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a b s t r a c t

We report the synthesis and pseudocapacitive studies of a composite film (PANI-ND-MnO2) of polyani-
line (PANI) and manganese oxide (MnO2) nanoparticles. To enhance the interaction of MnO2 and PANI,
the surfaces of MnO2 nanoparticles were modified by a silane coupling reagent, triethoxysilylmethyl N-
substituted aniline (ND42). The composite film was obtained via controlled electro-co-polymerization
of aniline and N-substituted aniline grafted on surfaces of MnO2 nanoparticles (ND-MnO2) on a carbon
cloth in a electrolyte of 0.5 M H2SO4 and 0.6 M (NaPO3)6. In comparison to similarly prepared PANI film,
the incorporation of MnO2 nanoparticles substantially increases the effective surface area of the film by
reducing the size of rod-like PANI aggregates and avoiding the entanglement of these PANI nanorods. Sig-
nificantly, we observed significant enhancement of specific capacitance in PANI-ND-MnO2 film compared
seudocapacitive studies to PANI–MnO2 film prepared in a similar condition, indicating that the presence of the coupling reagent
can improve the electrochemical performance of PANI composite film. A symmetric model capacitor has
been fabricated by using two PANI-ND-MnO2 nanocomposite films as electrodes. The PANI-ND-MnO2

capacitor showed an average specific capacitance of ∼80 F g−1 and a stable coulombic efficiency of ∼98%
over 1000 cycles. The results demonstrated that PANI-ND-MnO2 nanocomposites are promising materials
for supercapacitor electrode and the importance of designing and manipulating the interaction between

ment
PANI and MnO2 for funda

. Introduction

Electrochemical capacitors, known as supercapacitors (SCs), are
harge-storage devices that capable of very fast charges and dis-
harges, with a unique combination of high power, high energy
nd long lifetime [1]. SCs with these unique properties can bridge
he gap between batteries and capacitors, offering great poten-
ials in applications such as starting automotives and regenerating
f brake energy. To date, carbon [2–5], transition metal oxides
6–10] and conducting polymers [11,12] have been identified as

ost promising materials for SCs. Each material has its own unique
dvantages and disadvantages for SC applications. For example,
arbon SCs have been widely investigated and used in the recent

ears due to its high power density and long life cycle [1–4].
owever, the small double layer capacitance of carbon limits its
pplication for high energy density devices [1,13]. Transition metal
xides such as hydrous RuO2 [14], NiO [15,16], CoOx, and MnO2
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∗∗ Corresponding author. Tel.: +86 24 83689510; fax: +86 24 23600159.
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378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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ally improving capacitive properties.
© 2009 Elsevier B.V. All rights reserved.

[17] have been studied and implemented as electrode materials
for SCs [1,6–10]. Although they have wide charge/discharge poten-
tial range, most of the transition metal oxides have relatively low
capacitance [6,9]. Conducting polymers such as polyaniline (PANI)
have been considered as another promising material in the redox
SCs. Although they have advantages such as high capacitance, high
conductivity, low cost and ease of fabrication [11], the relatively
low mechanical stability and cycle life are major limitations for
applications.

In recent years, considerable efforts have been placed to couple
the unique advantages of these capacitive materials for SCs [18–23].
The synthesis and studies of composites of PANI and MnO2 have
attracted much attention due to the low cost and environment
friendliness of the active materials. The PANI–MnO2 composite
films have been synthesized using different chemical methods
[19,24–29]. The PANI not only serves as an electroactive material
for energy storage but also a good coating layer to restrain MnO2
from dissolution in acidic electrolytes [24]. It has been reported

that the composite obtained through intercalation of PANI into lay-
ers of MnO2 showed an enhanced specific capacitance of 330 F g−1

due to the synergistic effects [25]. In comparison to chemical
methods, electrochemical deposition offer better control of the
thickness of the composite film and ease in constructing modified

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:yli@chemistry.ucsc.edu
mailto:xxliu@mail.neu.edu.cn
dx.doi.org/10.1016/j.jpowsour.2009.12.036
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lectrodes [17,26–29]. For example, Prasad reported the electrode-
osition of PANI–MnO2 composites, which showed high specific
apacitance of 715 F g−1 and excellent cyclic performance [29]. Liu
eported the electrochemical-doping-deposition method, where
he MnO2 nanoparticles can be distributed in three-dimensional

atrix of PANI doped polymers [27,28]. We have recently demon-
trated the preparation of composite films of PANI and MnOx by
lectro-co-deposition method using aniline and MnSO4 as pre-
ursors [17,26]. The in situ incorporation of active materials in
o-deposition method could dramatically affect the polymeriza-
ion process of aniline and thereby the surface morphologies of
btained PANI and MnO2 composites. However, our previous work
26] showed that the relatively weak interaction between PANI
nd transition metal oxides limits the capacitive properties of
he composite films. Here we report a new synthetic strategy for
nclusion of MnO2 nanoparticles into a film of PANI through electro-
o-polymerization of aniline and N-substituted aniline grafted on
urfaces of MnO2 nanoparticles, using the silane coupling agent, tri-
thoxysilylmethyl N-substituted aniline (ND42) as linker molecule.
ignificantly, the presence of surface modified MnO2 nanoparticles
ncreases active surface area of the PANI and MnO2 composite film
nd thereby enhances the electrochemical performance.

. Experimental

.1. Materials and instrumentation

All reagents except aniline were analytically pure and used as
eceived. Aniline was distilled under reduced pressure before use.
arbon cloth was purchased from SGL Group (Germany). X-ray
iffraction (XRD) patterns of MnO2 nanoparticles were recorded on
PANalytical PW3040/60 X-ray diffractometer. The scanning elec-

ron microscopy (SEM) images of the nanocomposite films were
ollected in a SHIMADZU SSX 550 SEM. MnO2 nanoparticles were
ispersed in ethanol solution and then transferred onto Cu/lacey-
arbon transmission electron microscopy (TEM) grids. TEM images
ere collected in a FEI TECNAI G2 TEM system operated with a

00 kV electron beam. Fourier Transform Infrared (FT-IR) spec-
ra were collected from KBr pellets made of the nanocomposite

aterials using a Spectrum One FT-IR spectrophotometer. Electro-
hemical experiments were conducted on a Shanghai Chenhua CHI
60 C electrochemical analyzer.

.2. Preparation and surface modification of MnO2 nanoparticles
ND-MnO2)

Surface modified MnO2 nanoparticles were prepared in two
teps. First, MnO2 nanoparticles were synthesized using modi-
ed hydrothermal method reported previously [30]. A mixture of
nSO4 (1.0 M) and KMnO4 (0.5 M) solution was stirred for 4 h at

0 ◦C. The obtained precipitates were washed several times with
istilled water followed by ethanol to remove impurities, and then
ried in vacuum at 110 ◦C for 5 h. The dried powder was put into
uffle and heated at 300 ◦C for additional 3 h. These powders were

cidified with 2.0 M H2SO4 at 90 ◦C for 2 h. Finally, the product was
ashed with distilled water and vacuum dried.

Second, MnO2 nanoparticles were modified with silane cou-
ling agent, ND42, as illustrated in Fig. 1. 0.2 g MnO2 nanoparticles
ere treated in 80 ml boiling water for 1 h to increase percentage

f –OH coverage on surfaces of the nanoparticles. The hydroxy-

ated nanoparticles were dispersed in 50 ml mixture of water and
thanol (30:70, v:v), together with 0.2 ml ND42 pre-hydrated in
mall amount of water. The solution mixture was sonicated at 65 ◦C
or 30 min and stirred at 80 ◦C for additional 4 h. The obtained
urface modified MnO2 nanoparticles (ND-MnO2) were washed
Fig. 1. A schematic diagram illustrates the reaction pathway for the synthesis of
PANI-ND-MnO2 nanocomposite film.

thoroughly with ethanol followed by water, and then dried at 50 ◦C
for 6 h.

2.3. Electrochemical synthesis and studies of PANI-ND-MnO2
nanocomposite film

All electrochemical experiments were performed in an electro-
chemical cell using saturated calomel electrode (SCE) as reference
and platinum wire as counter electrode. Electro-co-polymerization
of aniline and ND-MnO2 nanoparticles was conducted on a car-
bon cloth in an electrolyte solution containing 0.2 g L−1 ND-MnO2
and 0.1 M aniline, 0.5 M H2SO4 and 0.6 g L−1 (NaPO3)6 (Fig. 1).
The co-polymerization was preceded through 50 successive cyclic
voltammetric scans from −0.21 to 0.91 V at a scan rate of 10 mV s−1.
PANI–MnO2 films (without ND42 linker) and PANI films were pre-
pared as control samples in similar conditions. The loading of the
films was measured by the weight difference of the electrode (vac-
uum dried at room temperature) before and after electrodeposition,
using Sartorius BT 25 S microbalance with an accuracy of 0.01 mg.

Electroactivities of the films were studied through cyclic
voltammetric scans at a rate of 5 mV s−1 in a 0.5 M H2SO4 elec-
trolyte. Pseudocapacitive properties of the films were studied
through constant current charging–discharging experiments by
chronopotentiometry (CP) at 1.67 mA cm−2 (the geometric area of
the electrode is 0.6 cm2). The electrolyte was 1.0 M NaNO3 and the
pH of the solution was adjusted to be 1 by adding HNO3. A sym-
metric model capacitor was constructed using two PANI-ND-MnO2
films as electrodes. The pseudocapacitive properties of the cells
were investigated by CV and CP in 1.0 M NaNO3 electrolyte.

3. Results and discussion

3.1. Material characterization

To monitor the reaction and understand the structural prop-

erties of the product in each reaction step, we carried out
systematic material characterization using a combination of elec-
tron microscopy and spectroscopy techniques. As shown in Fig. 2a,
TEM image reveal that MnO2 nanoparticles are uniform in diameter
(∼15–20 nm) with typical lengths of ∼10–80 nm. Fig. 2b shows the
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suggest that the PANI–MnO2 and PANI-ND-MnO2 composites are
mainly compose of PANI.

The chemical composition and structural properties of the com-
posite films were examined by SEM. As shown in Fig. 4, we
observed Mn signals in the energy dispersive X-ray spectroscopy
ig. 2. (a) Bright-field TEM image and (b) XRD spectrum collected from as prepared
nO2 nanoparticles.

RD pattern of the MnO2 nanoparticles. The XRD spectrum con-
ists of two sets of diffraction pattern, which can be indexed to
etragonal �-MnO2 (red circle, JCPDS No. 44-0141) and orthorhom-
ic �-MnO2 (blue square, JCPDS No. 14-0644) crystal structures,
espectively. These XRD result indicates the as prepared MnO2
anoparticles are crystalline material, with �- and �-phase struc-
ure co-existed in the product.

We modified the surface of these MnO2 nanoparticles with
ilane-containing agent, ND42. FT-IR measurements were con-
ucted to monitor and verify the chemical anchoring of the ND42
nto MnO2 surface. Fig. 3a compares the FT-IR absorption spec-
ra collected from MnO2, ND42 and ND-MnO2. The FT-IR spectrum
f MnO2 shows characteristic Mn–O vibrational peaks centered at
22 and 576 cm−1, while other two pronounced peaks centered at
387 and 1619 cm−1 are O–H stretching vibrations on Mn atom,
s reported previously [18,31]. The dominant vibrational peaks
bserved in the spectrum of ND42 can be attributed to the stretch-
ng peaks of carbon skeleton of phenyl ring (1504 and 1600 cm−1)
nd anti-symmetric stretching peak of Si–O (1100 cm−1), respec-
ively [32]. Significantly, we observed all the characteristic IR peaks
f MnO2 and ND42 in ND-MnO2 sample, confirming that the surface
f MnO2 had been modified by ND42.

MnO2 nanoparticle loaded polyaniline (PANI–MnO2 and PANI-
D-MnO2) films were prepared by electropolymerization of aniline

n the presence of MnO2 and ND-MnO2 nanoparticles, respectively,
hrough successive cyclic voltammetric scans. As shown in Fig. 3b,

he FT-IR spectra obtained from both PANI–MnO2 and PANI-ND-

nO2 composite samples showed characteristic peaks of PANI.
or example, vibrational peaks centered at 1565 and 1468 cm−1

re attributed to the stretching peaks of quinoid and benzenoid
Fig. 3. (a) FT-IR spectra of MnO2, ND42 and ND-MnO2 and (b) FT-IR spectra of PANI,
PANI–MnO2 and PANI-ND-MnO2 films.

deformations of PANI (Fig. 3b) [33]. We also observed C–N stretch-
ing peaks of 1238 and 1300 cm−1 and C–H bending of protonated
PANI at 1124 cm−1. The characteristic IR peaks of MnO2 were not
observed due to the low loading of MnO2 nanoparticles, the results
Fig. 4. EDS spectra of PANI–MnO2 and PANI-ND-MnO2 composite films. Arrows
highlighted the Mn (red) and Si (blue) peaks. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of the article.)
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ig. 5. SEM images of (a) PANI polymer film, (b) PANI–MnO2 composite film, and (c)
ANI-ND-MnO2 composite film. Inset: a scheme showing ND-MnO2 nanoparticles
nchor on PANI chains.

ata collected from PANI–MnO2 and PANI-ND-MnO2 films, con-
rming the successful integration of MnO2 nanoparticles to PANI

n the composite structures. SEM images showed that the blank
ANI film is constructed with rod-like aggregates that typically
re ∼400–500 nm in diameter and ∼1 �m in length (Fig. 5a). PANI
hains are prepared in acidic media and exist in the form of polyca-
ions. The strong electrostatic interactions between charged PANI
hains [34] facilitate the formation of 1D nanorods or nanofibers
ithout the need of structure directing agent or template [35].

he formation of rod-like aggregates can be attributed to the sec-
ndary growth of the 1D PANI structures during the early stage of
olymerization [36].

The SEM images of PANI–MnO2, PANI-ND-MnO2 films reveal
hat the addition of MnO2 nanoparticles promotes the one-
imensional (1D) growth of PANI, which substantially reduces the

ize of the nanorods and increases the surface area/internal space of
he composite films (Fig. 5). The typical sizes of PANI rods in three
lms are, PANI: diameter ∼500 nm, length ∼1 �m; PANI–MnO2:
iameter ∼200 nm, length ∼700 nm; PANI-ND-MnO2: diameter
150 nm, length ∼400 nm. Since the densities of the three com-
Fig. 6. Cyclic voltammograms collected from (a) PANI, (b) PANI–MnO2 and (c) PANI-
ND-MnO2 film in 0.5 M H2SO4 at a scan rate of 5 mV s−1 vs. SCE.

posite films are similar, the surface to volume ratio is a good
indication of the active surface area of these films. The surface
area to volume ratio of a single PANI rod in these three com-
posite films are about 0.018 nm−1 (PANI-ND-MnO2); 0.013 nm−1

(PANI–MnO2); and 0.01 nm−1 (PANI), respectively, indicates the
PANI-ND-MnO2 film has substantially enhanced surface area. Great
efforts have been placed to reduce the secondary growth of PANI in
order to get fibrous structures [35,37]. Kan and coworkers reported
the construction of PANI nanofibers was facilitated by intermolec-
ular H-bonding between methanol and PANI, which pushed the
polymer chains apart [38]. Similarly, the H-bonding interaction
between PANI and MnO2 nanoparticles during co-polymerization
process could inhibit the secondary growth perpendicular to PANI
chains and direct the 1D growth of the polymer. In addition, the
incorporation of MnO2 nanoparticles would effectively avoid the
entanglement of PANI chains due to the electrostatic repulsion
between positive charged MnO2 nanoparticles in an acidic co-
polymerization media (Fig. 5c, inset). In comparison to PANI–MnO2
film, PANI-ND-MnO2 film consists of smaller size PANI nanorods
with higher surface area, indicating a stronger interaction between
MnO2 and PANI through ND42 linker molecule. The increase of
active surface area of the composite films could lead to a significant
enhancement of Faraday pseudocapacitance.

3.2. Electrochemical studies of PANI composite films

CV measurements were performed to investigate the influence
of MnO2 nanoparticles on the electrochemical properties of PANI
film. Fig. 6 shows the CV spectra of PANI film, PANI–MnO2 and PANI-
ND-MnO2 composite films collected in the potential range of −0.20
to +0.65 V at a scan rate of 5 mV s−1 using 0.5 M H2SO4 as electrolyte.
We observed the characteristic redox exchange between emeral-
dine and leucoemeraldine states of PANI in all samples [39]. The
PANI-ND-MnO2 composite film showed the highest current den-
sities among the samples, which is in agreement with the highest
effective surface area of PANI-ND-MnO2 film.

To investigate capacitive properties, the galvanostatic
charge–discharge measurements were carried out on these
films in a 1.0 M NaNO3 electrolyte at different discharge currents
of 1.00, 2.36, 3.00, 5.00, 7.10 mA. Representative charge–discharge
curves recorded at 1.00 mA are depicted in Fig. 7. The constant
slope of these discharge curves reveals that the films have excellent

electrochemical reversibility and capacitive characteristics, which
are critical for SC applications. Significantly, we observed the IR
drop decreases from 60 mV for PANI to 40 mV for PANI–MnO2
and 30 mV for PANI-ND-MnO2. The IR drop is attributed to the
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ig. 7. CP spectra of (a) PANI, (b) PANI–MnO2 and (c) PANI-ND-MnO2 in 1.0 M NaNO3

adjusted to pH 1) at 1.67 mA cm−2.

quivalent series resistance which arises from the resistance of
oth the electrolyte and the electrode [11]. These results indicate
hat the conductivities of the composite films are improved upon
he inclusion of MnO2 nanoparticles.

The average specific capacitance (C) of these films can be calcu-
ated from Eq. (1) [4]:

= i · t

�E · W
(1)

here i is the discharging current, t the time, �E the discharging
otential window and W is the amount of the active material on
he electrodes. The calculated specific capacitances of these films
ere plotted as a function of discharge current density (Fig. 8).

he films exhibit similar charge–discharge behaviors, where the
pecific capacitance decreases as the discharge current increase. In
omparison to PANI film, the composite films with MnO2 nanopar-
icles exhibit about two times enhanced specific capacitance due to
he higher effective surface area of PANI and the capacitance con-
ributed from the incorporated MnO2 nanoparticles. Significantly,
he PANI-ND-MnO2 film showed additional ∼10% enhancement
n specific capacitance compared to PANI–MnO2 film, which is
n agreement with the improved surface area of PANI-ND-MnO2
lm by adding the linker molecule ND42. The maximum specific
apacitance of the PANI-ND-MnO2 composite film is 415 F g−1 at a
ischarge current density of 1.67 mA cm−2.

A symmetric model capacitor was fabricated by using two PANI-
D-MnO2 composite films as electrodes. Cyclic voltammograms of
hese capacitors were measured in 1.0 M NaNO3 electrolyte, with
can rates at 1, 2, 5, 10, 25 mV s−1, as shown in Fig. 9. We observed
wo important features from the cyclic voltammograms. First, the
bsence of redox peaks indicates that the SC is charged and dis-
harged at a pseudo-constant rate over the whole voltammetric

ig. 8. The specific capacitance collected from PANI, PANI–MnO2 and PANI-ND42-
nO2 films as a function of discharge current density in a 1.0 M NaNO3 electrolyte.
Fig. 9. Cyclic voltammograms of the capacitor fabricated from PANI-ND-MnO2 films
measured at scan rates of 1, 2, 5, 10, 25 mV s−1.

cycle. Second, we observed a square voltammetric response with
marginal IR effects at low scan rates up to 10 mV s−1, indicating that
the composite film exhibit high intrinsic electrical conductivity as
well as good kinetic reversibility, which are important factors for
capacitor behavior. As the scan rate increases, however, the devia-
tion from rectangularity of the CV becomes obvious. The distorted
current response at the switching potential can be attributed to the
electrolyte and film resistance, and this distortion is depending on
scan rate.

To evaluate the performance of these PANI-ND-MnO2 films for
SCs, the specific capacitance of the PANI-ND-MnO2 capacitor was
measured in a constant charging–discharging experiment at a dis-
charge current of 2.36 mA over 1000 cycles (Fig. 10). According
to Eq. (1), the average specific capacitance of the PANI-ND-MnO2
capacitor is calculated to be 87 F g−1, around one fourth of that of
one film electrode, as expected. It is because the mass of active
material is doubled and two electrodes are connected in series. The
capacitor showed a slight decrease of specific capacitance in the
first 200 cycles and then become stable at ∼75 F g−1. Significantly,
the capacitor shows a reduction of less than 15% of the discharge
capacity after 1000 cycles, indicating the excellent stability of this
nanocomposite material for energy storage applications. In addi-
tion, the coulombic efficiency (�) of the capacitor was calculated
base on the following equation

� =
(

tD

tC

)
× 100 (2)
where tD and tC are discharging and charging times, respectively.
These results reveal that the capacitor has a very stable coulombic
efficiency of ∼98% over 1000 cycles (Fig. 10).

Fig. 10. The specific capacitance and coulombic efficiency of a symmetric capacitor
made of two PANI-ND-MnO2 films as electrodes, measured in charging–discharging
cycles at a constant current of 2.36 mA.
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. Conclusions

In summary, we have synthesized a nanocomposite film based
n polyaniline nanorods and MnO2 nanoparticles with properties
ailored for supercapacitors. We observed an enhanced specific
apacitance in PANI-ND-MnO2 film compared to the PANI–MnO2
lm prepared in a similar condition. The enhancement can be
ttributed to the improved interaction between MnO2 and PANI
nd the increased effective surface area in PANI-ND-MnO2 film,
ue to the surface modification of MnO2 nanoparticles with the
ilane coupling reagent. Cyclic voltammograms showed that the
ANI-ND-MnO2 composite film exhibit high intrinsic electrical con-
uctivity and good kinetic reversibility. In addition, the constant
harging–discharging experiments reveal that the PANI-ND-MnO2
apacitor has an average specific capacitance of ∼80 F g−1 and a
ery stable coulombic efficiency of ∼98% over 1000 cycles. This
ork demonstrated a simple way to enhance the interaction of

ANI and MnO2 in a composite film, and provides useful insights
or developing new nanocomposite structures for supercapacitors.
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