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the charge separation at the electrode/
electrolyte interface, and (b) the revers-
ible faradaic reaction where the pseudo-
capacitance arises from reversible faradic 
reaction occurring at the electrode/elec-
trolyte interface.[6–8] Among various elec-
trode materials, conducting polymers 
such as polypyrrole (PPy) and polyani-
line (PANI),[9–11] are receiving specific 
attentions due to their intrinsic character-
istics including low cost, easy preparation, 
remarkable storage capacity, good con-
ductivity, and broad voltage window.[12–15] 
Basically, the utilization of conducting 
polymers as electrode materials usually 
shows a considerable enhancement in 
specific energy density, but those elec-
trodes may exhibits a poor cycling stability 
due to serious volumetric swelling and 
shrinking of conducting polymers during 
cycles.[16–19]

An emerging solution to overcome the 
challenges facing conducting polymers 
including poor electroactive stability and 
weak mechanical properties is to grow 
conducting polymers on the surfaces 
of various supporting materials such as 

graphene, metal oxides, metal dichalcogenide, etc.[20–25] The 
superiority of using those supporting materials is evident 
because they can offer a uniform and large-surface-area sub-
strate to immobilize conducting polymers for efficient energy 
storage.[26,27] Molybdenum disulfide (MoS2) is a typical 2D lay-
ered transition metal dichalcogenide which possesses unique 
structure features with large interlayer distance of 1.24 Å, high 
electrochemical activity, and good chemical stability. Therefore, 
MoS2 has become a particularly promising candidate for appli-
cations in supercapacitors[28–30] and lithium ion batteries.[31–33] 
Meanwhile, the weak van der Waals interaction and relative 
large interlayer distance between MoS2 layers facilitates the 
intercalation of positive ions (H+, K+, and Li+), resulting in 
enlarged effective surface area which could be used as a 2D 
template for growing conducting polymers or other functional 
nanoparticles.[34–40]

Herein, we developed a simple and efficient strategy to 
construct MoS2/PPy/PANI ternary hybrids via two successive 
polymerizations of PPy and PANI on few-layer MoS2 (f-MoS2) 
templates. Surprisingly, a rational design of such ternary nano-
composites enables greatly improved specific capacitance as 

Polypyrrole (PPy) and polyaniline (PANI) are most promising candidates for 
high energy and power density supercapacitors. However, their relative low 
surface area and poor cyclic stability greatly limit their practical applications. 
Morphology- and size-controlled micro/nanostructure formation of such 
materials may lead to enhanced performance. Here, the solvent-exchange 
method is proposed for the preparation of high-concentration few-layer MoS2 
(f-MoS2) suspension in an ethanol–water mixed solvent. PPy layers with high 
surface coverage are formed on the resultant dispersible f-MoS2 by in situ 
polymerization of pyrrole. The MoS2/PPy hybrid is then used as the reactive 
layer for subsequent in situ growth and attachment of PANI, thus forming 
a “pizza-like” MoS2/PPy/PANI ternary nanostructure. The rational design of 
such hierarchical nanostructures greatly enhances the specific capacitance 
up to 1273 F g−1 at 0.5 A g−1 and effectively improves the cyclic performance 
maintaining ≈83% after 3000 charge/discharge cycles. The excellent perfor-
mances of MoS2/PPy/PANI hybrid are mainly attributed to robust intercon-
nected frameworks for improved electrical conductivity and well-defined 
porosities for enhanced electrolyte/electrode interaction. The superior elec-
trochemical performance thus suggests a promising strategy for fabricating 
component adjustable, high energy density, and durable nanostructures as 
novel electrode materials for supercapacitors.

1. Introduction

Efficient and environmentally friendly energy conversation 
has become major hurdles for a wide utilization of renew-
able energy resources around the world. Among the various 
energy storage systems, the supercapacitors are considered as 
the most promising candidates due to their low cost, environ-
mental friendliness, high power density, and excellent cycling 
stability.[1–5] There are two main subdivisions derived from dif-
ferent charge storage mechanism in supercapacitors: (a) the 
ion adsorption and desorption (also called electrical double 
layer capacitance, EDLC) where the capacitance is derived from 
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well as significantly enhanced cycling stability. It is expected 
that the present work could provide a new strategy to design 
and prepare conducting polymer-based hybrids and widen their 
applications as promising electrode materials in energy storage 
systems, particularly in supercapacitors.

2. Results and Discussion

Herein we developed a versatile and scalable solvent-exchange 
strategy for liquid exfoliation and dispersion of f-MoS2 
nanosheets in low-boiling solvents, such as ethanol and 
water, which can be easily utilized in further applications. As 
demonstrated in Figure 1a, a long time (even longer than 10 h) 
sonication of b-MoS2 in an ethanol–water mixed solvent can 
hardly result in a successful exfoliation of b-MoS2 into f-MoS2. 
By choosing appropriate solvents, a uniform suspension of 
high-concentration f-MoS2 with a majority of single and fewer 
layers can be obtained by direct exfoliation of b-MoS2 powder 
via an ultrasound exfoliation in certain solvents such as N,N-
dimethyl formamide (DMF) and 1-methyl-2-pyrrolidinone 
(NMP).[41]

Mechanism for the efficient liquid phase exfoliation of 
b-MoS2 in DMF was carefully investigated. On the one hand, 
shear forces and cavitations during a bath sonication, i.e., the 
expansion and collapse of micrometer-sized bubbles or voids 
in liquids because of the pressure fluctuations, might induce 
an exfoliation of bulk layered materials.[42] The hydrodynamic 
forces derived from increased pressure and temperature during 
the bath sonication process give rise to the breakdown of 
b-MoS2 into smaller fragments and thinner layers in solvents. 
After that, the continuous sonication leads to the cleavage of 
layers into ultrathin sheets by overcoming the van der Waals 
attractions between the adjacent layers. On the other hand, in 
the view of thermodynamic theories, the lower the differences 
of surface energies between solvents and 2D materials, the 
better the exfoliation process should be.[43] DMF, with surface 
energy of ≈70 mJ m−2 which is close to 70–75 mJ m−2 of 2D 
MoS2, is expected to achieve an excellent exfoliation of MoS2.[44]

As shown in Figure 1b, by simply sonicating the wet f-MoS2 
sediment in an ethanol–water mixed solvent, the f-MoS2 was 

successfully transferred into the ethanol–water mixture from 
DMF. As shown in Figure S1 of the Supporting Information, 
the dispersion of f-MoS2 in an ethanol–water mixed solvent 
was stable after standing for two weeks, indicating the good 
exfoliation and dispersion of f-MoS2 in the mixed solvent. In 
order to prevent the restackings of f-MoS2, the interactions 
between the chosen solvents and f-MoS2 need to offset the 
interlayer attractive forces between f-MoS2. Previous findings 
pointed out that chemically dissimilar 2D materials such as 
MoS2 could be well dispersed in solvents that have similar sur-
face tensions with MoS2.[44,45] Considering the surface tension 
of DI water (72 mN m−1) and ethanol (22.1 mN m−1), the eth-
anol–water mixture can match the optimized value for the dis-
persion of MoS2 (40 mN m−1). The solvent-exchange process 
thus establishes a new paradigm in the formation and disper-
sion of f-MoS2 nanosheets in low-boiling solvents, and the uti-
lization of environmentally friendly and inexpensive ethanol–
water mixtures as solvents will be favorable in the fabrication 
of f-MoS2 based composite materials for various applications. 
Figure S2 of the Supporting Information gives the field-emis-
sion scanning electron microscopy (FESEM) images of b-MoS2 
and f-MoS2, respectively. Upon exfoliation, f-MoS2 exhibit uni-
form and exfoliated layered nanostructures with typical lateral 
sizes of several hundred nanometers (Figure S2b, Supporting 
Information), which are much smaller than those of b-MoS2 
(Figure S2a, Supporting Information). The transmission elec-
tron microscopy (TEM) observations of f-MoS2 sample at dif-
ferent magnifications (Figure S3, Supporting Information) 
further indicate the morphology of f-MoS2 nanosheets are 
composed of single and fewer layers. Figure S4a of the Sup-
porting Information exhibits the tapping mode AFM image of 
the f-MoS2. The f-MoS2 nanosheets are several micrometers in 
width. Smaller fragments were also observed on the surface 
of big-sized MoS2 nanosheets, which were consistent with pre-
vious TEM results. The height profile of AFM image suggests 
that the thickness of the f-MoS2 is below ≈10 nm (Figure S4b, 
Supporting Information). Given that the thickness of the mon-
olayer MoS2 is ≈1 nm and the interlamellar spacing value of 
f-MoS2 (002) plane is 0.62 nm, respectively, the AFM results 
suggest that the as-prepared f-MoS2 contains less than six 
layers.
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Figure 1.  Schematic of solvent-exchange method for the exfoliation and dispersion of f-MoS2.
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Figure 2a shows X-ray diffraction (XRD) patterns of 
f-MoS2, PPy, PANI, MoS2/PPy, MoS2/PANI, and MoS2/PPy/
PANI, respectively. The f-MoS2 exhibits the diffraction peaks 
centered at 2θ = 14.7°, 32.8°, 33.7°, 36.2°, 39.9°, 44.4°, 50.1°, 
56.1°, 58.6°, and 60.5°, respectively, which can be assigned 
to the (002), (100), (101), (102), (103), (006), (105), (106), 
(110), and (008) planes of 2H-phase MoS2, respectively. The 
f-MoS2 shows a broadened primary (002) diffraction peak 
compared with that of b-MoS2 (Figure S5, Supporting Infor-
mation), indicating that more defects might be introduced 
into the f-MoS2 with decreased nanometer-scale sizes.[46,47] 
Neat PPy shows a typical broad and weak reflection located 
in the range of 2θ = 15°–25°, which is assigned to the char-
acteristic peak of amorphous PPy. For neat PANI, the crystal-
line peaks appear at 2θ = 15.3°, 20.7°, and 25.2°, respectively, 
corresponding to (011), (020), and (200) crystal planes of 
PANI in its emeraldine salt form, respectively.[48] Moreover, 
the weak diffraction peak at 2θ = 20.5° for PANI is observed, 
suggesting PANI is in a semicrystalline state in the hybrid.[49] 
For the MoS2/PPy/PANI ternary hybrid, the XRD pattern val-
idates that the PPy and PANI are successfully attached onto 
f-MoS2 templates.

Raman spectroscopy technique might give more structure 
information for the hybridization of MoS2 and conducting 
polymers, and therefore the Raman spectra of the related sam-
ples are tested and shown in Figure 2b and Figure S6 of the 
Supporting Information. For the Raman pattern of b-MoS2 
(Figure S6, Supporting Information), there are two strong sig-
nals at 375.6 and 403.1 cm−1, respectively, corresponding to the 
in-plane E1

2g and out-of-plane A1g vibration modes, respectively. 
Remarkably, the Raman pattern of f-MoS2 indicates that both 
E1

2g and A1g vibrations red-shift and soften after the exfoliation 
of b-MoS2 into f-MoS2. The peak difference between E1

2g and 
A1g was 27.5 and 25.2 cm−1 for b-MoS2 and f-MoS2, respectively, 
indicating that f-MoS2 nanosheets are thinner than the bulk 
ones after efficient exfoliation.[50–52] Besides, the line widths 
(5–6 cm−1) for the f-MoS2 are larger than the reported data 
(2–5 cm−1) of mechanically exfoliated MoS2 single crystals,[53] 
which is attributed to a smaller crystallite size and a large 
amount of defects of the resultant f-MoS2.[54] For neat PANI, the 
peaks are observed situated at 416, 514, 807, 1161, 1217, 1326, 
1492, and 1597 cm−1, respectively, which are ascribed to out-of-
plane CH wag, out-of-plane CNC torsion, imine deforma-
tion, in-plane CH bending, in-plane ring deformation, C–N•+ 
stretching, CN stretching of quinoid, CC stretching of ben-
zoid, respectively.[55,56] For neat PPy sample, two weak peaks 
centered at 929 and 970 cm−1, respectively, are associated with 
the quinoid polaronic and bipolaronic structure, respectively. 
The broad peak obtained near 1046 cm−1 corresponds to the 
CH in-plane deformation.[57,58] The appearance of peaks near 
1564 and 1334 cm−1 is attributed to the π conjugated structure 
and ring stretching mode of the polymer backbone, respec-
tively.[59] Hence, Raman spectra clearly indicate the presence of 
PPy and PANI in the hybrid samples.

As demonstrated in Figure 3a, when the pyrrole monomer 
was added into the f-MoS2 suspension in an ethanol–water 
mixed solvent during in situ polymerization of PPy, it might 
be adsorbed onto the surface of f-MoS2 due to the electrostatic 
interaction between negatively charged MoS2 and positively 
charged pyrrole.[60] Upon the addition of ammonium persul-
phate (APS), thin PPy films were polymerized and attached onto 
the surface of f-MoS2. Likewise, when the aniline monomer  
was added into the MoS2/PPy suspension in solvents, aniline 
can be adsorbed on the surface of MoS2/PPy substrate due to 
certain interaction forces such as van der Waals interaction, 
cohesive forces between aniline and PPy-coated f-MoS2. In 
both of the two in situ polymerization systems, it is noted that 
sulfuric acid serves as a dopant for both conducting polymers. 
The morphology and microstructure of the MoS2/PPy/PANI 
samples were further investigated by SEM and TEM observa-
tions. As shown in Figure S7a of the Supporting Information, 
different from an irregular sphere-like structure for neat PPy, 
we can see that among the MoS2/PPy (Figure S7c, Supporting 
Information) and MoS2/PPy/PANI (Figure 3b,c), the PPy in 
a planar shape is closely coated on the surface of 2D f-MoS2. 
Different from randomly connected fiber-like structure for 
neat PANI (Figure S7b, Supporting Information), MoS2/PPy 
hybrid as supporting materials might supply a large number 
of active sites for the nucleation of PANI, thus resulting in 
homogeneous coating of PANI nanosized particles on the 
surfaces of MoS2/PPy. In comparison with the MoS2/PANI 
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Figure 2.  a) XRD patterns and b) Raman spectra of f-MoS2, PPy, PANI, 
MoS2/PPy, MoS2/PANI, and MoS2/PPy/PANI.
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in Figure S7d of the Supporting Information, the PANI parti-
cles with smaller sizes in the MoS2/PPy/PANI hybrid show a 
better dispersion. Such particular structure of the MoS2/PPy/
PANI ternary hybrid could increase the dispersion of PANI and 
improve the interfaces of PANI with electrolyte, which might 
be beneficial for the improvement of electrochemical perfor-
mance of MoS2/PPy/PANI as electrode materials. The PANI 
nanoparticles allow the effective intercalation of H+ ions into 
both its frameworks and interlayers of MoS2 thin nanosheets, 
which served as ions reservoir for energy storage and shorten 
the diffusion paths of transportation of electrons.[35] Further-
more, intercalation of H+ improve the conductivity of con-
ducting polymer. As shown in Figure 3d, f-MoS2 demonstrates 

an ultrathin sheet-like nanostructure with well-defined edges. 
Figure 3e–g is typical TEM images of MoS2/PPy/PANI ter-
nary hybrid, indicating the f-MoS2 nanosheets are uniformly 
surrounded by conducting polymers. The growth of ultrathin 
PPy layers on f-MoS2 nanosheets is further recognized by TEM 
observations, as marked in the white irregular dashed lines 
in Figure 3f, while uniform decoration of particle-like PANI 
on f-MoS2 nanosheets can be explicitly observed (marked by 
yellow arrows in Figure 3f), showing the successful formation 
of the expected designed “pizza-like” nanostructures of MoS2/
PPy/PANI ternary hybrid. Moreover, the selected area of MoS2 
lamella within the MoS2/PPy/PANI ternary hybrid was further 
studied by the high-resolution TEM observations in Figure 3g,  
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Figure 3.  a) Schematic illustration of the synthetic process for the formation of the MoS2/PPy/PANI hybrid. SEM images of b,c) MoS2/PPy/PANI at 
low and high magnifications, respectively. TEM images of d) f-MoS2, and e–g) MoS2/PPy/PANI at different magnifications.
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showing some fringes with a lattice distance of 0.274 and  
0.267 nm which are attributed to the (100) and (101) planes of 
hexagonal MoS2 crystalline structure, respectively. Other areas 
of the amorphous material layer without fringes, actually, are 
the closely attached PPy layers on f-MoS2 template.

Cyclic voltammetry (CV) and galvanostatic charge/discharge 
measurements were performed to evaluate the electrochemical 
performance of the MoS2/PPy/PANI electrodes. Figure 4a 
exhibits the CV curves of f-MoS2, PPy, PANI, MoS2/PPy, MoS2/
PANI, and MoS2/PPy/PANI electrodes at a scan rate of 
10 mV s−1 in a 0.5 m H2SO4 solution electrolyte, revealing 
that the MoS2/PPy/PANI electrode exhibits the best electro-
chemical performance among all the samples. The CV curve 
of f-MoS2 electrode shows a rectangular shape without obvious 
redox peaks, indicating an ideal electric double-layer capacitive 
behavior and desirable fast charge/discharge properties for the 
2D MoS2 materials.[12] The CV curves of PPy and MoS2/PPy 
electrodes exhibit similar rectangular shapes indicating capaci-
tive-like responses among PPy and MoS2/PPy electrodes. PANI 
electrode shows two separate couples of redox peaks in the 
scan area, which are attributed to the transition of PANI from 
the semiconducting-state (leucoemeraldine) to the conductive 

form (emeraldine), and the transition from emeraldine to the 
pernigraniline, respectively. The MoS2/PPy/PANI electrode 
shows similar redox peaks with those of PANI and MoS2/PANI 
electrodes, but exhibits enlarged surrounded area compared 
with those of f-MoS2, PPy, PANI, MoS2/PPy, and MoS2/PANI 
at the same scan rate, indicating that the specific capacitance 
of MoS2/PPy/PANI electrode is larger than those of neat con-
ducting polymers or MoS2/conducting polymer binary hybrid 
electrodes. These results indicate a synergistic effect from the 
contributions from the combinations of MoS2, PPy, and PANI. 
Figure 4b presents the CV curves of the MoS2/PPy/PANI elec-
trode over scan rates from 10 to 200 mV s−1 with a potential 
window between −0.2 and 0.8 V. An obvious increase of cur-
rent density with scan rate was observed, and a nearly rectan-
gular shape with a mirror-image feature at high scan rate up to 
200 mV s−1 indicates a good rate capability for the MoS2/PPy/
PANI electrode.

The galvanostatic charge/discharge plots for all the elec-
trodes measured at a current density of 1 A g−1 are shown in 
Figure 5a. The MoS2/PPy/PANI electrode exhibits a signifi-
cantly higher specific capacitance than those of individual con-
ducting polymers or MoS2/conducting polymer binary hybrid. 
Typical galvanostatic charge/discharge curves of MoS2/PPy/
PANI electrode under different current densities are presented 
in Figure 5b. All the curves are not ideal straight lines, indi-
cating a faradic reaction occurs during charge/discharge pro-
cess. In addition, there is no obvious IR drop even at a high dis-
charge current density of 20 A g−1 caused by equivalent series 
resistance (Rs), suggesting a favorable capacitive characteristic 
with a fast current–voltage responding to the MoS2/PPy/PANI 
electrode materials. The discharge specific capacitance (Cm) can 
be calculated as follows: 

mC
I t

m V
= ⋅ ∆

⋅ ∆
	 (1)

where Cm is specific capacitance, I is charge/discharge current, 
Δt is the discharge time, ΔV is 1 V, and m is the mass of the 
active material in the electrode. By means of calculations from 
the discharge time of galvanostatic charge/discharge curves of 
all samples at various current densities, the relationships of spe-
cific capacitances as a function of current densities for all the 
samples were calculated and shown in Figure 5c. The specific 
capacitances of MoS2/PPy/PANI electrode are much higher 
than those of MoS2, PPy, and PANI at the same current density. 
The MoS2/PPy/PANI electrode exhibits an enhanced specific 
capacitance of 1273 F g−1 at a current density of 0.5 A g−1, which 
is much higher than those of f-MoS2 (169 F g−1), PPy (136 F g−1),  
PANI (528 F g−1), MoS2/PPy (449.5 F g−1), and PANI/PANI 
(784 F g−1). Besides, the coulombic efficiency of the MoS2/PPy/
PANI electrode is observed above 92% at 1 A g−1, indicating a 
good electrochemical reversibility. The MoS2/PPy/PANI elec-
trode remains as high as 673 F g−1 at a high current density of 
10 A g−1, maintaining ≈53% of its capacitance at a current den-
sity of 0.5 A g−1. The excellent rate capability in the MoS2/PPy/
PANI electrode could be attributed to short ion diffusion paths 
and good electrical conductivities. The large improvement in 
specific capacitances for the MoS2/PPy/PANI electrode might 
be attributed to a synergistic effect between PPy and PANI.[61] 
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Figure 4.  a) Comparison of CV curves of f-MoS2, PPy, PANI, MoS2/PPy, 
MoS2/PANI, and MoS2/PPy/PANI at a scan rate of 10 mV s−1. b) CV 
curves of MoS2/PPy/PANI composite at various scan rates of 10, 20, 50, 
100, 150, and 200 mV s−1, respectively.
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The intimately attached PANI nanoparticles on the layered PPy 
structures might exhibit enhanced electrode/electrolyte inter-
face interactions, providing more electroactive regions with 
rapid, reversible faradic reactions and shorter ion diffusion 
paths.[62] In addition, MoS2 nanosheets in the ternary hybrid 
might provide a large surface area that allows excellent electro-
lyte access as well as providing a low internal resistance.[63–65] 
Furthermore, the transition metal centers of MoS2 might form 
strong coordinations with nitrogen atoms in PANI and PPy. 
The Mo ions from MoS2 which are intimately coordinated with 
nitrogen atoms (from conducting polymer) possess a range of 
oxidation states from +2 to +6, resulting in an additional pseu-
docapacitance performance.

Electrochemical impedance spectroscopy (EIS) tests were uti-
lized to describe the electrochemical process of the electrode/
electrolyte interface. The Nyquist plots of electrodes obtained 
by EIS measurements are displayed in Figure 5d. There are 
no semicircles for all the electrodes in high-frequency regions, 
indicating extremely low electron transfer resistances of all 
electrodes. Nearly straight lines in low frequency regions 
represent the ion diffusion and transport due to an EDLC 
behavior. The Rs is determined by taking the high frequency 
intercept on the X-axis, which is decided by the combination of 
intrinsic resistance of substrate, ionic resistance of electrolyte, 
and contact resistance at the electrode/current collector inter-
face. Among them, the Rs of the MoS2/PPy/PANI electrode is 
larger than f-MoS2 and MoS2/PPy, and this phenomenon might 
be ascribed to the hierarchical structures which constrain the 
movement of ions among the MoS2/PPy/PANI electrode. The 

above results also indicate that the homogenous PPy ultrathin 
layers on MoS2 nanosheets are of great priority to provide sup-
porting substrates for the efficient immobilization of PANI 
nanoparticles.[12]

Cycling stability is another important criterion for the real 
applications of supercapacitors. Cycling performance for an 
assembled symmetric supercapacitor using the MoS2/PPy/
PANI electrodes as both anode and cathode at a working poten-
tial window from 0 to 1.0 V was evaluated at a current density 
of 2 A g−1 for 3000 cycles, as shown in Figure 6a. Generally, 
using individual conducting polymers or MoS2/conducting 
polymer binary hybrid as electrode materials can hardly achieve 
a satisfying cyclic stability, but a rational combination of the 
MoS2/PPy/PANI ternary hybrid can reach significant enhance-
ment of cycling stability. For example, neat conducting polymer 
electrodes show a fast decay during cycles, namely, with capaci-
tance retention of 46% for neat PPy and 43% for neat PANI, 
respectively, after 3000 charge/discharge cycles. When the PPy 
and PANI were grown on f-MoS2 separately, a barely satisfac-
tory cycling stability with a capacitance retention of 62% for 
MoS2/PPy and 69% for MoS2/PANI, respectively, was observed. 
Specifically, for the “pizza-like” hierarchical nanostructures of 
the MoS2/PPy/PANI, the capacitance retention maintains 83% 
after 3000 cycles. The good cycling stability for the MoS2/PPy/
PANI electrode over MoS2/PANI electrode might be ascribed 
to the existence of intermediate layer of PPy between f-MoS2 
nanosheets and PANI nanoparticles, which buffers the volu-
metric swelling and shrinking during the charge/discharge 
process.[30,66] The EIS measurements were further carried out 
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Figure 5.  a) Comparison of galvanostatic charge/discharge curves of f-MoS2, PPy, PANI, MoS2/PPy, MoS2/PANI, and MoS2/PPy/PANI at a current 
density of 1 A g−1. b) Galvanostatic charge/discharge curves of MoS2/PPy/PANI at different current densities. c) Specific capacitances of f-MoS2, PPy, 
PANI, MoS2/PPy, MoS2/PANI, and MoS2/PPy/PANI at various current densities. d) Comparison of Nyquist plots of electrodes of f-MoS2, PPy, PANI, 
MoS2/PPy, MoS2/PANI, and MoS2/PPy/PANI in the frequency range of 1 MHz to 0.01 Hz (inset is the enlargement of the high-frequency region).
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to investigate the electrochemical behavior of the PPy, PANI, 
MoS2/PPy, MoS2/PANI, and MoS2/PPy/PANI electrodes after 
3000 charge and discharge cycles (Figure 6b and Figure S8, Sup-
porting Information). It can be seen that Rs of the MoS2/PPy/
PANI electrode become lower even after a long-term cycling 
test, indicating the fast electron transport through conducting 
polymers to the current collector and the excellent structure sta-
bility of the “pizza-like” architecture during cycling. For com-
parison, the Rs of the PPy, PANI, MoS2/PPy, and MoS2/PANI 
electrodes increased in varying degrees. In particularly, there 
exists a semicircle in the plot of PANI electrode which diameter 
represents the charge-transfer resistance (Rct), indicating the 
microstructure of electrode might have been broken down 
during cycles. The EIS results thus imply the easy penetration 
of electrolytes into the electrodes, and the structure stability 
with favorable conductivities.

To further study the mechanism for enhanced cyclic stability 
of the ternary hybrid electrode materials, the structural evolu-
tion in the MoS2/PPy/PANI electrode after 3000 cycles was 
characterized by SEM. As shown in Figure 6c,d, the “pizza-
like”MoS2/PPy/PANI architecture still remains the original 
architecture, and no significant aggregation and collapse are 
observed after cycling. Typically, PANI nanoparticles still uni-
formly support on the surface of MoS2/PPy with a nanosize 
of ≈20 nm, and little crumble can be observed. At the same 
time, although the intercalation of H+ ions into interlayers of 
MoS2 might cause the structure instability, no obvious struc-
ture changes in MoS2/PPy substrate are observed due to the 
closely surrounded PPy nanolayers on f-MoS2, which weaken 
the restacking of f-MoS2 into aggregates during cycles. Such 

good maintenance of the microstructure might be the under-
lying factor for the largely enhanced cycling stability in the 
MoS2/PPy/PANI electrode.[67] The excellent capacitance reten-
tion for the MoS2/PPy/PANI electrode can be also attributed 
to the MoS2 nanosheets providing a 2D nanostructure for the 
efficient immobilization of two kinds of conducting polymers, 
and the unique “pizza-like” PPy-PANI nanostructures on the 
MoS2 thus postpones the crumpling and agglomeration of con-
ducting polymers into a denser structure during cycles. Stable 
maintenance of the microstructure derived from the strong 
interface interaction between PPy and MoS2 layers should be 
another potential factor for the enhanced cycling stability. MoS2 
substrate provides large specific surface area, and can accom-
modate large volumetric expansion due to repeated structure 
pulverization of conducting polymers during charge/discharge 
process, and thus improves the stability of the conducting 
polymer.[68–71] Therefore, the above-mentioned synergistic effect 
and optimized nanostructure between MoS2 and PPy, PANI, 
and PPy corporately facilitates the resultant MoS2/PPy/PANI 
owning high specific capacitance, good rate capability, and 
excellent long-term cycle stability.

3. Conclusions

In summary, a ternary nanocomposite of 2D MoS2, PPy, and 
PANI with a “pizza-like” hierarchical nanostructure was 
designed and constructed. Among the MoS2/PPy/PANI hybrid, 
ultrathin PPy layer is intimately attached to f-MoS2 nanosheets 
thus forming a MoS2/PPy core–shell nanostructure, and PANI 
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Figure 6.  a) Cyclic stability of PPy, PANI, MoS2/PPy, MoS2/PANI, and MoS2/PPy/PANI for 3000 charge/discharge cycles. b) Comparison of Nyquist 
plots of MoS2/PPy/PANI electrode before and after cycling (inset is the enlargement of the high-frequency region). c,d) SEM images of the MoS2/PPy/
PANI electrode after 3000 cycles at different magnifications.
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nanoparticles are separately assembled on the surface of pie-
like MoS2/PPy hybrid. Remarkably, the favorable nanostructure 
of MoS2/PPy/PANI ternary hybrid might utilize the excellent 
pseudocapacitive behavior of PPy/PANI and the unique 2D 
structure of MoS2, thus efficiently avoiding the structural pul-
verization during charge/discharge procedures. On the one 
hand, 2D MoS2 was utilized as active materials providing more 
tracks for the insertion and extraction of ions in the electro-
chemical process. In addition, MoS2 also offered a uniform and 
large-surface-area platform to immobilize conducting polymers 
because transition metal centers of MoS2 can form strong coor-
dination with nitrogen atoms in PPy. On the other hand, the 
unique structure and close interaction between PPy and PANI 
prevents the polymers from severely swelling and shrinking 
during cycles. The excellent electrochemical performance indi-
cates that the “pizza-like” nanostructure possesses a synergistic 
effect of PPy and PANI, which shows improved capacitance 
and superior stability than individual components or binary 
composites (MoS2/PPy or MoS2/PANI). Excellent capacitance 
and supreme cycling life of such ternary hybrid suggests a 
highly prospective application as high-performance electrode 
materials for supercapacitors.

4. Experimental Section
Materials: Bulk MoS2 (b-MoS2, ≈ 325 mesh) was purchased from Alfa 

Aesar. Pyrrole (AR grade) and aniline (AR grade) were purchased from 
Sigma-Aldrich and purified by distillation before use. DMF, ethanol, 
sulfuric acid, and APS were supplied from Sinopharm Chemical Regent 
and used as received. Deionized (DI) water was used throughout the 
experiments.

Preparation of f-MoS2: Homogeneous dispersion of f-MoS2 nanosheets 
in an ethanol–water mixed solvent was achieved by solvent-exchange 
method. First, the exfoliation of b-MoS2 in DMF into f-MoS2 nanosheets 
was achieved by a bath sonication, as reported elsewhere.[41,72,73] In a 
typical process, 1.0 g b-MoS2 powder was added into 100 mL of DMF 
followed by a sonication for 3 h. After the sonication, the suspension 
was centrifuged at 1500 rpm for 30 min and the sediment was discarded 
to remove unexfoliated or thick MoS2 flakes, and then f-MoS2 was 
gathered by a filtration of the supernatants. After filtration, the resultant 
solid was washed with ethanol for several times and collected on the 
membrane. To obtain a homogeneous suspension of f-MoS2 in an 
ethanol–water mixed solvent, the wet exfoliated f-MoS2 sediment is 
redispersed in the corresponding solvent followed by a bath sonication 
for 5 min, thus giving a uniform suspension of f-MoS2 nanosheets in an 
ethanol–water (3/1 v/v) mixed solvent. The final concentration of f-MoS2 
in the mixed solvent was determined by a weighting method. Typically, 
we took at least 50 mL of MoS2 dispersion in the ethanol–water mixed 
solvent, and then weighed the dried solids to calculate the solid content. 
In contrast, it is basically impossible to directly exfoliate the dried f-MoS2 
sediment or b-MoS2 in the ethanol–water mixed solvent even after a 
long-time sonication.

Preparation of MoS2/PPy/PANI Ternary Hybrid: MoS2/PPy/PANI 
ternary hybrid was prepared by two successive polymerizations of 
pyrrole and aniline on the f-MoS2 templates. In a typical process, 20 mg 
of f-MoS2 was dispersed in a mixed solvent of 30 mL absolute ethanol 
and 10 mL 1 m H2SO4 under sonication at ambient temperature. Then 
the suspension was transferred into an ice bath, and cooled down 
to 0 ± 2 °C. After stirring for 30 min, 0.194 g (200 μL) of pyrrole was 
added into the suspension. After stirring for 10 min, 20 mL of APS 
solution (16.5 mg mL−1 in 1 m H2SO4 solution) was added into the 
above suspension, and the mole ratio of pyrrole monomer to APS was 
guaranteed to be 2/1. The polymerization process was carried out in 

an ice-bath for 12 h with vigorous stirring. Then, the suspension was 
filtered and rinsed several times with DI water and ethanol successively, 
and then the resultant solid was vacuum-dried at 60 °C for 24 h to obtain 
the MoS2/PPy hybrid. Furthermore, 232.9 mg of aniline monomer was 
suspended in 30 mL suspension (solvent: 10 mL 1 m H2SO4 and 20 mL 
ethanol) containing 30 mg of MoS2/PPy, sonicated for 30 min, and then 
cooled to 0 ± 2 °C. After 10 min, 10 mL of APS solution (22.8 mg mL−1 
in 1 m H2SO4 solution) was added into the above suspension, and the 
mole ratio of aniline monomer to APS was guaranteed to be 2/1. The 
polymerization was carried out at 0 ± 2 °C for 12 h with vigorous stirring. 
Then, the suspension was filtered and rinsed several times with DI water 
and ethanol successively, and then vacuum-dried at 60 °C for 24 h to 
obtain the MoS2/PPy/PANI ternary hybrid. For comparison, neat PPy, 
neat PANI, and MoS2/PANI hybrids were synthesized under the same 
conditions.

Characterization: The morphology of the samples was evaluated by 
FESEM (Ultra 55) and TEM (Tecnai G2 20 TWIN). XRD patterns were 
obtained by an X’Pert Pro X-ray diffractometer with Cu Kα radiation  
(λ = 0.1542 nm) at a current of 40 mA and voltage of 40 kV. Raman 
spectra were recorded on a Renishaw in plus laser Raman spectrometer 
with λexc = 532 nm. AFM (NanoScope V, Bruker, USA) was utilized to 
test the f-MoS2 in typical tapping mode.

Electrochemical Characterization: The capacitive behaviors for the 
samples were measured with a CHI 660D electrochemical workstation 
using a standard three-electrode setup. The working electrodes were 
prepared by mixing 80 wt% active materials, 10 wt% carbon black 
(Super P), and 10 wt% polyvinylidene fluoride (PVDF) in NMP solution, 
followed by drying it on a graphite paper current collector (1 × 1 cm2) in 
vacuum at 80 °C overnight. The typical loading density for the resultant 
electrode is ≈1.5–2.0 mg cm−2. A platinum wire and SCE was used as the 
counter electrode and the reference electrode, respectively, and a 0.5 m 
H2SO4 aqueous solution was used as the electrolyte. CV measures were 
performed within a potential range of −0.2–0.8 V versus SCE at scan 
rates of 10–200 mV s−1. Galvanostatic charge/discharge testing was 
done from −0.2 to 0.8 V versus SCE at a current density of 0.5, 1, 2, 
5, 7, 10, and 20 A g−1, respectively. EIS was performed in the frequency 
range from 0.01 to 106 Hz at open-circuit potential with an AC voltage 
amplitude of 5 mV.
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