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Abstract
Poly(3,4-ethylenedioxythiophene)–polystyrenesulfonate and manganese oxide (PEDOT:PSS/MnO2) hybrids were prepared via
a facile solvothermal method coupled with an oxidative polymerization route. The effects of the reaction temperature and the
KMnO4-to-organic monomer (3,4-ethylenedioxythiophene, EDOT) ratio on the morphology, structure, and electrochemical
properties of the materials were investigated. The optimized composites comprised homogeneous nanorod-like structures and
exhibited overwhelmingly high conductivity (36 S cm−1) and superior supercapacitance—more specifically, they exhibited high-
rate capability. The electrochemical properties of the nanocomposites were investigated using cyclic voltammetry and galvano-
static charge–discharge cycling. The prepared hybrids showed a high capacitance of 365.5 F g−1 at a current density of 1 A g−1, a
good rate performance of 325.4 F g−1 at 20 A g−1 (capacitance retention of 89%), and excellent cycling stability with approx-
imately 80% capacitance retention after 2000 cycles at a current density of 5 A g−1 in a 6 M KOH aqueous electrolyte.
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Introduction

Recently, high-energy and high-power-density storage de-
vices have attracted considerable research interest due to their
increasing demand for certain vehicle applications [1–4].
Supercapacitors, also known as electrochemical capacitors,
are divided into pseudocapacitors (fast surface redox reac-
tions) and electrochemical double-layer capacitors (ion ad-
sorption) [5–7] on the basis of their energy storage mecha-
nism. The electrochemical performance of supercapacitors de-
pends on their electrode materials; therefore, the synthesis and
modification of electrode materials for supercapacitors has
become an active research topic. Compared with double-

layer capacitors, pseudocapacitors exhibit superior electro-
chemical performance because of their redox mechanism [8,
9]. In most cases, the electroactive materials for high-
performance pseudocapacitor electrodes predominantly com-
prise a transition-metal oxide (e.g., MnO2 [10], Fe3O4 [11],
Co3O4 [12], NiO [13], or NiCo2O4 [14]), a conducting poly-
mer (e.g., polypyrrole [15], polyaniline [16], or poly(3,4-
ethylenedioxythiophene) (PEDOT) [17]), or one of their de-
rivatives [18, 19].

Among the aforementioned materials, MnO2 is one of the
most promising electrode materials and offers numerous ad-
vantages. For instance, it exhibits a high theoretical specific
capacitance (1370 F g−1) and is naturally abundant and envi-
ronmentally friendly [20, 21]. It has therefore been the subject
of intensive investigation. However, MnO2 has an intrinsically
limited conductivity (10−5 to 10−6 S cm−1), which hinders its
application to high-performance supercapacitors [22, 23]. To
solve this problem, researchers have developed several strat-
egies such as depositing MnO2 onto highly conductive mate-
rials such as carbon nanotubes [24–26], graphene [27–29], or
metal oxide tubes [30–32]. However, only a few studies have
involved depositing MnO2 onto a conducting polymer. In this
study, a conducting polymer such as PEDOT doped with
polystyrenesulfonate (PSS), which exhibits high flexibility
and high conductivity of approximately 103 S cm−1 [33–35],
is complexed with MnO2; this complexation improves the
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conductivity of the resultant composite and also provides buff-
ering against the structural collapse of MnO2 resulting from
volume expansion during the charge–discharge process.

PEDOT/MnO2 is prepared via a two-step method. In gener-
al, the first step is the synthesis of PEDOT, followed by the
deposition of MnO2 onto the polymer surface via an in situ
deposition method. Various precursors have been used to pre-
pare MnO2, and various methods have been investigated for
combining MnO2 with PEDOT through electrochemical depo-
sition, in situ polymerization, etc. Several researchers have also
reported the synthesis and characterization of PEDOT/MnO2

hybrids. For instance, Tang and Han prepared graphite/
PEDOT/MnO2 hybrids with controlled network structures on
commercial separator membranes via chemical oxidation poly-
merization and electrochemical deposition; the resultant elec-
trodes exhibited a specific capacitance of 195.7 F g−1 at a cur-
rent density of 0.5 A g−1 and retained 81.1% of their capacity
after 2000 cycles [36]. Su et al. prepared MnO2/PEDOT:PSS
electrodes through a simple co-electrodeposition process; the
electrodes demonstrated a high areal capacitance of
1670 mF cm−2 at 0.5 mA cm−2 [37]. Yu et al. designed and
fabricated an Ag/PEDOT:PSS/MnO2 layer-by-layer structure
with excellent specific capacitance (862 F g−1 at 2.5 A g−1)
[38]. However, the preparation of PEDOT/MnO2 hybrids via
a one-step route has rarely been reported. Lee et al. used one-
step co-electrodeposition to prepare MnO2/PEDOT coaxial
nanowires with a good electrochemical performance of
210 F g−1 at 1 mA cm−2 [39–42].

Herein, we report a facile one-step hydrothermal oxi-
dative polymerization method to prepare PEDOT:PSS/
MnO2 hybrids to be used as high-rate supercapacitor elec-
trode materials. Specifically, a PEDOT:PSS/MnO2 hybrid
nanocomposite is obtained via a one-step method in
which KMnO4 is used as the oxidant and the manganese
source and 3,4-ethoxylenedioxythiophene (EDOT) are
used as the reducing agents. In this study, the reaction
temperature and the KMnO4-to-EDOT molar ratio were
optimized; the formation mechanism of the PEDOT:PSS/
MnO2 nanorods was also discussed. The optimized
PEDOT:PSS/MnO2 nanorods exhibited a high conductiv-
ity (36 S cm−1), a high specific capacitance of 365.5 F g−1

at 1 A g−1, and a good rate performance of 325.4 F g−1 at
20 A g−1 (capacitance retention of 89%). The preparation
route proposed here offers a new direction for the synthe-
sis of organic polymer/metal oxide composites.

Materials and methods

Chemical reagents and materials

All the reagents used in this study were of analytical grade and
were used without further purification. Ethanol was purchased

from Tianjin Fengchuan Chemical Reagent Co., Ltd.
KMnO4 was obtained from Hengyang Kaixin Chemical
Reagent Co., Ltd. EDOT and PSS (MW = 80,000, mass
fraction = 25%) was provided by Maklin. The nickel foam
(1 × 4 cm2, Sigma-Aldrich) was cleaned by sequential
sonication in 3 M HCl, acetone, distilled water, and abso-
lute ethanol for 15 min.

Synthesis of PEDOT:PSS/MnO2 Nanorods

A schematic of the synthesis procedures for the PEDOT:PSS/
MnO2 hybrids is shown in Fig. 1. The PEDOT:PSS/MnO2

nanorod hybrid was prepared by a one-pot solvothermal oxi-
dative polymerization route. According to the typical proce-
dure, 7.6 g of PSS (the molar ratio of –SO3

− in PSS:EDOT =
1.5:1) was dispersed in 40 mL of alcohol solution
(Vethanol:Vwater = 1:1). Then, 0.9 g of EDOT was added and
the mixture was stirred under sonication for 10 min, resulting
in the formation of a homogeneous emulsion. After 50 mL of
KMnO4 aqueous solution (KMnO4-to-EDOT molar ratios of
3:6, 4:6, 5:6, and 6:6) was added to the obtained emulsion
with sonication for 10 min, an ambiguous suspension was
formed. The mixture was transferred to a 150-mLTeflon-lined
autoclave and heated at 100 °C for 15 h. The black precipitates
were collected and subsequently washed several times with
distilled water and absolute ethanol. The PEDOT:PSS/MnO2

was dried at 60 °C overnight under vacuum.
In separate experiments, the reaction temperature and the

molar ratio of KMnO4 were investigated with respect to their
influence on the electrochemical properties of the resultant
hybrid nanocomposites. PEDOT:PSS/MnO2 hybrids with dif-
ferent KMnO4-to-EDOT molar ratios (3:6, 4:6, 5:6, and 6:6,
labeled as PPM3O, PPM4O, PPM5O, and PPM6O, respec-
tively) and under different reaction temperatures (60 °C,
80 °C, 100 °C, and 120 °C, labeled as PPMO6, PPMO8,
PPMO10, and PPMO12, respectively; KMnO4:EDOT = 4:6)
were prepared using a similar procedure.

Fig. 1 Schematic illustration of the synthesis procedures for
PEDOT:PSS/MnO2 hybrid
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Characterization

Fourier transform infrared (FT-IR) spectroscopy was per-
formed using a Nexus 670 IR spectrometer to characterize
the bonding parameters of the prepared samples. X-ray
diffraction (XRD) was conducted on a Rigaku 2550 X-
ray diffractometer equipped with a Cu Kα X-ray source to
determine whether crystallites had formed. Field-emission
scanning electron microscopy images were obtained on a
Hitachi SU8010 at an acceleration voltage of 10 kV.
Thermogravimetric analysis (TGA) was conducted on a
Q500 thermogravimetric analyzer; samples were heated
at 10 °C min−1 from 0 to 800 °C under nitrogen gas
flowing at 100 mL min−1. Conductivity measurements
were obtained using an SDY-4 conductivity meter via
four-probe conductivity measurements.

Working electrode fabrication and electrochemical
measurements

The working electrodes were prepared using a slurry com-
posed of 90% PEDOT:PSS/MnO2 hybrids as the active mate-
rial, 5% acetylene black, and 5% poly(tetrafluoroethylene).
The prepared slurry was pasted onto pretreated foam nickel
substrates. The mass loading of active material in the working
electrode was approximately 1 mg cm−2. The electrochemical
measurements were performed in a three-electrode system
with the prepared electrode as the working electrode, Pt as
the counter electrode, Ag/AgCl as the reference electrode,
and 6 M KOH aqueous solution as the electrolyte.
Galvanostatic charge–discharge measurements were per-
formed in the potential voltage from −0.1 to 0.6 V. Cyclic
voltammetry (CV) was conducted on an RST 5200 electro-
chemical workstation in the stable potential range from −0.1
to 0.6 V. The specific capacitance of the resulting materials
was calculated using the equation Cs = (I ×Δt) / (ΔV ×m),
where m (g) is the mass of the active material, and Δt (s), I
(A), and ΔV (V) are the discharge time, charge–discharge
current, and potential window, respectively.

Results and discussion

Structures and morphologies

Information about the structure and chemical bonding of the
PEDOT:PSS/MnO2 hybrids was obtained via FT-IR; the in-
frared spectra are shown in Fig. 2, where the peaks of the
characteristic group in the PEDOT polymer, the functional-
group peaks of the PSS dopant, and the vibrational peaks of
Mn–O in MnO2 are observed. Figure 2a shows that the peak
positions in the spectra of PEDOT:PSS/MnO2 changed as the
content of KMnO4 was changed. Specifically, the absorption

peak at approximately 1612 cm−1 is attributed to the stretching
vibration of the O–H bonds of hydroxyl groups adsorbed onto
the surface of metal atoms [43]; this peak shifted first to a
lower wavenumber of 1608 cm−1 and then to a higher wave-
number of 1618 cm−1 with increasing KMnO4-to-EDOT mo-
lar ratio. The vibration absorption peak at 1361 cm−1 is attrib-
uted to C–C bonds in the thiophene ring; the peaks at approx-
imately 1151 and 1085 cm−1 correspond to the stretching vi-
bration peak of the C–O–C moiety of the dioxyethylene ring.
With increasing KMnO4 content, these peaks gradually
shifted to lower wavenumbers, indicating that the polymeri-
zation and conjugation degree of the PEDOTchains increased
with increasing oxidant content. The peak at 858 cm−1, which
is assigned to the C–S vibration in the thiophene ring in con-
junction with the aforementioned IR peaks of the other func-
tional groups, confirms that the polymer PEDOTwas success-
fully prepared. The absorption peaks at 593 cm−1 and
449 cm−1 in Fig. 2b are the stretching peaks of the Mn–O
bonds in inorganic MnO2, which can provide important evi-
dence for the existence of MnO2 in composites. With increas-
ing KMnO4 content, the Mn–O peak intensity also increased
primarily because an increase in the amount of KMnO4 led to
an increase in the content of MnO2 in the composites. In
addition, the peak at 1037 cm−1 is the absorption vibrational
peak of –SO3

− in PSS, indicating that the PEDOT was suc-
cessfully doped with PSS [44]. As is evident in Fig. 2, with
increasing reaction temperature, the peaks associated with or-
ganic matter decreased in intensity mainly because of the de-
composition of hybrid PEDOT:PSS/MnO2 during long-term
exposure to high temperatures and high pressures. Therefore,
controlling the oxidant ratio and reaction temperature was the
key to preparing a superior composite.

The XRD patterns of composites prepared by hydrothermal
reactions under different experimental conditions are given in
Fig. 3. We investigated the effects of the KMnO4-to-EDOT
molar ratio and the reaction temperature on the nucleation,
crystal growth, and crystal structure of the prepared materials.
Characteristic diffraction peaks of MnO2 were observed in the
XRD patterns of PPM6O, PPMO10, and PPMO12. As shown
in Fig. 3a, when the KMnO4-to-EDOT molar ratio was 3:6,
the MnO2 peak was not obvious mainly because less MnO2

and OH− were generated during the oxidation process when
the content of KMnO4 was low; the mixture was consequently
weakly alkaline, which is not conducive to the formation of
crystalline MnO2. Thus, the XRD pattern shows only a wide
diffraction peak at 18.6°, which is assigned to the polymer
molecular chain of PEDOT [44, 45]. When the concentration
of the KMnO4 oxidant was increased, the XRD pattern of the
resultant PPM6O showed diffraction peaks of 28.6°, 37.5°,
41.5°, 55.3°, 60.2°, 65.7°, and 72.6°, corresponding to the
(110), (101), (111), (211), (220), (200), and (301) crystal
planes of β-MnO2 (JCPDS No. 24-0735). The overall varia-
tion was that the degree of crystallinity of the composites
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changed from amorphous to crystalline and the diffraction
peaks of MnO2 increased in intensity with increasing
KMnO4 content. This behavior is mainly attributed to the
following equilibrium: [46]

3n EDOTþ 2n MnO4
−⇌3 P EDOTð Þnþ 2n MnO2 þ OH−

According to this equation, the content of MnO2 in the com-
posite mainly depends on the oxidant content. It shows that the
ratio of KMnO4 not only affects the oxidation degree of the
organic EDOT but also profoundly influences the crystalliza-
tion of MnO2. Figure 3b shows that with increasing hydrother-
mal reaction temperature, the diffraction peaks of the materials
also increased in intensity and became increasingly sharp; con-
versely, at higher temperatures, amorphous MnO2 transformed
into β-MnO2, which became increasingly crystalline. This pro-
cess is principally attributed to the increase in the contact prob-
ability between the KMnO4 oxidant and the EDOT organic
monomer with increasing temperature, which leads to higher
pressures in the reactor and accelerates the formation rate of
MnO2. Simultaneously, the degree of supersaturation of
MnO2 was reduced, which reduced the nucleation rate.
Generally, higher temperatures resulted in slower formation
rates of new crystal nuclei of MnO2; thus, the nucleation of
the grains was no longer spontaneous, which limited the growth

of MnO2 on nucleated crystals, thereby improving crystallinity.
In the subsequent analysis of the electrochemical performance
of the composites, PPM4O delivered the best performance. The
XRD curve of PPM4O, however, displays few visible diffrac-
tion peaks corresponding to MnO2, revealing that MnO2 in the
PEDOT:PSS/MnO2 hybrid was amorphous.

Figure 4 shows SEM images of materials prepared under
different hydrothermal temperatures and different KMnO4-to-
EDOT molar ratios; these experiments were designed to ex-
plore the influence of reaction conditions on the morphology
of the composites. The electron micrographs show a 1-μm
size selection. Figure 4a, b, c, d shows that the morphology
of the materials obtained at the various hydrothermal reaction
temperatures was mainly substantial aggregation blocks and a
spot of nanorods. The images of PPMO8 show nanorods with
a length of 1 μm and a diameter of approximately 100 nm, the
conclusion can also be proved in Fig. 5c, d. The micrographs
of materials prepared at higher temperatures show that the
nanorods were partially decomposed and collapsed at 100
and 120 °C and that the micrometer rods became irregular.
These results demonstrate that the hydrothermal reaction tem-
perature plays a decisive role in determining the morphology
of the material. Temperatures lower than 60 °C were insuffi-
cient to favor the formation of MnO2 crystals with rod-like
morphology; more crystals existed in the form of aggregated
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nanoparticles. In contrast, the morphology of the PEDOT:PSS
organic polymers was banded or blocky under the experimen-
tal conditions and did not cause the collapse and decomposi-
tion of organic matter; thus, bulk aggregates with nanorod
morphology were observed. When the temperature was in-
creased to 80 °C, the temperature was conducive for the for-
mation of MnO2 microrods, whereas the organic molecular
chains decomposed; this material could be well dispersed

because the decomposition of organic matter reduced the or-
ganic content, mainly resulting in MnO2 micron-sized rods.
Consequently, uniform-sized rod-like PEDOT:PSS/MnO2 hy-
brids were obtained. When the temperature was increased fur-
ther, some of the microrods were damaged. Microrods were
decomposed into numerous nanoblocks; therefore, the mor-
phology of the materials obtained at 100 and 120 °C com-
prised micrometer rods and nanoblocks with different sizes.

(f) PPM4O(e) PPM3O

(h) PPM6O(g) PPM5O

(c) PPMO10 (d) PPMO12

(a) PPMO6 (b) PPMO8Fig. 4 SEM images of materials
prepared under different
hydrothermal temperature and
ratio of KMnO4 to EDOT
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The nucleation mechanism of MnO2 was predicted on
the basis of the electron microscopy results. Under hy-
drothermal conditions, first, a large number of MnO2

nuclei are rapidly produced during KMnO4 oxidation of
the organic monomers; the crystal nuclei grow in the
same direction and assemble themselves into small solid
spheres. Since the K+ ions in the solution serve as a
supporting lattice, the dopant PSS in the solution func-
tions as a heterogeneous particle in the secondary crys-
tallization of the crystal and affects the growth direction
of MnO2 crystals; thus, crystals grow along rod-like
structures. At lower temperatures, insufficient energy is
present for the formation of MnO2 crystals. The crystal
nuclei are only short sticks interwoven with blocks; thus,
no anisotropic growth occurs.

Figure 4e, f, g, h depicts the SEM micrographs of the com-
posites prepared at KMnO4-to-EDOT molar ratios of 3:6, 4:6,
5:6, and 6:6, respectively. The graph shows that when the
molar ratio was 3:6, nanorods and blocks coexisted in the
material; as the molar ratio was increased, the nanorods and
blocks finally assumed cylindrical shapes, as observed in the
images as white spots. When the KMnO4 concentration was
low, less MnO2 was produced; the tiny amounts of MnO2

nanorods were unable to disperse the organic polymer blocks,
and the inorganic substances and organic polymers formed
lumps. When the concentration of KMnO4 was increased,
the MnO2 production rate increased. Crystals could rapidly
nucleate and crystallize to form micron-sized rods of uniform
size. A large number of microrods could also effectively dis-
perse a small amount of organic matter into a small-bulk mor-
phology. The main mechanism may be related to the
molecular-directing template of the PSS dopant. Inorganic
MnO2 can be grown on the active sites of the organic material,

and PSS can be regarded as a cation-exchange resin; the
undoped –SO3

− will react with the metal ions such that
MnO2 will grow in the vicinity of sulfonic acid in situ, follow-
ed by nucleation growth and the final formation of microrods.
As shown in Fig. 5b, the simultaneous formation of MnO2

microrods will also occur on the organic polymer block.
Thus, Fig. 4h shows the ends of MnO2 microrods with a small
amount of polymer adhesion.

The TGA curve of the PEDOT:PSS/MnO2 hybrid compos-
ite under the reaction of n(KMnO4) to n(EDOT) = 4:6and hy-
drothermal temperature of 80 °C shows that the material began
to lose weight at 187 °C and lost approximately 1% of its mass
mainly because of the volatilization of adsorbed water (Fig. 5a).
The first maximum thermal decomposition temperature was
273 °C; this decomposition was mainly due to the decomposi-
tion of the sulfonic acid groups of the styrene ring in PSS. PSS
decomposition was completed at 351 °C, with a mass loss of
approximately 6%. Another decomposition of the composite
occurred in the temperature range between 351 and 605 °Cwith
a corresponding weight loss of 5%. This mass loss was mainly
due to fracture and volatilization of the polymer molecular
chain. At 800 °C, the PEDOT:PSS/MnO2 hybrids still retained
approximately 88% of their mass, illustrating that the mass ratio
between organic and inorganic oxides was 12:88. The mass of
MnO2 in the synthesized material accounts for the majority of
the inorganic oxides. These TG results further demonstrate that
a large number of the nanotubes observed by SEM have mor-
phologies similar to that of MnO2 [47].

The conductivity curves of materials prepared under differ-
ent hydrothermal temperatures and oxidant dosages are pre-
sented in Fig. 6. The electronic conductivity of samples was
measured using four-probe conductivity meters, and the mea-
sured values were subsequently converted into electrical
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conductivity. Figure 6a shows that the conductivity of the
composites increased to a maximum of 36 S cm−1 and then
decreased with increasing temperature. This behavior is main-
ly attributed to the effect of temperature on the morphology of
the material and to the stability of the organic skeleton; the
polymer skeleton will collapse when the temperature is too
high, resulting in carrier-hopping discontinuity and, thus, de-
creased conductivity. As shown in Fig. 6b, the conductivity of
the material also presented a regular pattern of first increasing
and then decreasing with increasing ratio of KMnO4. First, the
amount of KMnO4 affected the oxidation degree of the poly-
mer and the amount of inorganic MnO2 formed. When the
KMnO4 concentration was lower, EDOT was not completely
oxidized to form PEDOT, conductive network was not fully
formed, PEDOT was over-oxidized and became rigid, and
amount of inorganic MnO2 was increased; consequently, the
conductivity first increased and then decreased.

Electrochemical properties

The cyclic voltammograms of the PEDOT:PSS/MnO2 hybrids
prepared under different temperatures and different oxidant
ratios of oxidant are shown in Fig. 7. The curves were collect-
ed using a three-electrode system, with a platinum electrode as
the counter electrode, Ag/AgCl as the reference electrode, and
active material as the working electrode; the scans were con-
ducted at different scan rates from 10 to 200 mV s−1 with the
electrodes immersed in 6 M KOH electrolyte. In the
PEDOT:PSS/MnO2 binary organic–inorganic hybrids, the
main processes are the ion doping/doping process in the
PEDOT skeleton ([PEDOT+]SO3

− + e− ⇌ [PEDOT0] + SO3
−)

and redox reactions between Mn4+ and Mn3+ ions via electron
exchange in MnO2 (MnO2 + yK+ + e− ⇌ yMnOOK + (1 −
y)MnO2). Cyclic voltammograms collected at different tem-
peratures show that the redox reversibility of the materials
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prepared at different temperatures is better. In Fig. 7b, the area
of the CV curve of the material prepared at 80 °C is the largest,
indicating that the material has a high area-specific capacity at
this temperature. As shown in Fig. 7c, the area of the CV curve
reaches a maximum when the KMnO4-to-EDOT molar ratio
is 4:6, and the redox current reaches a maximum when the
potential difference between the redox peaks is minimal.
These results show that the 4:6 ratio is the best ratio for pre-
paring the hybrid materials; it results in excellent electrode
materials with minimum resistance and multiple electrochem-
ically active sites [48].

To further explore the effect of the hydrothermal reaction
temperature and oxidant molar ratio on the electrochemical
properties of materials, galvanostatic charge, and discharge
tests were performed with different materials under different
current densities in 6 M KOH. The specific capacitance of
materials prepared at different temperatures was calculated
from Fig. 8a according to the discharge time; the specific ca-
pacities of the PPMO6, PPMO8, PPMO10, and PPMO12were

223.6, 365.5, 332.7, and 236.4 F g−1 at a current density of
1 A g−1, respectively. As evident from Fig. 8c, the rate capabil-
ity of the four electrode materials was 65.1%, 89.5%, 76.5%,
and 76.9%. The specific capacitance retentions of the materials
were approximately 68%, 80%, 73%, and 58% after 2000 cy-
cles. The PEDOT:PSS/MnO2 prepared at a hydrothermal reac-
tion temperature of 80 °C exhibited the best performance
among the investigated samples, resulting in an electrode ma-
terial with superior electrochemical performance. Low hydro-
thermal temperatures were not conducive for the formation of
ordered crystals of MnO2, which makes the recombination of
inorganic matter easy; the interaction between organic matter
and inorganic matter is weakened, which is not conducive for
the formation of fast ions and electron channels. At the highest
reaction temperature, MnO2 exhibited reduced oxidation activ-
ity but accelerated thermal decomposition, resulting in multi-
phase MnO2. Second, the oxidation of organic monomers is
incomplete; thus, the organic-fiber-oriented template and mate-
rial skeleton cannot be formed, precluding the formation of an
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Fig. 8 a Galvanostatic discharge
curves of PPMO6, PPMO8,
PPMO10, and PPMO12 at
1 A g−1. b Galvanostatic
discharge curves of PPM3O,
PPM4O, PPM5O, and PM6O at
1 A g−1. c Specific capacitances
of PPMO6, PPMO8, PPMO10,
and PMO12 derived from the
discharge curves at different
current densities of 1, 2, 5, 10, 15,
and 20 A g−1. dRate performance
of PPM3O, PPM4O, PPM5O,
and PPM6O. e Capacitance
cycling performances of PPMO6,
PPMO8, PPMO10, and PPMO12
at a current density of 5 A g−1. (f)
Capacitance cycling
performances of PPM3O,
PPM4O, PPM5O, and PPM6O at
a current density of 5 A g−1
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ordered nanotubular organic–inorganic composite of uniform
size. Third, the stability of organic matter will be reduced in the
higher-temperature environment, resulting in some degradation
of the organic skeleton; the results of this reduced stability
should be evident from the infrared spectra [49].

The electrochemical properties of materials prepared under
different KMnO4 molar ratios are shown in Fig. 8b, d, f. As
shown in Fig. 8b, the specific capacities of PPM3O, PPM4O,
PPM5O, and PPM6O were 274.5, 365.5, 214.5, and
134.5 F g−1, respectively. The rate performances of the mate-
rials were 65.6%, 89.5%, 67.8%, and 81.1% at current densi-
ties ranging from 1 to 20 A g−1. Compared with previously
reported PEDOT:PSS/MnO2 electrodes, those prepared in this
work have a higher specific capacity and superior rate perfor-
mance (see Table 1). The specific capacity retention rates of
PPM3O, PPM4O, PPM5O, and PPM6O were 60%, 80%,
72%, and 65% after 2000 cycles at 5 A g−1, respectively.
The experimental results show that the KMnO4-to-EDOT ra-
tio strongly influenced the specific capacitance of the material.
This influence likely stems from the role of KMnO4 in the
reaction. In the reaction, KMnO4 plays the following roles.
First, it oxidatively polymerizes the organic monomers.
Second, during the process of oxidation, KMnO4 releases
OH−, which regulates the pH of the reaction liquid; because
the oxidation of KMnO4 is affected by pH, it also affects the
rate of reaction.

Conclusions

In summary, we reported a facile one-stop method to fabricate
PEDOT:PSS/MnO2 hybrids via a solvothermal method
coupled with an oxidative polymerization process. With this
combination, we obtained supercapacitor electrode materials
with superior electrochemical performance. The PEDOT:PSS/
MnO2 hybrid material exhibits excellent capacitive properties:
the specific capacitance can be as high as 365.5 F g−1 at

1 A g−1, and the composite exhibits 80% retention of the
specific capacitance after 2000 cycles at a high current density
of 5 A g−1. In particular, the composite exhibits a high-rate
performance with 89.5% retention of the specific capacitance
at current densities ranging from 1 to 20 A g−1, and this is
superior to the rate properties of previously reported single
electrodes for supercapacitors. Meanwhile, the mechanism
of formation of the composite nanorods was also revealed in
the present work. Therefore, we believe that this method can
be used to prepare advanced nanocomposite materials for use
in supercapacitors and in devices for various applications.
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