
Design and Synthesis of Hierarchical MnO2
Nanospheres/Carbon Nanotubes/Conducting
Polymer Ternary Composite for High
Performance Electrochemical Electrodes
Ye Hou,† Yingwen Cheng,† Tyler Hobson,‡ and Jie Liu*,†

†Department of Chemistry, Duke University, Durham, North Carolina, 27708 and ‡Riverside High School,
101 East Murray Avenue, Durham, North Carolina, 27704

ABSTRACT For efficient use of metal oxides, such as MnO2 and RuO2, in pseudocapacitors and other electrochemical applications,
the poor conductivity of the metal oxide is a major problem. To tackle the problem, we have designed a ternary nanocomposite film
composed of metal oxide (MnO2), carbon nanotube (CNT), and conducting polymer (CP). Each component in the MnO2/CNT/CP film
provides unique and critical function to achieve optimized electrochemical properties. The electrochemical performance of the
film is evaluated by cyclic voltammetry, and constant-current charge/discharge cycling techniques. Specific capacitance (SC) of the
ternary composite electrode can reach 427 F/g. Even at high mass loading and high concentration of MnO2 (60%), the film still showed
SC value as high as 200 F/g. The electrode also exhibited excellent charge/discharge rate and good cycling stability, retaining over
99% of its initial charge after 1000 cycles. The results demonstrated that MnO2 is effectively utilized with assistance of other
components (fFWNTs and poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) in the electrode. Such ternary composite is very
promising for the next generation high performance electrochemical supercapacitors.
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As the limited availability of fossil fuel and the envi-
ronmental impacts of a society based on such energy
sources becoming more obvious, the need for re-

newable energy sources has attracted attentions of the
world. Systems for electrochemical energy storage and
conversion include batteries, fuel cells, and supercapacitors.
Among them, supercapacitors, also known as electrical
double layer capacitor, ultracapacitor, or electrochemical
capacitor (EC), have attracted much attention because of
their high power density, long cycle life (>100 000 cycles),
and rapid charging-discharging rates.1 They can be applied
in a large variety of applications, including consumer elec-
tronics, memory back-up systems, industrial power, energy
management, public transportation, and military devices.
More importantly, supercapacitors are critical components
in the next generation all-electric cars and cars based on fuel
cells that use hydrogen or alcohol as clean and renewable
energy media.

Various materials have been investigated as the elec-
trodes in ECs, including carboneous materials,2-4 conduct-
ing polymers5,6 and transition-metal oxides.7,8 MnO2 is
generally considered to be the most promising transition
metal oxides for the next generation of supercapacitors
because of its high-energy density, low cost, environmental
friendliness, and natural abundance.9,10

The published results thus far established that the elec-
trochemical performance of MnO2 depended on their mor-
phology, porosity, specific surface area, electrical conduc-
tivity and ionic transport within the pores.11,12 In this
context, layered mesoporous birnessite-type manganese
oxide materials are attracting great interest due to their high
surface area, low density, and good permeation.13-17 How-
ever, the fabrication of birnessite-type manganese oxide
architectures remains a significant challenge due to the fast
and uncontrolled growth process.18,19

Literature reviews of electrodes made from MnO2 showed
that high specific capacitance and rate capability should be
obtained in principle.1,20-22 However, a key weakness of the
metal oxide material is its limited electric conductivity.23 To
effectively utilize MnO2 materials, binary composites of
hydrous MnO2 with either carbon nanotubes (CNTs)24-29 or
conducting polymers30-32 have been explored and demon-
strated improvement in the electrochemical performance.
However, conducting polymers and metal-oxides both suffer
from mechanical instability.23 Electrodes made of hydrous
MnO2 with conducting polymers showed mechanical insta-
bility and poor cycleability. For composites with carbon-
aceous materials, including CNTs, the reported enhance-
ment of electrochemical performance is more pronounced
when only a small amount of metal oxide is incorporated in
the electrode.33 However, for practical applications, particu-
larly for large capacitor applications, such as power sources
for the hybrid electric vehicle (HEV) or fuel cell electric
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vehicle (FCEV), high metal oxide concentration in electrodes
and high mass loading of total active materials are needed.
Unfortunately, due to the dense morphology and the intrin-
sically poor electrical conductivity of MnO2, its electrochemi-
cal performance is unsatisfactory if the loading of MnO2 is
high. When the weight percentage is increased, MnO2

becomes densely packed with limited accessible surface
area, only a very thin layer of the oxide material participated
in the charge storage process, resulting in both high resis-
tance and a comparatively low specific capacitance. These
lead to a significant degradation from the theoretical advan-
tages of the material and eventually reduces its attractive-
ness in future application. Therefore, the low-energy density
caused by the limited loading of hydrous MnO2 still remains
a major problem. Extensive efforts are still needed to
improve the electrochemical utilization of MnO2, especially
in the cases where high metal oxide loading is needed.

In the present paper, we report a novel design and
synthesis of a ternary MnO2/CNT/CP composite for high-
performance electrochemical electrodes. New insights on
the design of an ideal electrochemical capacitor with both
high energy and power density are provided. In our ap-
proaches, we focus on the synergistic effects from the
combination of MnO2, functionalized few-walled carbon
nanotubes (fFWNTs) grown by chemical vapor deposition
method34 (see Supporting Information I) and commercial
PEDOT-PSS conducting polymer in the composites to ef-
fectively utilize the full potential of all the desired functions
of each component. Hence, this composite provides a direc-
tion toward solving the potential problems and is very
promising for the next generation high-performance elec-
trochemical electrodes.

Looking carefully at the charge storage process, a main
existing problem is that the underlying bulk oxide materials
remain as dead volume, resulting in significant reduction in
specific capacitance at high mass loading.35 Additionally, in
conventional methods of preparation of these metal oxide-
based nanocomposites films, binder material such as poly-
tetrafluoroethylene (PTFE) needs to be added to improve the
film stability. However, PTFE is insulating and reduces the
electrical conductivity of the film. Therefore, if a binder
material is highly conductive and can further disperse the
densely packed MnO2/CNTs bundles and stabilize them in
solutions, it could solve the potential problem. PEDOT-PSS
conducting polymer, which is water-soluble and can disperse
carbon nanotubes and other nanomaterials in water, could
be a good candidate for such a binder. In general, our
strategy is shown schematically in Figure 1, where the MnO2

nanospheres are directly grown on CNTs. In such a com-
posite, MnO2 offers the desired high specific capacitance and
CNTs’ framework provides the improved electrical conduc-
tivity and mechanical stability. However, the controlled
growth of the right MnO2 nanostructures on CNTs is not
trivial. The synthesis processes are complicated when grow-
ing MnO2 nanophase on CNTs surface, since the interfacial

chemistry may affect the nature of the deposited MnO2.
Fortunately, sonochemical processing provided a method for
such synthesis. It has proven to be a useful method for not
only dispersing and functionalizing CNTs,36,37 but also to
prepare mesoporous metal oxide.38,39 In the present study,
we have explored a simple but efficient ultrasound-mediated
coprecipitation method to prepare hierarchical MnO2 nano-
sphere directly on well dispersed fFWNTs.

Furthermore, PEDOT-PSS is added in the composite and
provides much needed functions. It acts not only as a
dispersant to stabilize the composite suspension to facilitate
the electrode film fabrication, but also offers good interpar-
ticle connectivity between the oxide material and the CNTs.
Indeed, both CNTs and PEDOT-PSS are also involved in the
charge storage process as conducting additives, both of
which can contribute to the energy storage of the entire film.
Thus, such a ternary composite is expected to offer much
improved performance of the electrode film, which is often
difficult to achieve from either the pristine hydrous MnO2

or its binary composites such as PEDOT-PSS/MnO2.
In this work, the MnO2/fFWNTs composites were synthe-

sized using an efficient approach (see Supporting Informa-
tion II). Briefly, FWNTs with high surface area40 were first
functionalized by acid treatment to attach carboxylic groups
or hydroxyl groups on the sidewalls of the outer shell. Since
the inner tube is protected by the outer shell, the electrical
conductivity and structural integrity of the inner tubes
remains superior. As can be seen from Figure 2A, the
functionalized FWNTs still keep their intact structure after
nitric acid treatment (see Supporting Information III). MnO2

precursors (KMnO4 and MnSO4) were exposed to ultrasonic
irradiation in the presence of modified FWNTs afterward at
room temperature, leading to the formation of the hierarchi-
cal MnO2 nanophere on fFWNTs mesoporous fFWNTs net-
work (Figure 2A) within short time. The MnO2 loading on
fFWNTs can be controlled by tuning the ratio between
fFWNTs and the MnO2 precursors.

Figure 2C,D shows the morphology and microstructure
of a representative composite with 60 wt % MnO2, 30 wt %

FIGURE 1. Sketch of MnO2/CNTs/PEDOT-PSS ternary composite.
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fFWNTs, and 10 wt % PEODT-PSS. As can be seen in the
figures, a unique hierarchical MnO2 architecture has been
successfully grown on a continuous functionalized FWNTs
network. Evidently, MnO2 nanosphere shows a tendency to
have strong interaction with fFWNTs (Figure 2C) compared
with the direct mixing of MnO2 nanosphere with fFWNTs
(Figure 2B). No aggregations of the MnO2 nanoparticles off
fFWNTs scaffold are observed in the composite, indicating
that the nucleation is predominantly on the exterior surfaces
of fFWNTs. Although the exact growth mechanism has not
been completely understood, we suggest that oxygen-
containing functional groups on fFWNTs can act as anchor-
ing sites or nucleation sites for the growth of MnO2. The
Mn2+ ions in the solution are preferentially adsorbed on
these sites due to electrostatic force between Mn2+ ions and
polar oxygen functional groups introduced by acid treat-
ment. Subsequently, the Mn2+ ions are oxidized by KMnO4

to form amorphous MnO2 particles under ultrasonic irradia-
tion. Additionally, transmission electron microscopy (TEM)
image (Figure 2C) reveals that the MnO2 nanospheres have
uniform “crumpled paper ball” morphology (Figure 2C
inset). SEM further confirms that MnO2 exhibited an archi-
tecture with lots of small “wormholelike” pores size of 2-50
nm. (Figure 2D inset). Noticeably, those mesopores provide
huge surface areas, enabling effective electrolyte transport
and active-site accessibility. Additionally, the MnO2 nano-

spheres are intertwined with both highly conductive fFWNTs
and PEDOT-PSS, facilitating efficient electron transport. We
also observed that electrodes prepared without PEDOT-PSS
have large aggregations and can be easily peeled off from
the current collector, indicating PEDOT-PSS works as not
only the additional current collector, but also the binder
material.

The two characteristic peaks at 37.1 and 66.3° in XRD
analysis marked by an arrow in Figure 3A indicates the
presence of MnO2, and the weak, broad signals suggest that
MnO2 is in amorphous nature, which is favorable for super-
capacitor applications.41 The XPS spectrum (Figure 3B)
acquired from MnO2/fFWNTs composite shows only signals
from Mn, C, and O. The average manganese oxidation state
was determined from the Mn 3s and O 1s core level spectra.
On the basis of the analysis of Mn 3s spectrum,42,43 the
manganese oxidation state is around 3.84 and the one
obtained based on the analysis of O 1s spectrum44 is 3.78.
(see Supporting Information IV).

As we discussed earlier, CNTs serve both as electroactive
material and as the scaffold for the deposition of the porous
MnO2 nanospheres, thus both of their surface area and
electrical conductivity are critical for obtaining high perfor-
mance. The ideal CNTs should have high surface area as well
as high conductivity. Most of the times, these two properties
do not exist together. Normally, to obtain high surface area,

FIGURE 2. (A) TEM image of fFWNTs, (B) TEM image of direct mixing of MnO2 nanospheres with fFWNTs, and (C) TEM and (D) SEM images of
PEDOT-PSS dispersed MnO2 nanospheres in situ grown on fFWNTs.
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CNTs are functionalized with functional groups to improve
suspension stability and to reduce the bundle size before the
fabrication of composites.45 However, electrical conductivity
of CNTs decreases if too much functional groups are created
on the sidewall of nanotubes. Therefore, to have both high
capacitance and good rate performance, a proper balance
between the specific surface area and the electrical conduc-
tivity must be achieved through well controlled functional-
ization steps. To investigate the chemical functionalization
effect of carbon nanotubes on the electrochemical perfor-
mance of electrodes by our functionalization method (see
Supporting Information III), composite film electrodes with
both purified and 6 M nitric acid functionalized nanotubes
have been fabricated (see Supporting Information VI). Cyclic
voltammograms (CV) (see Supporting Information VII) of
those composites in 1 M Na2SO4 solution at very high scan
rate of 500 mVs-1 are depicted in Figure 3C. As can be seen
from Figure 3C, composites with both purified FWNT and
further functionalized FWNTs show rectangular CV curve,
indicating both composite films are highly reversible as ideal
capacitors. Calculations (see Supporting Information V)
based on glavanostatic charge/discharge curves (Figure 3D)
(see Supporting Information VII) indicated that films fabri-
cated with functionalized FWNTs exhibit much higher spe-
cific capacitance (427 F/g) compared with the specific
capacitance (381 F/g) of the film prepared with unfunction-
alized FWNTs. It is believed that the good specific capaci-

tance of electrodes prepared with functionalized FWNTs is
mainly due to the increased surface area and consistently
high electrical conductivity. Furthermore, the enhanced
hydrophilicity by functionalization not only facilitate the
access of the electrolyte ions onto the fFWNTs surface but
also improved the interaction between MnO2 nanoparticles
and fFWNTs making electron transport between fFWNTs
and MnO2 easier. Additionally, the high specific capacitance
value confirms that the combination of all three types of the
materials allows maximizing the utilization of manganese
oxide.

To further explore the advantages of this novel design for
real applications, we investigated the electrochemical prop-
erties of composite electrodes with high content of MnO2

(60%) and fairly high mass loading (∼1.5 mg/cm2) (see
Supporting Information VI). As comparison, specific capaci-
tance values of pure MnO2 film, MnO2/PEDOT-PSS com-
posite film have also been tested. The MnO2 nanospheres
used for the comparison were synthesized with a similar
method but without the addition of fFWNTs (Supporting
Information II). As can be seen from Figure 4A, the severely
distorted CV shape of pure MnO2 film indicates its intrinsi-
cally poor electric conductivity. MnO2/PEDOT-PSS binary
composite show improved current than that of pure MnO2

electrode under the same sweep speed, suggesting that
conductive PEDOT-PSS facilitates the electron transport in
the film. Surprisingly, the CV shape of the ternary composite

FIGURE 3. (A) XRD pattern and (B) XPS spectrum of the MnO2/fFWNTs composite. (C) Cyclic voltammograms (500 mV/s scanned from 0-1 V
in 1 M Na2SO4) and (D) Glavanostatic charge/discharge curves of MnO2/fFWNT/PEDOT-PSS (pink) and MnO2/FWNT/PEDOT-PSS (blue) composites
at current densities of 1 mA/cm2.
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film of with even 60 wt % MnO2 is nearly rectangular and
its current value is much higher than that of pure MnO2 film
and MnO2/PEDOT-PSS electrode. It implies that even at
high concentration of MnO2 and fairly high mass loading,
the ternary composite exhibits the behavior closer to an ideal
capacitor and the electrochemical utilization of MnO2 has
been greatly improved by the introduction of fFWNTs and
PEDOT-PSS as “inner” and “outer” current collector. We
are also glad to see the trend in specific capacitances
calculated based on the glavanostatic charge/discharge curves
in Figure 4B. As can be seen from the constant current
charge-discharge curves, ternary composite shows ideal
capacitive behavior with very sharp responses and small
internal resistance (IR) drop. Specific capacitance of the
ternary composite film reaches 200 F/g even at high con-
centration of MnO2 (MnO2, 60 wt %; fFWNTs, 30 wt %;
PEDOT-PSS, 10 wt %) at current density of 5 mA/cm2.
Much lower specific capacitance is obtained for MnO2

(129 F/g) and MnO2/PEDOT-PSS (132 F/g). The improved
high capacitance can be attributed to the optimized structure
of the ternary composite. In a word, the combination of
MnO2, fFWNTs, and PEDOT-PSS into a single electrode
showed excellent electrochemical performance for energy
storage applications.

Long cycling life is an important requirement for superca-
pacitor electrodes. The cycling life test over 1000 cycles for the
ternary composite electrode was carried out. Figure 4C dem-

onstrates the very stable charge-discharge cycles. Figure 4D
illustrates that the nanocomposite electrodes showed only less
than 1% decay in available specific capacity after 1000 cycles.
Charge-discharge cycle test of the ternary composite film
suggests that the synergetic interaction among fFWNTs, MnO2,
and PEDOT-PSS significantly improved the electrical proper-
ties and the mechanical stability of the electrode.

Rate capability is another important factor for the use of
supercapacitors in power applications. A good electrochemi-
cal energy storage device is required to provide its high
energy density (or specific capacitance) at a high charge-
discharge rate. The variation of specific capacitance of
different MnO2 electrodes with an increase in current density
is shown in Figure 5. MnO2/fFWNTs/PEDOT-PSS ternary
composite not only exhibit high specific capacitance values
but also maintain them well at high current density com-
pared to other electrodes. As shown in Figure 5, the ternary
composite preserved 85% of its specific capacitance (from
200 to 168 F/g) as the current density increases from 5 to
25 mA/cm2. However, the specific capacitance values of
MnO2 film (129 F/g) are not only much lower than the
ternary composite but also decreased significantly with
increased current densities (e.g., from 129 to 20 F/g at
current density of 5-25 mA/cm2). Similar result was ob-
served in MnO2/PEDOT-PSS binary composite (e.g., from
132 to 37 F/g at current density of 5-25 mA/cm2). The
superior rate capability in the ternary composites electrode

FIGURE 4. (A) Cyclic voltammograms (50 mV/s scanned from 0-1 V in 1 M Na2SO4) and (B) Galvanostatic charge/discharge curve (at current
density of 5 mA/cm2) of MnO2 film (black), MnO2/PEDOT-PSS composite (red), and MnO2/fFWNT/PEDOT-PSS ternary composite (blue). (C)
Typical galvanostatic charge/discharge cycle curves of ternary composite electrodes obtained at current density of mA/cm2. (D) Charge-discharge
cycle test.
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can be attributed to the reduced short diffusion path of ions,
high surface area and increased electrical conductivity.
Because of the synergetic contribution from fFWNTs and
PEDOT-PSS, the high-surface area and porous network
structure allows a higher rate of solution infiltration and
facilitate the ions insertion/extraction and electrons transport
in the electrode film. On the contrary, the severer aggregation,
lower conductivity, and poor mechanical stability in MnO2 film
and MnO2/PEDOT-PSS composite increased the ion diffusion
and electron transport resistance, compromising their electro-
chemical performances.

In summary, a simple and cost-effective approach is
developed to fabricate outstanding MnO2/CNT/CP ternary
nanocomposite. In such a composite, each component
provide much needed critical function for efficient use of
metal oxide for energy storage; fFWNTs not only provide
high surface for the deposition of hierarchical MnO2 porous
nanospheres but also improve the electrical conductivity and
the mechanical stability of the composite; PEDOT-PSS
functions as an effective dispersant for MnO2/fFWNTs struc-
tures and as binder material in improving the adhesion to
the substrate and the connection among MnO2/fFWNTs
particles in the film; the highly porous MnO2 nanospheres
provide high surface area for improved specific capacitances.
Working together, these components assemble into a me-
soporous, interpenetrating network structure, which offers
the composite with high specific capacitance, excellent rate
capability, and long cycling life stability. We believe this
design concept can be generalized toward other electro-
chemical materials containing metal oxides, such as RuO2,
Co3O4, and NiO, opening a new avenue for a large spectrum
of device applications.
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