficiency and structural stability. Despite this, simultaneously
KEYWORDS achieving high specific capacitance, good rate performance, and long cycle life
supercapacitor, remains a considerable challenge. Among the various two-dimensional (2D)
polyaniline, layered materials, octahedral (1T) phase molybdenum disulfide (MoS;,) nano-
molybdenum disulfide, sheets have high electrical conductivity, large specific surface areas, and unique
carbon shell, surface chemical characteristics, making them an interesting substrate for the
cycle stability controlled growth of nanostructured conducting polymers. This paper reports

the rational synthesis of carbon shell-coated polyaniline (PANI) grown on 1T
MoS, monolayers (MoS,/PANI@C). The composite electrode comprised of MoS,/
PANI@C with a ~3 nm carbon shell exhibited a remarkable specific capacitance
of up to 678 F-g™ (1 mV-s™), superior capacity retention of 80% after 10,000 cycles
and good rate performance (81% at 10 mV-s') due to the multiple synergic
effects between the PANI nanostructure and 1T MoS, substrates as well as
protection by the uniform thin carbon shell. These properties are comparable to the
best overall capacitive performance achieved for conducting polymers-based
supercapacitor electrodes reported thus far.
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1 Introduction

Over the last decade, supercapacitors (SCs) have
attracted considerable research attention with the
ever-increasing energy demand and impending energy
crisis [1-3]. Pseudocapacitors are one of the most
promising energy storage devices because of their
combination of high power density, high energy
density, and long cycle life [4-6]. Unfortunately, the
electrodes currently in use for pseudocapacitors do not
meet application requirements. Therefore, tremendous
efforts have been made to synthesize high-performance,
inexpensive, and earth-abundant materials, such as
metal-organic frameworks, single-layered hydroxide,
three-dimensional hybrids, and conjugated microporous
polymers [7-12]. Among the various pseudocapacitive
electrode materials, conducting polymers such as
polyaniline (PANI) are quite attractive on account of
their much higher theoretical specific capacitance
compared to carbon-based electrodes, low cost, small
environmental impact, and ease of fabrication for
large-scale devices [13-15]. However, they often suffer
from severe performance fading after cycling up to
1,000 times due to swelling and shrinkage of the bulk
polymers and subsequent mechanical degradation
during the doping and de-doping of ions [16-18]. A
possible solution to this challenge is to coat the polymer
nanostructures with a thin layer, such as Nafion [19],
graphene [20], novel metal oxide [18], transition
metal oxide [21], or other polymers [22]. However,
the poor electrical conductivity, large charge transfer
resistance and the rarity of noble metals largely reduce
the capacitance, cycling stability, and potential appli-
cations of conducting polymer electrodes. In practice,
achieving high specific capacitance combined with
good cycle stability (e.g., over 10,000 cycles) remains
a challenge for most conducting polymer-based SCs.
This is due primarily to the inherent volume expansion
of conducting polymers during the charge—discharge
process. On the other hand, it is also related to the
reduced charge transfer efficiency of the polymer
nanostructures [23, 24].

Recently, molybdenum disulfide (MoS,) has been
evaluated for use in electrochemical storage [25-29].
In contrast to the semiconductive trigonal prismatic
(2H) phase with a bandgap of ~1.9 eV, which makes

it less attractive as an electrode material, octahedral
(1T) phase MoS, is hydrophilic with a more than
100 times higher conductivity than the 2H phase,
exhibiting excellent electrochemical properties [30, 31].
MoS, containing 70% 1T phase can even achieve a
capacitance of 400-700 F-cm™ by intercalating and
accumulating ions [27]. Moreover, the synergic effects
arising from the intense interfacial coupling between
the monolayer MoS, nanosheets (NSs) and polymer
nanostructures help enhance the capacitive perfor-
mance of the polymer composites electrode [28]. This
highlights the potential of 1T-phase MoS, for the
efficient integration of conducing polymers for
achieving high-performance electrode materials of
SCs with high specific capacitance and long cycle
stability. Nevertheless, these remain to be realized
because most studies reported either a low specific
capacitance or poor cycling stability.

This paper reports a simple method for producing
hierarchical nanohybrids by depositing PANI directly
on MoS, monolayers containing 72% 1T phase followed
by a carbon shell coating with a controlled thickness.
The composite electrode with the carbon-coated PANI
on MoS, exhibited a remarkable capacitance of up to
678 F-g™ due to the multiple synergic effects between
PANI and MoS: as well as the thin carbon coating, and
superb cycle stability (80%) after 10,000 cycles. This
makes it among the best conducting polymer-based
electrode materials reported thus far. The procedure for
synthesizing MoS,/PANI@C composites is illustrated
in Scheme 1. First, MoS, monolayers were produced
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MoS, monolayer

MoS,/PANI@C
Scheme 1 Schematic diagram of the MoS,/PANI@C process
for the synthesis of carbon-encapsulated PANI based on MoS,
monolayer NSs.

MoS,/PANI
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using a previously reported Li-intercalation and
sonication-assisted exfoliation method. Subsequently,
the polymerization of aniline took place on the surface
of the MoS, monolayers using ammonium persulfate
(APS) as the initiator under acidic conditions, which
facilitated a uniform, high loading of PANIL After
the reaction for 10 h, the mixture was added to an
aqueous solution of glucose to form a thin carbon
layer on MoS,/PANI by a hydrothermal treatment
(see Experimental Section).

2 Experimental
2.1 Synthesis of chemical exfoliated MoS,

Chemically exfoliated MoS, was synthesized by lithium
intercalation into bulk MoS, powder, as reported
elsewhere (see the ESM for experimental details) [27].

2.2 Synthesis of PANI deposited on MoS, monolayer
NSs (MoS,/PANI)

The monolayer MoS, NSs solution and aniline were
added to a 0.5M HCI solution with a weight ratio
of 1:20.0 (MoS, NSs:aniline). The mixture was then
ultrasonicated for 10 min. The uniform mixture was
stirred while cooling in a NaCl ice bath (-3 to -5 °C).
At the same time, APS in a 0.5 M HCI solution with a
molar ratio of 1:2 (APS:aniline) was added dropwise
as an initiator to induce the polymerization of aniline.
The dark green product that formed after the reaction
for 10h was washed sequentially with water (3 x
100 mL) and ethanol (2 x 100 mL) while filtering. The
as-prepared product was called MoS,/PANI-I. For
comparison, MoS,/PANI-II and MoS,/PANI-III were
also synthesized with a weight ratio of 1:13.3 and
1:33.4 (MoS, NSs:aniline), respectively, under the
same conditions. Pure PANI nanowires (NWs) were
prepared under the same conditions except for the
use of de-ionized water as the solvent without the
addition of a MoS, NSs solution.

2.3 Deposition of the carbonaceous shell onto
MoS,/PANI

A uniform carbon shell was deposited onto the as-
prepared MoS,/PANI-I by a hydrothermal reaction
using glucose as the carbon precursor. MoS,/PANI-I

and a glucose solution with a weight ratio of 1:26.3
(MoS,/PANI-I:glucose) were transferred to a Teflon
lined stainless steel autoclave. The autoclave was heated
to 160 °C in an electric oven for 2 h and allowed to
cool to room temperature. The mixture was filtered,
rinsed with DI water and dried in air. The carbon
coated MoS,/PANI-I was called MoS,/PANI-I@C-3nm.
For comparison, a carbonaceous shell was deposited
on MoS,/PANI-IT and MoS,/PANI-III under the same
conditions as MoS,/PANI-I; the products were called
MoS,/PANI-II@C-3nm and MoS,/PANI-III@C-3nm,
respectively. MoS,/PANI-I@C with different carbona-
ceous shell thicknesses were synthesized using the
same hydrothermal method for 4 h and with a weight
ratio of 1:(6 x 26.3) (MoS,/PANI-I:glucose) (denoted
as MoS,/PANI-I@C-5nm and MoS2/PANI-I@C-9nm,
respectively).

2.4 Characterization

Atomic force microscopy (AFM) was performed using
a Multimode Nano 4 in tapping mode. The samples
for the AFM observations were prepared by depositing
the exfoliated MoS, NSs onto clean SiO,/Si surfaces.
Transmission electron microscopy (TEM, Tecnai G2
F20 Twin, operating at 200 kV) was used to observe
the morphology of the samples. Gold particles were
deposited by sputtering (Q150R, Quorum Tech. Ltd.)
with a current of 5 mA for 150 s before determining
the thickness of the carbonaceous shell by TEM. All
samples for imaging were prepared by depositing
the ethanol dispersions on holey copper grids. X-ray
diffraction (XRD, PANalytical X'Pert PRO) was carried
out using Cu Ka radiation (A = 1.54 A) in the 26 range,
5° to 80°, operating at 40 kV and 40 mA. Field-emission
scanning electron microscopy (FESEM, Ultra 55) was
used to observe the morphology of the samples. Fourier
transform infrared spectroscopy (FTIR) was recorded
on a NEXUS 6700 spectrometer with a resolution of
2 cm™ in the range, 400 to 4,000 cm™. The Raman shifts
were confirmed by Raman spectroscopy (excitation
wavelength: 638 nm, XploRA, HORIBA JobinYvon).
Zetasizer Nano analyzer (ZS90, Malvern Instruments)
was used to measure the Zeta potential and size. X-ray
photoelectron spectroscopy (XPS) was performed using
an AXIS Ultra DLD spectrometer (Kratos Analytical
Ltd.) and ©04-500 (Perkin-Elmer).
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2.5 Electrochemical characterization

A three-electrode configuration was used for cyclic
voltammetry (CV) and the galvanostatic charge/
discharge (GCD) measurements in a 1 M aqueous
H,SO, solution as the electrolyte, where a woven
stainless steel mesh including the active material was
used as the working electrode, an Ag/AgCl (in 3 M
K() electrode as the reference electrode and a graphite
rod (~5 mm diameter) as the counter electrode. The
working electrode was prepared by mechanically
mixing the active material powders, Super P® Li
(TIMCAL) and polyvinylidene fluoride (PVDEF, Sigma-
Aldrich) binder with a weight ratio of 75:15:10. The
mixture was then ground, and a small amount of
N-methylpyrrolidone (NMP) was added to improve
the homogeneity. Finally, the mixture was pressed on
a woven stainless steel mesh at 10 MPa and then
dried for 8 h in a vacuum oven at room temperature.
The mass loading of the electrode was 1.2 mg-cm™
Electrochemical impedance spectroscopy (EIS) was
performed over the range, 0.01 Hz to 10,000 kHz, at
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the open circuit potential with a perturbation of 5 mV.
ZsimpWin software was used to fit the EIS data
and obtain the parameters for the equivalent circuit
4 elements. A cycling stability test was conducted at a
scan rate of 100 mV-s™ for 10,000 cycles; 20 cycles were
conducted in advance before each measurement.

3 Results and discussion

The AFM image in Fig. 1(a) shows that the MoS, bulk
had been exfoliated into ~1 nm thick monolayers [32].
The lateral size of the exfoliated MoS, monolayers
ranged from 100 to 500 nm, as shown in the TEM
images (Fig. 1(b)). The hexagonal symmetric selected
area electron diffraction (SAED) patterns indicated that
these MoS, monolayers exhibited good crystallinity
[33], as shown in the inset in Fig. 1(b). The restacked
MoS, film displayed an additional (001) XRD peak
at 260 = 8.7°, which was different from that of the bulk
MoS, shown in Fig. 1(c), together with peaks for the
(002), (003), (004), and (005) planes. This indicates that
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Figure 1 (a) AFM image and (b) TEM image of the monolayer MoS, NSs with the SAED image inserted. (c) XRD patterns of bulk
MoS; and MoS, monolayer. The XRD pattern of the MoS, monolayer at 26 = 20°~80° is in the inset. (d) High-resolution XPS spectrum

of Mo 3d of the MoS, monolayer.
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the exfoliated monolayers are stacked randomly, with
large interlayer spacings [27, 34]. A zeta potential of
—40 mV indicated that these monolayers were negatively
charged and contained a significant metallic 1T phase
(Fig. S1 in the Electronic Supplementary Material
(ESM)) [35]. The additional peaks in the Raman
spectrum of MoS, (Fig. S2 in the ESM) also showed a
single layer 1T MoS,. The absence of a characteristic
peak around 236 eV in the Mo 3d spectrum (Fig. 1(d))
indicated that the oxidation of Mo had been minimized.
The S 2p spectrum (Fig. S3 in the ESM) confirmed
that the monolayers contained up to 72% of the 1T
phase [36].

The high specific area and high 1T phase content of
the exfoliated MoS, monolayers make them ideal 2D
substrates for the heterogeneous polymerization and
uniform growth of PANI. The TEM images of MoS,/
PANI-I (at a weight ratio of 20.0:1 (aniline to MoS,),
section 2.2) (Fig. 2(a)) and MoS,/PANI-I@C-3nm (coated
~3nm carbon shell by a hydrothermal treatment of
MoS,/PANI-], section 2.3) (Fig. 2(b)) show that PANI
grew intimately on the MoS, monolayers. By com-
parison, the pure PANI NWs were random net-like
agglomerates (Fig.2(c)). Such nanostructures were

955

further confirmed by FESEM, FTIR spectroscopy and
Raman spectroscopy, as shown in Figs. S4 and S5 in
the ESM.

To observe the thickness of the coated carbon layers,
gold nanoparticles were sprayed over the MoS,/PANI-I
surface (Fig. 3(a)) before the hydrothermal treatment
and a hydrothermal reaction was then carried out
to form MoS,/PANI@C (Figs. 3(b)-3(d)) with a well-
defined boundary between the carbon shell and MoS,/
PANI. The thickness of the coated carbon layers could
be controlled by adjusting the hydrothermal reaction
time and the glucose concentration (see the ESM).
A carbon layer with a thickness of ~5nm (Fig. 3(c),
MoS,/PANI-I@C-5nm) and ~9 nm (Fig. 3(d), MoS,/
PANI-I@C-9nm) on MoS,/PANI-I was achieved, while
MoS,/PANI-I@C-3nm (Fig. 3(b)) had a 3 nm-thick
carbon layer. The introduction of a carbon layer was
also confirmed by XPS, where the C=C content in
MoS,/PANI-1@C-3nm after a 2 h hydrothermal treatment
was slightly higher than that of MoS,/PANI-I without
the carbon coating (Fig. S6 in the ESM). The Mo 3d, S 2p
and N 1s spectra for MoS,/PANI@C (Figs. 2(d)-2(f))
and MoS,/PANI (Figs. S7(a)-S7(c) in the ESM) further
suggest the good integration of PANI on the MoS,
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Figure 2 TEM images of (a) MoS,/PANI-I, (b) MoS,/PANI-I@C-3nm and (c) pure PANI nanowires, respectively. High-resolution XPS
spectrum from (d) Mo 3d, (e) S 2p and (f) N 1s of MoS,/PANI@C at the weight ratio of 2.0: 1 (aniline to MoS,), respectively.
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Figure 3 TEM images of (a) MoS,/PANI-I, (b) MoS,/PANI-
I@C-3nm, (c) MoS,/PANI-[@C-5nm and (d) MoS,/PANI-I@C-9nm
with different carbon coating thicknesses controlled by adjusting
the hydrothermal time and glucose content: (a) O h, (b) 2 h, (c) 4h
and (d) 6 fold glucose.

monolayers, whereas for the MoS, monolayers, only
slight oxidation was observed after the hydrothermal
treatment (see the ESM text and Fig. 57 in the ESM).
The electrochemical performance of MoS,/PANI-
I@C-3nm was assessed using a three-electrode system.
Figure 4(a) presents the typical CV curves with two
pairs of obvious redox peaks for the MoS,/PANI-
I@C-3nm nanocomposite electrode over scan rates of
1-10 mV-s™ in a 1 M H,SO;, electrolyte. The specific
capacitance of MoS,/PANI-I@C-3nm reached 678 F-g~,
which is much higher than that of the pure PANI
NWs (462 F-g-'), MoS, (100 F-g') (Fig. 5(a)) and most
of the PANI-based electrodes reported previously
(200-600 F-g™) [37-41], suggesting a synergic effect
between the MoS, monolayers and PANI [42, 43].
Considering that the PANI content was approximately
41 wt.% (Fig. S8 and Table 51 in the ESM), the specific
capacitance of PANI against its own weight was
measured to be 1,650 F-g' at 1 mV-s™. When the scan
rate was increased to 10 mV's™, the capacitance of
MoS,/PANI-I@C-3nm still reached 549 F-g™!, which is
81% capacitance retention compared to that at 1 mV-s™.
However, given the limited the diffusion time at
high scan rates, to some extent, the electrolyte was

unable to diffuse to the entire electrode surface for
charge storage quickly and synchronously. Therefore,
according to Eq. (1), the highest possible capacitance
of the electrode should be constant with the sweep
rate at low sweep rates [44, 45]. Figure 4(b) shows that
the “total capacitance” was Q. = 746 F-g™! when the
scan rate approached 0 mV-s™. This suggests that only
9% of the capacitance is restricted by the limited ion
diffusion at 1 mV-s™.

1_1 + constant(v'?) 1)

Qv Qv=0

To further evaluate the performance of the electrode,
GCD curves of MoS,/PANI-I@C-3nm were measured
at various current densities in a stable voltage window
of 0.0-0.6 V (Fig. 4(c)). As shown in Fig. 4(d), the specific
capacitance of MoS,/PANI-I@C-3nm reached 668 F-g™
at 1 A-g™ and 479 F-g™' at 10 A-g™", i.e., 72% retention,
which is much higher than that reported elsewhere
(50%—-70%) [46—48], indicating good rate capability. In
addition, no significant IR drop was observed in the
GCD curves, indicating low internal resistance. In
Fig. 4(e), the low internal resistance was also reflected
in EIS, where R, and R. were found to be 1.37 and
0.89 Q, respectively (Fig. S9 and Table S2 in the ESM).
Moreover, MoS,/PANI-I@C-3nm delivered a charac-
teristic frequency, f,, of 0.44 Hz at a phase angle of
—45° (Fig. 4(f)), marking the point where the resistive
and capacitive impedances are equal and corres-
ponds to a small time constant, 7 (f;"), of 2.25 s. This
value was substantially smaller than the results of the
activated carbon-based electrocapacitors reported (10 s)
[49, 50]. Again, the rapid frequency response confirms
the outstanding ion transport capability of MoS,/
PANI-]I@C-3nm.

The prominent performance improvement observed
in MoS,/PANI-I@C-3nm is related to the small charge
transfer resistance. This arises from the good con-
ductivity of both PANI and MoS, monolayers, which
contain high concentrations of 1T phase, and the
large electrochemically active surface of PANI grown
on the MoS, monolayers. Furthermore, the improved
capacitance of MoS,/PANI-I@C-3nm, compared to
MoS,/PANI-I without the carbon coating at the same
scan rate (563 F-g™ at 1 A-g™, Fig. 5(b)), can also be
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attributed to the enhanced conductivity and porous  interfacial charge transfer through the electrode and
structure from the carbon shell, which do not cause  allow for more charge storage as a conductive network
additional contact resistance but can facilitate rapid [28, 44]. This can be verified by the larger R, and R
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for MoS,/PANI-I, ie.,, 1.50 and 2.08 €, respectively
(Fig. 5(d) and Table S2 in the ESM).

More significantly, the MoS,/PANI-I@C-3nm electrode
also exhibited exceptional cycle stability. As shown in
Fig. 5(c), ~80% capacitance retention after 10,000 cycles
was observed, which was much higher than that of the
bare PANI (44%). This shows that the carbon-coated
organic-inorganic nanostructures of PANI and MoS,
monolayers can enhance the specific capacitance and
cycle stability. In addition to the synergic effects that
arise from interfacial contact between the PANI
nanostructures and MoS, monolayers and effectively
enhance the cycling stability, the optimized carbon
layer, which can bear the volumetric fluctuations and
serve as a conductive network to hold the electrode
fragments together, plays a significant role in stabilizing
the structure of the MoS,/PANI-I@C-3nm electrodes
during charge/discharge cycling, and realizing excellent
capability retention. This was confirmed by the more
stable performance of the ~3 nm carbon coated MoS,/
PANI-I@C-3nm than that of MoS,/PANI-I without the
carbon layers (48%) (Fig.5(c)). The TEM image of
MoS,/PANI-I@C-3nm (Fig. S10 in the ESM) confirms
the stable structures without obvious pulverization
after being tested for 10,000 cycles.

Moreover, the same tests were also performed for
the other carbon layer-coated composites, i.e., ~5 nm
carbon coated MoS,/PANI-I@C-5nm and ~9 nm carbon-
coated MoS,/PANI-I@C-9nm, which were synthesized
by a hydrothermal treatment for 4 h and using 6 times
the glucose relative to that of MoS,/PANI-I@C-3nm
(section 2.3). The increased carbon layer thickness was

also confirmed by XPS (Figs. S6(a)-56(g) in the ESM),
where the C=C content (Fig.S6(h) in the ESM) in
MoS,/PANI-I@C-5nm and MoS,/PANI-I@C-9nm were
slightly higher than that of MoS,/PANI-I@C-3nm.
In contrast to MoS,/PANI-I@C-3nm, the capacitance
of MoS,/PANI-I@C-5nm and MoS,/PANI-I@C-9nm
reached only 279 and 509 F-g™* at 1 A-g™, respectively
(Fig. 6(a)). Although the result of MoS,/PANI-I@C-9nm
was superior to that of bare PANI, the 9-nm thick
carbon layer probably restrains the diffusion of ions
to some degree. In addition, a longer hydrothermal
reaction time may also cause the destruction of the
hierarchical structure, resulting in a much lower
capacitance for MoS,/PANI-I@C-5nm (Fig. 511 in the
ESM). Note that the thicker carbon layer, e.g., 9 nm,
gives the MoS,/PANI-I@C-9nm (Fig. 6(c) and Fig. S12
in the ESM) electrode a capacitance retention of 73%,
which is comparable to MoS:/PANI-I@C-3nm. However,
the improved cycling stability was at the expense of the
electrochemical performance. On the other hand, longer
hydrothermal times improved neither the specific
capacitance nor capability retention. For example, the
capacitance retention of MoS,/PANI@C-5nm was only
30% (Fig. 6(c)), and the capacitance was low. These
results show that the optimal performance, including
high specific capacitance and good cycling stability of
the MoS,/PANI@C nanohybrids would be based on
the appropriate thickness of the carbon coating and
stable structure.

In addition to the thickness of the carbon coating,
the content of PANI in MoS,/PANI hybrid SCs is also
important. Both MoS,/PANI-II@C-3nm (low PANI
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Figure 6 (a) GCD curves of MoS,/PANI-I@C-3nm, MoS,/PANI-I@C-5nm, MoS,/PANI-I@C-9nm and PANI at a current density of
1 A-g™. (b) GCD curves of MoS,/PANI-I@C-3nm, MoS,/PANI-II@C-3nm and MoS,/PANI-III@C-3nm at a current density of 1 A-g™".
(c) Cycling performance of MoS,/PANI-I@C-3nm, MoS,/PANI-I@C-5nm, MoS,/PANI-I@C-9nm and MoS,/PANI-III@C-3nm

electrodes.
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content) and MoS,/PANI-III@C-3nm (high PANI
content) in Fig. 6(b), Figs. S13 and S14 in the ESM
exhibited lower specific capacities than MoS,/PANI-
I@C-3nm. Although MoS,/PANI-III@C-3nm (Fig. 6(c))
with a PANI content higher than MoS,/PANI-I@C-3nm
has higher capacitance retention (~86%), a much lower
specific capacitance was obtained (305 F-g" at 1 A-g™,
Fig. 6(c)), which is related to the additional self-
polymerization of PANI occurring out of the MoS,
monolayers (Fig. 515 in the ESM). Therefore, MoS,/
PANI-I@C-3nm exhibits a much better balance between
the specific capacitance and cycle stability, suggesting
that it is also critical to optimize the MoS, to PANI
ratio in the resulting SCs (Figs. S16 and S17 in the
ESM).

To evaluate the application potential of MoS,/
PANI-I@C-3nm electrodes, its specific capacitance
and cycle stability were compared with those of the
conducting polymer-based composite electrodes, as
shown in Fig. 7 and Table 53 in the ESM. To the best
of the authors’ knowledge, there are hardly any
pseudocapacitive electrodes based on conducting

1\

MoS_/PANI
% 100
X ? ?PPWF’A%‘. MnO,/GN/PANI
GN NRE/PANI pANi@c MOSZ/PANI@C
80{RCOPAN i rag PT{ Y (our work)

Benzoquirffone/PANI

Capacitance retention (¥

Figure 7 Performance comparison of the specific capacitance
and cycle stability among the PANI-based electrodes. (PPy/PANI
[22], reduced graphene oxide (RGO)/PANI [39], 3D RGO/PANI
[41], PANI@C [44], graphene nanoribbons (GN NRs)/PANI [51],
Benzoquinone/PANI [52], MoS,/PANI [43], RGO/ZrO,/PANI
[53], MnO,/GN/PANI [40]). Most results were collected in three-
electrode cells, RGO/ZrO,/PANI used a glassy carbon electrode as
the working electrode and RGO/PANI and 3D RGO/PANI were
measured in two-electrode cells.
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polymers in an aqueous electrolyte that can achieve
a specific capacitance > 700 F-g™ and a capacitance
retention of ~80% after 10,000 cycles. Its comprehensive
electrochemical performance was also superior to
that of the SCs based on PPy deposited on MoS,
(698 F-g™ at 0.5 A-g™ and the 85% cycle retention after
4,000 cycles) [28]. The remarkable specific capacitance,
cycle stability and good rate capacity may be attri-
buted to the good conductivity of the doped PANI
and metallic 1T phase of MoS, monolayers, large
electrochemically active surface areas and small
resistance for charge transfer as well as the reduced
ion diffusion length by interfacial contact between
PANI and MoS, monolayers. More importantly, a
properly thin carbon shell plays a significant role
in enhancing the charge transport efficiency and
stabilizing the nanostructure.

4 Conclusions

The deposition of PANI on MoS, monolayers with
more than 70% 1T phase can result in a synergic effect
and achieve significant performance improvement
as electrodes in SCs. A thin carbon layer on the MoS,/
PANI nanohybrids contributes further to enhancing
the specific capacitance and cycle stability of the SC
electrodes. By tuning the PANI content and the
thickness of the carbon layers, MoS,/PANI-I@C-3nm
with a ~3 nm thin carbon layer exhibited a specific
capacitance >700 F-g™ and 80% capacitance retention
after 10,000 cycles, which has not been reported in
previous studies related to conducting polymer-based
SC electrodes. The general strategy reported here
is expected to open a new avenue to improving
the comprehensive performance of polymer-based
pseudocapacitive electrodes.
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