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a  b  s  t  r  a  c  t

Mesoporous  MnO2/polyaniline  composite  (MP-I)  has  been  synthesized  using  an interfacial  synthesis
technique.  The  results  of  X-ray  diffraction  and Fourier  transform  infrared  spectroscopy  indicate  the
amorphous  structure  of  MP-I.  The  morphology  of MP-I  observed  by scanning  electron  microscopy  and
transmission  electron  microscopy  is  composed  of  hierarchical  hollow  submicron  spheres.  The N2 adsorp-
tion/desorption  test  reveals  MP-I  has  higher  surface  area  (124  m2 g−1)  and  more  uniform  pore-size
distribution  than  the  composite  (MP-C)  prepared  by chemical  co-precipitation.  The  electrochemical  mea-
eywords:
nterfacial synthesis

anganese oxide
upercapacitor
olyaniline
omposite

surements  show  that  as  electrode  materials  the  mesoporous  MP-I  composite  electrode  yields  larger
specific  capacitance  (262  F g−1)  with  better  rate  capability  and  higher  capacitance  retention  (93%  of  its
initial  capacitance  after  800  cycles).  The  unique  microstructure  of  MP-I  and  the  coexistence  of  conducting
polyaniline  with  MnO2 are  found  to  be responsible  for the  superior  electrochemical  properties.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Electrochemical capacitors, also known as supercapacitors, are
ne of the most promising energy storage systems for power
ources due to their high power density, fast charging/discharging
ate and excellent long-term cyclability [1,2]. The most crucial fac-
or determining the electrochemical performance consists in the
lectrode materials. Among the investigated electrode materials,
ransition metal oxides are considered to be good alternatives
ue to their high capacity from pseudocapacitance [3].  As a
ost competitive candidate, manganese oxides (MnO2) have been

eceived extensive research because of their intriguing character-
stics such as ultrahigh theoretical specific capacitance (estimated
o be 1370 F g−1), low cost, environmental friendliness and nat-
ral abundance [4,5]. However, the poor electrical conductivity
10−4–10−6 S cm−1) greatly reduces the utilization of bulk MnO2

nd thus only the surface or near surface (tens of nanometers in
hickness) of MnO2 is found to participate in the charge storage
rocess [6,7].

∗ Corresponding author at: State Key Laboratory of New Ceramics and Fine Pro-
essing, Department of Materials Science and Engineering, Tsinghua University,
eijing 100084, China. Tel.: +86 10 6279 2911; fax: +86 10 6279 2911.

E-mail address: fykang@tsinghua.edu.cn (F. Kang).

378-7753/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.12.057
One promising approach to resolve this problem is to incor-
porate nanostructured MnO2 into conductive substrates, which
provide high electroactive surface area and reliable electrical
connection for a maximum utilization of MnO2. Recently, con-
siderable efforts in this respect have been devoted to explore
conductive materials such as carbonaceous materials [8–15] and
conducting polymers/inorganics [16–26].  The published results
thus far demonstrated that this approach is of great effectiveness
and significance. Among these studied substrates, conducting
polymers are believed to be very useful because (i) the monomer
can be soluble for in situ synthesis of MnO2/conducting polymer
composites and (ii) the polymer itself contributes to the pseudo-
capacitance. Up to now, MnO2/poly(3,4-ethylenedioxythiophene)
nanowires [16–19],  MnO2/polythiophene spheres [20],
MnO2/poly(3-methylthiophene) [21], MnO2/polyaniline [22–25]
and MnO2/polypyrrole composites [26–28] have been developed
as electrode materials. The combination of MnO2 and conducting
polymers would give rise to a strong synergic effect between
each component [20,27],  thus enhancing the electrochemical
performance. However, the electrochemical performance is sus-
ceptible to the morphology of the MnO2-based composites and the

control of the morphology is rather challenging, which depends
largely on the synthesis technique. Also, the porosity and pore-size
distribution play important roles in determining the effective
electroactive surface area that accessible to electrolyte ions and

dx.doi.org/10.1016/j.jpowsour.2011.12.057
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:fykang@tsinghua.edu.cn
dx.doi.org/10.1016/j.jpowsour.2011.12.057
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he diffusion efficiency of electrolyte throughout the electrode.
t is found that MnO2 with ordered mesoporosity showed high
pecific capacitance with excellent rate capability [29]. Therefore,
t would be of significance but a challenge to develop a synthesis
echnique to prepare mesoporous MnO2-based composites.

In this work, we report a mesoporous MnO2/polyaniline com-
osite with unique hierarchical structure of hollow submicron
pheres using a modified inorganic/organic interfacial synthesis
echnique [20,30].  This is a simple one-step process without using
ny sacrificed templates or surfactants. The physical characteristics
nd electrochemical properties of the resulted products are inves-
igated thoroughly via X-ray diffraction, Fourier transform infrared
pectroscopy, scanning electron microscopy transmission electron
icroscopy and N2 adsorption/desorption test as well as electro-

hemical measurements. The formation mechanism and the effect
f microstructure on the electrochemical capacitive behaviors of
he binary composites are also discussed.

. Experimental

.1. Preparation of MnO2/polyaniline composites

All chemicals were of analytical grade and used as-purchased.
n the interfacial synthesis, aniline monomers (5 mmol) were
issolved in 50 ml  organic Trichloromethane (CHCl3) solution.
otassium permanganate (KMnO4, 5 mmol) was dissolved in 50 ml
istill water and several drops of hydrochloride acid were added
o the aqueous KMnO4 solution to adjust the pH value to 1. Both
olutions were pre-cooled to 0–5 ◦C and then the aqueous solution
as added slowly into the organic solution. An obvious interface
as formed immediately between the organic phase and aqueous
hase. The reaction vial was kept statically in a refrigerator with a
ontrolled temperature of 0–5 ◦C for 6 h. During the reaction, the
niline was diffused from the organic solution to the interface and
as chemical oxidized into polyaniline. At the same time, MnO4

−

as reduced to manganese oxide precipitates. Finally, the products
emained in the aqueous solution. For comparison, conventional
hemical co-precipitation of MnO2/polyaniline composite was per-
ormed as following. Aniline monomers (0.1 M)  and KMnO4 (0.1 M)
ere dissolved into 0.1 M HCl solution and distill water, respec-

ively. Then the pre-cooled KMnO4 solution was  poured into the
niline solution and stirred for 15 min  to obtain a homogenous mix-
ure. Then the mixture was placed alone in a refrigerator at 0–5 ◦C
or 6 h. Both precipitates were filtered and washed with ethanol
nd distill water thoroughly to remove the residuals. The resulting
roducts were dried at 60 ◦C for 12 h. The MnO2/PANi compos-

tes prepared by interfacial synthesis and chemical co-precipitation
ere denoted as MP-I and MP-C, respectively.

.2. Materials characterization and electrochemical evaluation

X-ray powder diffraction (XRD, Rigaku D/Max 2500PC, Japan)
as employed to study the crystal structures of the composites. The

ourier transform infrared (FTIR) spectra were recorded on Nico-
et 6700 with the sweeping range of 400–4000 cm−1 at a 4 cm−1

esolution with KBr as compressed slices. The morphology of the
roducts was investigated with a field emission scanning electron
icroscopy (FESEM, LEO-1530) and a high-resolution transmis-

ion electron microscopy (HRTEM, JEOL 2010). Thermogravimetric
nalysis (TGA) was performed on a TA instrument SDT-Q600
ith temperature increments of 10 ◦C min−1 in N2 atmosphere.
he textual characteristics were investigated using N2 physical
dsorption–desorption test at a liquid nitrogen temperature of
196 ◦C on a Belsorp Max  apparatus (Japan). The specific sur-

ace area (SBET) was determined by Brunauer–Emmett–Teller (BET)
Fig. 1. (a) XRD patterns; (b) TGA profiles and (c) FTIR spectra of MnO2/polyaniline
composites.

method. The pore size distribution was  calculated according to the
Berrett–Joyner–Halenda (BJH) method.

The electrodes for evaluating the electrochemical performance
of as-prepared MnO2/PANi composites were fabricated by mixing
the composites with carbon black (20 wt.%) and polytetrafluo-
roethylene binder (PTFE, 10 wt.%). A slurry of the above mixture

was  made using ethanol as a solvent which was subsequently
brush-coating onto Ni foam with an effective area of ∼1 cm2. The
foam was  dried at 60 ◦C in air for 30 min  in order to remove
the solvent, and then uniaxially pressed under 10 MPa. The mass
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Fig. 2. SEM (a and b) and TEM 

oading of the active materials is 3.0 mg  cm−2. Electrochemical
easurements were carried out on the CHI 660B electrochemi-

al station in a three-electrode configuration with the Ni foam as
he working electrode, platinum wire and saturated calomel elec-
rode (SCE) as counter and reference electrode, respectively. The
yclic voltammetry and galvanostatic charging/discharging tech-
iques were employed to study electrochemical performance of
he electrodes with a potential window ranging from −0.1 to 0.8 V
n a 0.5 M Na2SO4 electrolyte. The electrochemical impedance spec-
roscopy was conducted in the frequency range between 100 kHz
nd 20 mHz  with perturbation amplitude of 5 mV  versus the
pen-circuit potential. The average specific capacitance values are
alculated from the CVs and discharging curve according to Eqs. (1)
nd (2),  respectively:

 = 1
m · v · �V

∫
i(V)dV (1)

 = I  · �t

m · �V
(2)

here m is the mass of active materials, v is the potential scan rate,
V  is the potential window, i(V) is the voltammetric current, I is

he applied current and �t  is the discharging time.

. Results and discussion

.1. Structural characterization
Fig. 1(a) shows the XRD patterns of the as-prepared
nO2/polyaniline composites. For MP-I composite, the character-

stic peaks around 2� = 37◦ and 66◦ can be readily indexed to the
 d) images of MP-I composites.

hexagonal birnessite-type MnO2 with cell parameters of
a = b = 5.82 Å, c = 12.62 Å (JCPDS 18-0802). The broadness of the
peaks reveals the amorphous nature of MP-I composite. Birnessite-
type MnO2 has a 2D lamellar structure with an interlayer distance
about 7 Å, which is suitable for insertion/extraction of alkali cations
in the electrochemical storage process [20]. There is no obvious
peak for polyaniline, indicating MnO2 is predominant in MP-I. By
contrast, two weak peaks at 2� = 22◦ and 37◦ are observed on MP-C
composite, which can be assigned to polyaniline [31] and MnO2,
respectively. The relative low-intensity and broad profiles suggest
the low degree of crystallinity of both components. The stronger
intensity of MnO2 peaks for MP-I also indicates the greater content
of MnO2 than that in MP-C, as also confirmed by TG analysis.
Three major weight losses are observed in the TGA profiles of the
as-prepared materials, as shown in Fig. 1(b). The first weight loss
below 200 ◦C is attributed to the physically adsorbed water on the
surface of the samples. The second weight loss in the temperature
range of 200–540 ◦C corresponds to the removal of doping anions
from the polymer structure and degradation of the polyaniline
chain [32]. The weight percent of polyaniline is about 21 wt.% and
32 wt.% for the MP-I and MP-C, respectively. The last stage above
540 ◦C is related to the evolution of oxygen and chemically water
molecules from MnO2.

The structure and component of the prepared MnO2/polyaniline
composites are further elucidated by Fourier transform infrared
spectroscopy, as shown in Fig. 1(c). The adsorption peaks reveal

the presence of both polyaniline and MnO2, and can be identified
as follows [22,31,33,34].  The characteristic peaks at 1595 cm−1 and
1497 cm−1 can be assigned to the stretching vibration of quinoid
ring and benzenoid ring, respectively. The peaks at 1120 cm−1 and
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Fig. 3. SEM (a and b) and TEM (

27 cm−1 are attributed to the in-plane vibration and the out-of-
lane deformation of C H in benzene ring, respectively. The peak
t 1311 cm−1 belongs to the Ph N stretching vibration of an aro-
atic amine. These characteristic peaks are consistent with the

meraldine salt structures of polyaniline [34], as drawn in the
nset of Fig. 1(b). In addition, the peaks appeared at 1385 cm−1

nd 1167 cm−1 are related to the polyaniline conductivity and a
egree of delocalization of electrons, indicating the polyaniline is
o an extent doped by HCl [35]. The bands at 3300–3500 cm−1 can
e assigned to stretching vibrations of physical adsorbed water
olecules. The wide band in the regions from 500 to 800 cm−1 can

e assigned to Mn  O stretching vibrations.

.2. Morphology observation and formation mechanism

The FESEM images of the as-prepared composites are shown in
ig. 2. The morphology of MP-I products in Fig. 2(a) indicates that
he composite is composed of agglomerated submicron spheres
ith diameters ranging from 300 nm to 600 nm.  The agglom-

ration is due to the high surface energy of the spheres. The
igh-magnification FESEM feature showed in Fig. 2(b) clearly illus-
rates the nanostructured petal-shape nanosheets on the surface
f the spheres. The hierarchical microstructure can be further
onfirmed by the TEM imaging, as present in Fig. 2(c and d). Inter-
stingly, it is observed from Fig. 2(d) that the as-prepared MP-I
ubmicron spheres have a unique hollow structure with a shell
hickness about 150 nm.  For comparison, the contrasting morphol-

gy of the MP-C composite prepared by chemical co-precipitation
oute is shown in Fig. 3. Obviously, the MP-C composite is
omposed of densely agglomerated particles having a rough diam-
ter about 50 nm.
 d) images of MP-C composites.

The different morphology can be rationalized by the formation
mechanism, as schematically illustrated in Fig. 4. For the interfa-
cial synthesis, the redox reaction occurs at the aqueous/organic
interfacial region, where the polymerization of aniline monomers
are chemical oxidized by MnO4

− ions concurrent with the forma-
tion of MnO2 products by reducing MnO4

−. This coupling reaction
proceeds through a slow diffusion of aniline into the reactive
interface, as shown in Fig. 4(a). The slow process favors the self-
assembly growth of hollow MnO2/polyaniline submicron spheres.
Afterwards, the hydrophilic nature of the MnO2/polyaniline com-
posite would drive the composite diffuse away from the interface
into the upper aqueous phase [36], thus preventing the contact
between MnO2 and aniline monomers. A recent literature reported
an interfacial synthesis of MnO2/polyaniline composites [30], in
which the irregular morphology of their products is totally different
from the present one. The reason may  be attributed to the differ-
ence in pH value of the aqueous solution. In our study, the aqueous
solution was adjust to pH = 1 by hydrochloric acid (compared to
pH = 7 in the literature), since hydrochloric acid can be used as
dopant to improve the electrical conductivity of polyaniline. The
comparison reveals the importance of delicate control of the syn-
thesis conditions to engineering the composite’s morphology. In
the chemical co-precipitation, due to the reaction occurs through-
out a single aqueous phase, a great number of MnO2/polyaniline
nuclei are formed, which would grow to a small final size in agglom-
erated morphology (Fig. 4(b)). Note that the oxidation potential
of MnO2 (1.23 V) is even higher than that of aniline (0.5 V) [37],

the highly active MnO2 nanoparticles would also act as oxidants to
polymerize the aniline monomers. The MnO2 precipitates formed
in chemical co-precipitation, not like those in interfacial synthesis,
are directly exposed to the aniline monomers during the whole
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Fig. 4. Schematic illustration of the formation mechanisms of MnO2/poly

rocess. This would result in partial reduction of MnO2 by ani-
ine, which accounts for the fact that the content of MnO2 in MP-C
omposite is lower than that in MP-I composite.
.3. Textural characterization of MnO2/polyaniline composites

N2 adsorption/desorption tests are performed to characterize
he specific surface area and the pore-size distribution of both
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ig. 5. N2 adsorption–desorption isotherms and the corresponding pore-size dis-
ribution of (a) MP-I and (b) MP-C composites.
e composites: (a) interfacial synthesis and (b) chemical co-precipitation.

samples, and the resulting isotherms and BJH plots are given in
Fig. 5. The isotherm of MP-I composite in Fig. 5(a) shows a typical
IUPAC type IV isotherm with a hysteresis loop of type H3, suggest-
ing its typical mesoporous structure. The calculated BJH pore-size
distribution is narrow and centers around 4 nm,  as depicted in the

inset of Fig. 5(a). Such a well-defined mesoporous structure arises
from the hierarchical self-assembly of ultrathin nanosheets giving
rise to slit-shaped pores [38], which may  be beneficial for the elec-
trolyte ion transport. By contrast, the isotherm of MP-C composite
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ig. 7. (a) Galvanostatic charging/discharging curves of both composites at 3 mA cm
ensities. (c) Dependence of specific capacitance on the current density. (d) Capacit

s of IUPAC type II, displaying a small hysteresis loop in the relative
ressure range above 0.8. This isotherm indicates the random pores
ith a broad pore-size distribution, as shown in Fig. 5(b). The BET

pecific surface area of MP-I and MP-C composites are quantified to
e 124 m2 g−1 and 61 m2 g−1, respectively. Hence, mesoporous MP-

 composite is expected to provide more accessible electroactive
ites for electrolyte ions during charging/discharging process.

.4. Electrochemical performance

The electrochemical properties of the as-prepared
nO2/polyaniline composites are evaluated using typical cyclic

oltammetry (CV) and galvanostatic constant current charg-
ng/discharging technique. Fig. 6 shows the CV curves of MP-I
nd MP-C composites at various scan rates. As seen from Fig. 6,
he CV curves of both composites exhibit near rectangular and
nantiomorphous profiles, indicating ideal pseudocapacitive
ehaviors and highly reversibility. It is worthy to note that the
P-I composite electrode exhibits much larger current density

han MP-C composite one at the same scan rate, demonstrating
he former have much higher specific capacitance. The specific
apacitance values of MP-I composite calculated from Eq. (1) are
53, 231, 212, 196 F g−1 at the scan rates of 2, 5, 10 and 20 mV  s−1,
espectively, which are almost twice amount of MP-C composites
t each scan rate. The higher specific capacitance of MP-I com-

osite can be explained by its greater electroactive surface area
ccessible to electrolyte. Additionally, a couple of weak redox
eaks (Pc/Pa) can be observed on the CVs of MP-C composites,
hich stems from the redox transition of polyaniline between a
b) Galvanostatic charging/discharging curves of MP-I composite at various current
etention as a function of cycling numbers at 9 mA  cm−1.

semiconducting state (leucoemeraldine form) and a conducting
state (polaronic emeraldine form) [34]. This suggests conducting
polyaniline component makes partial contribution to the overall
capacitance of the composites. The redox peaks are not obvious in
MP-I composite because of its low content of polyaniline.

Fig. 7(a) displays the representative galvanostatic charg-
ing–discharging curves of MnO2/polyaniline composites at a
current density of 3 mA  cm−2. The good symmetric profiles
and linear slopes with respect to charging and discharging
indicate good capacitive behavior for both composites. The
charging–discharging curves of MP-I composite at different cur-
rent densities (1.5–15 mA  cm−2) are illustrated in Fig. 7(b) and
the resulting dependence of the specific capacitance (Eq. (2))
for both composites on current density is plotted in Fig. 7(c).
It can be seen that both capacitances decrease with the
increase in the applied current density. Two  storage mecha-
nisms have been proposed for MnO2 materials [2].  The first
one is based on the surface adsorption/desorption of protons
or alkali cations from electrolyte, as expressed in Eq. (3).  The
capacitance depends on the surface area of MnO2, which is
usually predominant in amorphous MnO2. The second mecha-
nism involves the insertion/extraction of protons or alkali cations
into the tunnel structure of crystalline MnO2 with a concomi-
tant redox between Mn3+ and Mn4+, as expressed by Eq. (4).
This process is related to the tunnel size, which should be large

enough (such as �-MnO2) to accommodate the cations.

(MnO2)s + M+ + e ↔ (MnOOM)s (3)

MnO2 + M+ + e ↔ MnOOM (4)
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Fig. 8. Nyquist plots of M

ere M = H+, Li+, Na+ or K+. The products in this study are con-
rmed to be amorphous nature, revealing the storage mechanism
ainly comes from Eq. (3).  Still, the lamellar structure (∼7 Å) of

irnessite can also accommodate hydrated Na+ (3.58 Å) to yield
apacitance based on Eq. (4).  At lower current density, the elec-
rolyte ions can be diffused sufficiently into the interior electrode,
esulting in more available surface for effective utilization of MnO2
nd thus a higher specific capacitance. The reduced capacitance at
arger current density can be resulted from the limited diffusion
ime into the interior surfaces. The specific capacitance values of

P-I and MP-C composites electrodes at 1.5 mA  cm−1 according to
q. (2),  are calculated to be 262 F g−1 and 134 F g−1, respectively,
hich are comparable to the CV results. Notably, when the cur-

ent density increases by an order of magnitude (i.e. 15 mA  cm−1),
he MP-I composite electrode still delivers a specific capacitance of
86 F g−1 (71% of the maximum capacitance in contrast to 51% for
P-C), revealing its better rate capability. The larger specific capac-

tance and better rate capability of MP-I composite electrode can be
ttributed to the unique textural morphology: (i) the higher specific
urface area offers more electroactive sites for the surface adsorp-
ion/desorption (Eq. (3))  and subsequent insertion/extraction (Eq.
4)) of protons and alkali cations; (ii) the well-defined mesoporous

icrostructure allows fast diffusion of electrolyte ions into the uni-
orm mesopores due to the reduced solid-state transport length
29]; (iii) the interlink of conducting polyaniline to MnO2 pro-
ides additional conductive channels for better utilization of MnO2;
iv) the hierarchical hollow macropores can be served as a “ion-
uffering reservoirs” for rapid Faradic reactions at high current
ensities [39]. The electrochemical stability of the composites elec-
rodes is examined by charging/discharging cycling at 9 mA cm−1

nd the capacitance retentions are shown in Fig. 7(d). It is seen
hat the MP-I composite electrode has a good retention of 93% of
ts initial capacitance after 800 cycles, showing good cycling perfor-

ance. Under the similar test, the MP-C composite electrode shows
uch larger decrease (15%) in the specific capacitance.
The enhanced electrochemical performance of MP-I compos-

te electrode is further confirmed by electrochemical impedance
pectrum (EIS) and the resulting Nyquist plots are shown in Fig. 8.
wo distinctive parts composing of Warburg arc in the high fre-
uency region and a straight slopping line in the middle-to-low

requency region can be observed on both spectra. The high fre-
uency arc is related to the electrolyte ions penetrating into
he porous electrode materials. And the diameter of the War-
urg arc represents the interfacial charge-transfer resistance (Rct),
)

polyaniline composites.

reflecting the resistance of electrochemical reactions on the elec-
trode and is also called Faraday resistance. The Rct obtained from
the x-intercept of the Warburg arc are 4.4 � and 11.6 � for MP-I
and MP-C electrodes, respectively. The smaller Rct suggests a faster
Faradic reaction with much lower resistance. The straight line with
a slope from 45◦ to 90◦ ascribes to the ion diffusive impedance
of electrolyte into the electrode pores. The ideal capacitive behav-
ior is a vertical line [29]. It can be seen that the slopping line of
MP-I electrode is steeper than that of MP-C, indicating a better
electrochemical capacitive behavior.

4. Conclusions

Mesoporous MnO2/PANi composite with unique morphology
of hierarchical hollow submicron spheres was  synthesized suc-
cessfully by interfacial synthesis. The facile technique enables
MP-I composite to show larger specific surface area (124 m2 g−1)
and more uniform pore-size distribution than the composite pre-
pared by chemical co-precipitation. The MP-I composite electrode
exhibits a higher specific capacitance of 262 F g−1 (about twice
amount of MP-C) with better rate capability and stable cyclability.
The enhanced electrochemical properties of the MP-I composite
electrode can be rationalized to its unique hollow microstructure
with well-defined mesoporosity and the coexistence of conduct-
ing polyaniline. The results demonstrate that the development of
novel MnO2/conducting polymers composite holds great potential
applications in high-performance electrochemical capacitors.
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