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a b s t r a c t

Composites of polyaniline (PANI) and a unique ordered mesoporous carbon MPC which possesses small
pores inside the carbon walls have been prepared. The monomer (aniline) of PANI is firstly soaked in
the small pores inside the carbon walls and then confined in the primary mesochannels as well with
increasing the concentration of aniline in the soaking solution. After the following in situ polymerization,
composites of PANI and MPC with bicontinuous interpenetrating framework are formed. The composites
eywords:
olyaniline
rdered mesoporous carbon

nterpenetrating framework composites
egative electrode materials
upercapacitor

show significant redox activities at potentials negative to 0 V vs. Hg/HgO in a strong alkaline solution,
which is unusual for PANI and PANI based composites as PANI usually loses its electrochemical activity at
pH > 4. The specific capacitance of the composites is as high as 400 F g−1 at a high current density of 1 A g−1

in the potential range of −0.7 to 0 V, which is twice higher than that of the host MPC. The capacitance
only decreases about 9% when the discharge current density increases from 1 to 20 A g−1, indicative of
excellent rate capability. Therefore, the composites are very promising for the application as electrode

ors, e
materials in supercapacit

. Introduction

Supercapacitors have attracted great interests in energy storage
eld due to their large power capability, high efficiency and long
ycle life [1,2]. However, the energy density (E) of supercapacitors
s usually lower than that of batteries. The energy density is propor-
ional to the specific capacitance (Csp) and the square of operating
oltage (V) according to the formula:

= 0.5 CspV2 (1)

he operating voltage of hybrid supercapacitors, in which the posi-
ive and negative electrodes are constructed by different materials,
an be broadened as the two electrodes accumulate charge in dif-
erent potential ranges. So hybrid supercapacitors exhibit great
dvantages in enhancement of the energy density [3–8]. Most of the
ybrid supercapacitors developed to date have adopted pseudo-

apacitive materials, including manganese oxides [3,4], vanadium
xides [5], nickel oxides [6], and conducting polymers [7,8] as
he positive electrode. These electrodes can accumulate charge
hrough faradic electrochemical process (redox reactions), which

∗ Corresponding author. Tel.: +86 24 23600159; fax: +86 24 83689510.
E-mail address: xxliu@mail.neu.edu.cn (X.-X. Liu).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.09.005
specially as materials for negative electrode in hybrid supercapacitors.
© 2010 Elsevier B.V. All rights reserved.

generate higher capacitance relative to those through electrical
double layer. However, pseudocapacitive materials for negative
electrode are very limited as few materials show good reversible
and stable electrochemical activity in low potential range. The most
commonly used negative electrode materials in hybrid supercapac-
itors are activated carbons as they can store charges in negative
potential range. Activated carbons also possess other merits such
as non-toxicity, good conductivity and high chemical stability
[9–11]. However, as the specific capacitance of carbon materials
mainly derives from electrical double-layer capacitance, their spe-
cific capacitance is usually much lower than that of the positive
electrode. In order to match with the positive electrode, the mass
of the negative carbon based electrode should be larger, which
will increase the total mass (M) of the supercapacitor. The capac-
itance (C) of a supercapacitor is a series sum of the capacitance
at positive electrode (Cp) and negative electrode (Cn) according to
the equation: 1/C = 1/Cp + 1/Cn, while the total specific capacitance
Csp of a supercapacitor is related to the total mass M according
to the formula: Csp = C/M. Therefore, for the sake of increasing the

total specific capacitance of a hybrid supercapacitor, it is meaning-
ful to exploit materials with high specific capacitance in negative
potential range. In addition, the ultra micropores and randomly
connected pore structure of activated carbons are disadvantageous
for the diffusion of solvated ions, especially at high current den-

dx.doi.org/10.1016/j.jpowsour.2010.09.005
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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Table 1
Preparation conditions of PANI/MPC and PANI content in PANI/MPC composites.

Aniline concentration
(wt%)

PANI content
(wt%)a

PANI/MPC-1 4.3 22.3
PANI/MPC-2 8.5 30.2
Y.-Q. Dou et al. / Journal of Pow

ity. As a result, high rate capability, which is very important for
igh power supercapacitors, cannot be realized [12]. In order to
et hybrid supercapacitors with desirable properties, considerable
ffort should be invested in developing better negative electrode
aterials.
Highly ordered mesoporous carbons (OMCs) have been recog-

ized as good candidates of electrode materials for supercapacitors
ue to their high surface area, narrow pore size distribution and
niform pore connections [13]. The mesopores and micropores
re perfectly interconnected in OMCs, which is more favorable for
ast ionic transport than the pore networks in disordered microp-
rous carbons. Therefore, OMCs have showed superior capacitive
ehavior and better power output performance than conventional
ctivated carbons in supercapacitors [14]. However, the specific
apacitance of OMCs is still not quite satisfying as negative elec-
rode materials in hybrid supercapacitors. Great efforts have been

ade to improve charge storage properties of OMCs. An efficient
ethod to enhance the specific capacitance of OMCs is to incor-

orate other materials which can provide high pseudocapacitance
hrough redox reactions, such as metal oxides and nitrides [15],
onducting polymers [16,17]. Among these candidates, polyani-
ine (PANI), as a key material in the family of conducting polymers,
as been extensively investigated in consideration of its low cost,
onvenient synthesis and relatively high conductivity [18]. Wang
t al. [16a] have synthesized whisker-like PANI which was grown
n the surface of OMC. This PANI/OMC composite was used as a
ositive electrode, showing excellent capacitance (900 F g−1) at a

ow current density of 0.5 A g−1. The effect of compounding process
n electrochemical capacitive properties of PANI/OMC composites
as been studied by Li et al. [16b]. The results showed that com-
ared with the physically mixed composite, the in situ synthesized
ANI/OMC composites exhibited higher specific capacitance at a
ow current density of 0.1 A g−1. However, the above high spe-
ific capacitances of PANI/OMC composites were reported to be
btained in acid medium and in positive potential range since the
edox reaction of PANI usually occurs in positive potential range
nd PANI usually loses its electrochemical activity at pH > 4 [19,20].

Recently, highly ordered mesoporous carbon–silica nanocom-
osites with interpenetrating networks were synthesized in our
roup by a triconstituent co-assembly method [21]. After the
emoval of silica, a great many small pores (including micropores
nd smaller mesopores) are generated inside the carbon walls. Con-
equently, the obtained novel ordered mesoporous carbon, named
PC, showed high surface area, large pore volumes and unique
ultimodal pore structure. Therefore, it provides an ideal substrate

o prepare PANI/OMC composites for the electrode materials of
upercapacitors.

Herein, we report the syntheses of uniform composites of
olyaniline and ordered mesoporous carbon with bicontinuous

nterpenetrating framework by using this novel ordered meso-
orous carbon MPC as the host. The formation of the composites of
ANI/MPC was conducted via in situ chemical oxidative polymer-
zation of aniline adsorbed in the pores of MPC. The incorporated
ANI not only coated a thin layer on the inner surface of the primary
esopores, but also embedded in the small pores inside the carbon
alls of MPC to construct bicontinuous interpenetrating frame-
ork. These composites provide great advantages as electrode
aterials in supercapacitors. On one hand, the primary mesochan-

els of the composites remained large enough for fast electrolyte
iffusion; on the other hand, the interpenetrating framework facil-

tates the contact of the two components for efficient interaction.

e have demonstrated for the first time that in a strong alkaline

olution, the PANI/MPC composites show excellent redox activi-
ies in negative potential range as a result of the strong interaction
etween the two interpenetrating components. The maximum spe-
ific capacitance of the PANI/MPC composites is as high as 400 F g−1
PANI/MPC-3 16.6 46.6
PANI/MPC-4 39.3 55.5

a PANI content was determined from elemental analysis results.

at a high current density of 1 A g−1 in negative potential range (−0.7
to 0 V vs. Hg/HgO) because of the pseudocapacitance generated by
the redox reaction. Therefore, it is a good candidate for negative
electrode materials in hybrid supercapacitors.

2. Experimental

2.1. Materials synthesis

The novel ordered mesoporous carbon MPC with multimodal
pore structure was synthesized on the basis of triconstituent
co-assembly approach by using triblock copolymer F127 as a
structure-directing agent, soluble phenolic resins and tetraethyl
orthosilicate (TEOS) as carbon and silica sources [21]. In a typical
process, 1.6 g of block copolymer Pluronic F127 was dissolved in
8.0 g of ethanol containing 1.0 g of (0.2 M) HCl. The mixture was
stirred for 1 h at 40 ◦C to afford a clear solution. Then 2.08 g of
TEOS and 5.0 g of (20 wt%) resols’ ethanol solution were added
to the solution. The mixture was stirred for 2 h and then trans-
ferred to dishes. It took 5–8 h at room temperature to evaporate
ethanol and 24 h at 100 ◦C in an oven to thermopolymerize. The
as-made flaxen and transparent product was collected and ground
into fine powder. Calcination was carried out in a tubular furnace
at 900 ◦C for 2 h under N2 flow with a heating rate of 1 ◦C min−1

below 600 ◦C and 5 ◦C min−1 above 600 ◦C. The ordered mesoporous
carbon–silica nanocomposite was immersed in 10 wt% HF solution
for 24 h to remove silica. Then MPC with multimodal pore structure
was obtained. PANI/MPC composites with different PANI contents
were prepared through in situ polymerization of aniline initiated
by ammonium persulfate (APS) after adsorption of the monomer
in the pores of MPC. In a typical preparation, 0.15 g of MPC was
added in 30 ml of aniline ethanol solutions of different concen-
trations (Table 1) with stirring for 24 h at room temperature. The
MPC loaded with different amounts of aniline were then immersed
in (0.2 M) aqueous solution of HCl containing the same amount
(mol) of oxidant initiator APS. Polymerization is continued with
continuous stirring at room temperature for 24 h. The suspended
powders were filtrated out and washed several times with aqueous
HCl solution and ethanol, and vacuum dried at room temperature
over night. The obtained composites were denoted as PANI/MPC-1,
2, 3, 4 for the composites containing 22.3, 30.2, 46.6 and 55.5 wt%
PANI, respectively. Pure PANI was synthesized under similar con-
ditions. The physical mixture of PANI and MPC was prepared by
mixing 0.13 g pure PANI and 0.15 g MPC thoroughly. This physi-
cally mixed composite with 46 wt% PANI content was named as
PANI/MPC-P.

2.2. Materials characterization

The small-angle X-ray scattering (SAXS) measurements were

taken on a Nanostar U small-angle X-ray scattering system (Bruker,
Germany) using Cu KR radiation (40 kV, 35 mA). The d-spacing
values (d) were calculated by the formula d = 2�/q, and the
unit cell parameters (a0) were calculated from the formula a0 =
2d10/

√
3. Nitrogen sorption isotherms were measured at 77 K with



1 wer Sources 196 (2011) 1608–1614

a
t
B
t
t
p
(
t
a
u
t
I
c
e
t
2
(
o
p
s
u
m

2

i
p
o
c
c
n
e
C
u
T
w
m
r
t

3

3

2
i
o
t

610 Y.-Q. Dou et al. / Journal of Po

Micromeritics Tristar 3020 analyzer. Before the measurements,
he samples were degassed at 150 ◦C in vacuum for 10 h. The
runauer–Emmett–Teller (BET) method was utilized to calculate
he specific surface areas (SBET) using adsorption data in a rela-
ive pressure range from 0.04 to 0.2. Pore size (D) analysis was
erformed by applying proper nonlocal density functional theory
NLDFT) methods from the adsorption branches of isotherms, and
he total pore volumes (Vt) were estimated from the adsorbed
mount at a relative pressure P/P0 of 0.995. The micropore vol-
mes (Vm) and micropore surface areas (Sm) were calculated from
he V–t plot method using the equation Vm/cm3 = 0.001547 I, where
represents the y intercept in the V–t plots. The t values were cal-
ulated as a function of the relative pressure using the de Bore
quation, t/Å = [13.99/(log(P0/P) + 0.0340)]1/2. Transmission elec-
ron microscopy (TEM) experiments were conducted on a JEOL
011 microscope operated at 200 kV. Scanning electron microscopy
SEM) images were taken with a Philips XL30 electron microscope
perating at 20 kV. A thin gold film was sprayed on the sam-
le before this characterization. Fourier transform infrared (FT-IR)
pectra were collected on a Nicolet Fourier spectrophotometer,
sing KBr pellets of the solid samples. The C, H and N contents were
easured on a Vario EL III elemental analyzer (Germany).

.3. Electrochemical measurement

The electrodes were prepared as follow: the mixture contain-
ng 85 wt% active materials, 10 wt% acetylene black, and 5 wt%
olytetrafluoroethylene (PTFE) were well mixed, and then pressed
nto nickel foam that served as a current collector. The electro-
hemical experiments were carried out using a three-electrode
ell, in which platinum and Hg/HgO electrodes (0.052 V vs. the
ormal hydrogen electrode, NHE) were used as counter and refer-
nce electrodes, respectively. The electrolyte was 6 M KOH solution.
yclic voltammetry and charge–discharge tests were performed
sing electrochemical analyzer, CHI 606B under ambient condition.
he electrochemical impedance spectroscopy (EIS) measurements
ere performed at −0.3 V vs. Hg/HgO using a Solartron Instru-
ent model 1287 electrochemical interface and 1255B frequency

esponse analyze controlled by a computer. Data were collected in
he frequency range of 0.1 Hz–1000 kHz.

. Results and discussion

.1. Materials characterization and structure analysis
The FT-IR spectra of pure PANI (a), PANI/MPC-1 (b), PANI/MPC-
(c), PANI/MPC-3 (d), PANI/MPC-4 (e), and MPC (f) are shown

n Fig. 1. In the spectrum of pure PANI (a), characteristic bands
f PANI appear at 1556 and 1481 cm−1 for the stretching vibra-
ion of C C in the quinonoid and benzenoid rings, respectively;

Fig. 2. SEM images of MPC (a and b), PANI/MPC-1 (c and d), PANI/MP
Fig. 1. FT-IR spectra of pure PANI (a), PANI/MPC-1 (b), PANI/MPC-2 (c), PANI/MPC-3
(d), PANI/MPC-4 (e), and MPC (f).

1302 and 1244 cm−1 for the stretching vibration of C–N of the
secondary aromatic amine and of CN•+ in the polaron structure
of PANI, respectively; 1122 cm−1 for the stretching vibration of
C N in –N quinoid N– [22,23]. Upon composite with MPC to
form PANI/MPC-1, 2, 3 and 4 containing 22.3, 30.2, 46.6, and
55.5 wt% PANI, respectively, some typical bands shift to higher
wavenumbers. The C C stretching vibration of the quinonoid
ring at 1556 cm−1 for pure PANI shifts to 1562, 1564, 1572
and 1574 cm−1 for PANI/MPC-4, 3, 2, 1 along with lowering
PANI content in the composites. The C N stretching vibration
of –N quinoid N– at 1122 cm−1 shifts to 1128, 1128, 1144 and
1145 cm−1 for PANI/MPC-4, 3, 2, 1, respectively. In addition, the
intensity ratio of 1556/1481 cm−1 increases with the decrease of
the PANI content. These results clearly show a strong interaction
between PANI and the carbon host. Similar phenomenon has been
observed before in the composites of PANI and carbon nanotubes,
which was described to be related to a site-selective interaction
between the quinonoid ring and carbon [24].

SEM images show that the host MPC exhibits stone-like
morphology with irregular shapes (Fig. 2a and b). Composites
PANI/MPC-1, PANI/MPC-2 and PANI/MPC-3 with low loading
amount of PANI show similar morphologies to their host MPC.
Virtually no polymer is observed on particle surfaces of these com-
posites (Fig. 2c–h). It indicates that the polymerization takes place
entirely in the pores rather than on the outer surface of MPC [25].
However, when the aniline concentration in the soaking solution

increases to 39.3 wt%, the outer surface of the obtained compos-
ite PANI/MPC-4 is covered with PANI agglomerates (Fig. 2i and j),
suggesting that excess polymers were formed on the outside of the
host, which may block the pores to some extent.

C-2 (e and f), PANI/MPC-3 (g and h), and PANI/MPC-4 (i and j).
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in Fig. 5A and B, while the physical–chemical properties are
ig. 3. SAXS patterns of MPC (a), PANI/MPC-1 (b), PANI/MPC-2 (c), PANI/MPC-3 (d),
nd PANI/MPC-4 (e).

The SAXS patterns of the host MPC and PANI/MPC compos-
tes are present in Fig. 3. Three well-resolved scattering peaks
re observed for MPC, revealing highly ordered 2-D hexagonal
esostructure (p6mm) with unit cell parameter of 11.2 nm. All

he PANI/MPC composites exhibit analogous patterns to MPC. One
trong diffraction together with two weak and wide peaks is
bserved. These results clearly indicate that the highly ordered
esostructure is well retained after the incorporation of PANI into

he pores. The mesostructure of the host MPC and PANI/MPC com-

osites are further demonstrated by TEM images, as shown in Fig. 4.
imilar to MPC, typical stripe-like TEM images viewed from the
1 1 0] direction are observed in all PANI/MPC composites. Remark-
bly, some whisker-like polymer species are observed at the edge

Fig. 4. TEM images of MPC (a), PANI/MPC-1 (b), PANI/M
Fig. 5. N2 sorption isotherms (A) and pore size distributions (B) of MPC (a)
and PANI/MPC composites PANI/MPC-1 (b), PANI/MPC-2 (c), PANI/MPC-3 (d), and
PANI/MPC-4 (e).

of the mesochannels in the PANI/MPC-4 sample with the highest
PANI content (Fig. 4e), which indicates that the polymerization of
incorporated aniline also occurred on the outer surface.

N2 sorption isotherms and pore size distribution curves
obtained by using nonlocal density functional theory (NLDFT)
method for the host MPC and PANI/MPC composites are shown
summarized in Table 2. MPC exhibits type IV isotherms with
distinct capillary condensation steps, which is characteristic of
ordered mesoporous materials with narrow pore size distributions.
Remarkably, a distinctly increased sorption in the isotherm curves

PC-2 (c), PANI/MPC-3 (d), and PANI/MPC-4 (e).
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Table 2
Physical–chemical properties of MPC and PANI/MPC composites.

a0 (nm) SBET (m2 g−1) Sm (m2 g−1) Vt (cm3 g−1) Vm (cm3 g−1) Dp (nm)

MPC 11.2 2210 1160 1.89 0.55 6.8
PANI/MPC-1 11.2 1120 560 0.98 0.26 6.8
PANI/MPC-2 11.1 960 420 0.88 0.19 6.6
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PANI/MPC-3 11.0 560 16
PANI/MPC-4 11.0 180 5

0: unit cell parameter; SBET: total BET surface area; Sm: mircopore surface area. Vt:

t relative pressure of P/P0 of 0.1–0.3 is observed for the MPC
Fig. 5A), corresponding to small pores with a wide distribution
elow 4.0 nm. The multimodal pore structure of MPC can be more
learly observed from the pore size distribution curve in Fig. 5B.
xcept for the primary mesopore with a diameter at 6.8 nm, MPC
lso possesses smaller mesopores centered at 3.6 and 2.7 nm and
bundant micropores. These smaller mesopores and most of the
icropores inside the carbon walls are caused by the removal of

he silica from the carbon–silica composites [21], resulting in high
urface area (2210 m2 g−1) and large pore volume (1.89 cm3 g−1).
ll PANI/MPC composites show similar type IV isotherms (Fig. 5A).
owever, the distinct sorption at relative pressure of P/P0 of 0.1–0.3

n the isotherm curves of the composites gradually disappears with
he increase of PANI loading. These results indicate that the small
ores inside the carbon walls are gradually filled with PANI upon

ncreasing the loading amount of the polymer in the composites.
his is also testified by the pore size distributions in Fig. 5B. For
ANI/MPC-1 with the lowest PANI content of 22.3 wt%, the primary
esopore size is the same as that of the host MPC. However, the

bsorption volume related to the smaller mesopores (Fig. 5B), as
ell as the micropore surface area (Sm) and micropore volume (Vm)

Table 2) decrease obviously. When PANI contents in the compos-
tes further increase, the pore volume for the smaller mesopores
ogether with Sm and Vm further decreases, which indicates more
nd more polymer has been encapsulated in the small pores inside
he carbon walls to form bicontinuous interpenetrating framework.
t the same time, the primary mesopore size is found to decrease

rom 6.6 nm for PANI/MPC-2 to 5.7 nm for PANI/MPC-3 and then to
.0 nm for PANI/MPC-4, suggested a thin layer of polymer has been
oated on the inner surface of the primary mesopores.

Based on the above results, we propose the mesostructure of the
ANI/MPC composites as shown in Fig. 6. In the process of aniline

dsorption, aniline was preferentially adsorbed in the interpene-
rating small pores inside the carbon walls due to stronger capillary
orce in the smaller pores than in the larger primary mesopores.
hen the smaller pores were filled by PANI in the following in

ig. 6. Schematic illustration for mesostructure of the PANI/MPC composites with
ifferent PANI loadings.
0.54 0.07 5.7
0.24 0.02 4.0

pore volume; Vm: micropore volume; Dp: primary mesopore diameter.

situ polymerization procedure to form composites with the unique
bicontinuous interpenetrating framework. When the aniline con-
centration in the soaking solution is as low as 4.3 wt%, aniline is
almost entirely adsorbed in the small pores. After the in situ poly-
merization, PANI is mainly encapsulated in the small pores inside
the carbon walls to afford PANI/MPC-1 with the lowest PANI con-
tent (22.3 wt%). Along with the increase in aniline concentration
to 8.5 wt%, more aniline can be absorbed not only in the small
pores but also in the primary mesochannels. After the following
in situ polymerization, the polymers can be thereby embedded in
the small pores inside the carbon walls and also coat a thin layer on
the inner surface of the primary mesochannels to afford PANI/MPC-
2 with 30.2 wt% PANI. As the PANI content increases to 46.6 wt% in
PANI/MPC-3, nearly all the small pores in the carbon walls are filled
with the polymer, only leaving some ultra micropores free as they
are too small for the monomer and oxidant initiator to reach. Upon
increasing the aniline concentration in the soaking solution to as
high as 39.3 wt%, the following in situ polymerization could also
occur on the outer surface of the host MPC to give PANI/MPC-4
with the highest PANI content (55.5 wt%). However, the polymers
on the outer surface could partly block the mesochannels.

3.2. Electrochemical behaviors of PANI/MPC composites

The cyclic voltammogram (CV) of the host MPC in alkaline
solution displays rectangular shape (Fig. 7a), which is typical char-
acteristic of double-layer capacitance. The current density on the
CV of pure PANI is quite small (Fig. 7b), indicting its poor conduc-
tivity in alkaline solution at this negative potential range, which
is consistent with the previous report [26]. Interestingly, the CVs
of the PANI/MPC composites show a pair of distinct redox peaks
between 0.0 and −0.42 V (vs. Hg/HgO) (Fig. 7c–f). By contrast, the

CV of the physical mixture of PANI and MPC (PANI/MPC-P) shows no
redox peak in this potential range (Fig. 7g). It has been reported that
compounds built-up with aromatic structure can strongly interact
with the basal plane of graphitic surfaces via �-stacking [27,28].
Carbon nanotubes can even be dissolved in aniline via forming

Fig. 7. Cyclic voltammograms of MPC (a), pure PANI (b), PANI/MPC-1 (c), PANI/MPC-
2 (d), PANI/MPC-3 (e), PANI/MPC-4 (f), and PANI/MPC-P (g) in 6 M KOH, scan rate:
10 mV s−1.
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Fig. 10, the specific capacitance of PANI/MPC-3 composite electrode
only decreases 9% when the discharge current density increases
from 1 to 20 A g−1. These results demonstrate that the composite
PANI/MPC-3 possesses good rate capability, which is necessary for
electrode materials of a supercapacitor with high power density.
ig. 8. Charge–discharge curves of MPC (a), PANI/MPC-1 (b), PANI/MPC-2 (c),
ANI/MPC-3 (d), and PANI/MPC-4 (e) in 6 M KOH at a current density of 1 A g−1.

onor–acceptor complex as the former is a good electron accep-
or, while the latter is a fairly good electron donor [29]. The carbon
anotubes can act as dopant for PANI [30,31], and the effective
ite-selective interactions between the �-bonds in the aromatic
ing of PANI and the graphitic structure of carbon nanotube facil-
tate charge-transfer reaction [32]. In our work, the host MPC can
ct as dopant for PANI through charge-transfer interactions, which
oes not occur in the physical mixture of PANI and MPC. The inter-
ctions can be evidenced by the shifts of vibrational bands in the
T-IR spectra (Fig. 1). The redox pair which appears on the CVs may
e related to the electron transfer between the conjugated struc-
ure of PANI and �-bonded surface of the host. In addition, as the
ANI content in the composites increases from 22.3 to 30.2 wt%
nd then further to 46.6 wt%, the redox peak current density on
he CVs also gradually increases. However, when the PANI con-
ent further increases to 55.5 wt% in PANI/MPC-4, the redox peak
urrent density is a bit lower than that of PANI/MPC-3. Besides,
ompared with those of PANI/MPC-3, the anodic peak potential
f PANI/MPC-4 is more positive while the cathodic peak poten-
ial is more negative. The reduction in redox peak current density
nd shift in redox peak potentials may be related to its structure.
here are many aggregated PANI observed on the outer surface of
ANI/MPC-4 as shown in SEM and TEM images (Figs. 2i and j and 4e).
hese aggregated PANI on the outer surface fails to contact with
he host MPC thoroughly. The interaction between the aggregated
ANI and MPC is so weak that it makes few contributions to charge
ccumulation. Moreover, the aggregated PANI on the outer surface
ay plug up the pores and block the penetration of electrolyte,
hich inhibits the contact of active material with the electrolyte.

his may increase resistance effect in the PANI/MPC-4 composite
lectrode and hence increases the difference of anodic and cathodic
eak potentials.

The charge–discharge curve of MPC conducted at 1 A g−1 in
M KOH (Fig. 8a) shows that the response is almost linear and

ymmetric. While the charge–discharge curves of the PANI/MPC
omposites show evidently two stages: one is between 0.0 and
0.4 V; the other is between −0.4 and −0.7 V (Fig. 8b–e). At the

ormer, the PANI/MPC composite exhibits longer charge/discharge
uration, indicating a great enhanced charge storage capacity,
hich is attributed to the combination of double-layer capaci-

ance and pseudocapacitance. At the latter stage, the PANI/MPC
omposite shows shorter charge/discharge duration. This compar-
tively lower charge storage capacity can be ascribed to the pure
ouble-layer capacitance. These results are in good agreement with

he CVs. The specific capacitance of MPC at a current density of
A g−1 is ca. 183 F g−1, while the capacitance of the PANI/MPC com-
osites is much larger due to the additional pseudocapacitance.
he specific capacitance of PANI/MPC-1 with 22.3% PANI content
s 256 F g−1. Upon increasing PANI content in the composites to
Fig. 9. Nyquist plot for the PANI/MPC-3 composite electrode.

obtained PANI/MPC-2 (30.2% PANI) and PANI/MPC-3 (46.6% PANI),
the specific capacitance increases to 299 and 400 F g−1, respec-
tively. However, when the PANI content increases to 55.5 wt% in
composite PANI/MPC-4, the specific capacitance decreases slightly
to 386 F g−1. This variation in specific capacitance of the composites
is fairly consistent with the electrochemical activities demon-
strated by the CVs, indicating that the redox reaction plays a vital
role in the enhancement of the overall specific capacitance.

To evaluate the resistance which is significantly related to
power performance, the composite PANI/MPC-3 which shows the
highest specific capacitance was investigated by electrochemical
impedance spectroscopy (EIS). The Nyquist plot of the PANI/MPC-3
composite electrode is shown in Fig. 9. The semicircle in the high-
frequency region is attributed to the charge-transfer resistance of
the electrode (Rct) [33]. The high-frequency intercept with the real
axis is related to the internal resistance (Rs), which includes the
resistance of the electrolyte solution, the intrinsic resistance of the
active material and the contact resistance at the interface active
material/current collector [34]. Rs is estimated to be about 0.14 �.
From the diameter of the semicircle on the real axis, Rct is calcu-
lated to be 0.11 �. The low resistance of the PANI/MPC-3 composite
electrode makes it possible for high power performance.

Rate capability of the composite PANI/MPC-3 was investigated
by charge–discharge at different current densities. As shown in
Fig. 10. Specific capacitance of the composite PANI/MPC-3 obtained through
charge–discharge at different current densities. The inset is percentage of capac-
itances obtained at different current densities compared to that obtained at 1 A g−1.
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ig. 11. Variation of specific capacitance with cycle number for the PANI/MPC-3
omposite electrode in 6 M KOH at a current density of 3 A g−1.

he good rate performance of PANI/MPC-3 can be attributed to its
nique structure. Firstly, the inner surface of the mesochannels in
ANI/MPC-3 is covered with PANI which is more hydrophilic. So
he mesochannels of PANI/MPC-3 is easily wetted by the aqueous
lectrolyte. Secondly, as large portion of the incorporated PANI is
mbedded in the carbon walls of MPC, leaving the primary meso-
ores large enough (5.7 nm, see Table 2) for the fast penetration of
lectrolyte. Thirdly, the thickness of uniformly distributed PANI on
he inner surfaces of mesopores is just 5–6 Å. Therefore, the diffu-
ion and migration length of the electrolyte ions in PANI during fast
harge/discharge process is greatly shortened.

The electrochemical stability of the PANI/MPC-3 compos-
te electrode was examined in 6 M KOH through constant
harge–discharge at a current density of 3 A g−1 and the data
re shown in Fig. 11. The specific capacitance of PANI/MPC-3 is
90 F g−1 in the initial cycle. After 1000 consecutive cycles, the
pecific capacitance gradually decreases to 311 F g−1 (ca. 80% reten-
ion), which is still much higher than most of other reported carbon

aterials.

. Conclusion

PANI/MPC composites have been synthesized via in situ chemi-
al oxidative polymerization of aniline adsorbed in advance inside
he pores of highly ordered mesoporous carbon MPC which pos-
esses interpenetrating small pores inside the carbon walls in
ddition to large primary mesopores. In all of the PANI/MPC com-
osites with PANI contents from 22.3 to 55.5 wt%, the small pores

nside the carbon walls are gradually filled with the incorporated
ANI as aniline was preferentially adsorbed in the smaller pores
ue to the stronger capillary force, resulting in bicontinuous inter-
enetrating framework for the two components. Along with the

ncrease in PANI content, the in situ polymerization also occurred
n large primary mesopores but coated a thin layer on the inner
urface, so the size of the large primary mesopores was remained
ore than 4.0 nm. The well ordered mesostructure of the host MPC
as maintained in all of the composites as well. A novel redox
ehavior was discovered for the PANI/MPC composites in a strong
lkaline medium in negative potential range due to the interaction
etween PANI and the host MPC; though other reported PANI sam-
les and PANI based composites are only electrochemical active in
cidic solutions and at positive potential range. A maximum specific
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capacitance of 400 F g−1 was obtained for the composites at a high
current density of 1 A g−1 between −0.7 and 0 V in 6 M KOH. In addi-
tion, experiments on the sample that showed the highest specific
capacitance indicated that the composite also exhibited good rate
capability. The capacitance retention was as high as 91% even if the
current density increased from 1 to 20 A g−1. Therefore, the com-
posite provides a new kind of excellent negative electrode materials
for hybrid supercapacitors.
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