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a b s t r a c t

Mesoporous nanocomposite of polythiophene and MnO2 has been synthesized by a modified interfacial
method, aiming to develop electrode materials for supercapactitors with an enhanced cycle perfor-
mance and high-rate capability. The N2 adsorption/desorption isotherm test of the prepared hybrid
indicates a high surface area and a typical mesoporous feature. A uniform hierarchical microstructure
with submicron-spheres assembled from ultrathin nanosheet with diameters less than 10 nm has been
confirmed by field-emission scanning electron microscopy and transmission electron microscopy. The
olythiophene
esoporous nanocomposite

upercapacitor

employed interfacial synthesis is found to be advantageous to retard the overgrowth of nuclei. The reten-
tion of 97.3% of its initial capacitance after 1000 cycles at a charge/discharge rate of 2 A g−1 indicates
excellent cycle performance of the nanocomposite electrode. At a high-rate charge/discharge process of
10 A g−1, the nanocomposite electrode retained 76.6% of its capacitance at 1 A g−1, suggesting good high-
power capability. The important roles of polythiophene in the as-prepared nanocomposite are highlighted
in terms of their functions on enhancing the electrical conductivity and constraining the dissolution of

char
manganese oxides during

. Introduction

Supercapacitors (SCs) that feature high power density and long
ycle life have raised enormous attractions owing to their promis-
ng applications as supplementary power sources for batteries and
uel cells in electric vehicles and digital devices [1,2]. At present,
uthenium oxide hydrates are acknowledged as the highly active
lectrode materials for SCs due to their high specific capacitance,
ood high-rate performance [3]. However, the high cost and tox-
city of ruthenium-based raw materials imposed constraint on
heir large-scale applications. Among different types of alterna-
ive candidates ranging from carbons, transition metal oxides to
olymers, manganese oxides are of lower cost and less environ-
ental concerns compared to RuO2 [4–8]. However, the specific

apacitance and rate capability of manganese oxide-based materi-
ls are yet inferior to that of ruthenium dioxide-based materials.
t is known that the pseudo-capacitance of manganese oxides
s derived from the surface adsorption/desorption of electrolyte

ations [8] and cations’ reversible intercalation/de-intercalation
nto oxides’ lattices [9,10]. Thus, nanostructured manganese oxides
xhibit enhanced kinetics and activity derived from their larger sur-
ace areas and shorter solid-state transport length, compared with
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ge–discharge cycles.
© 2010 Elsevier B.V. All rights reserved.

their bulky counterparts [11,12]. There still remains a challenge to
controllable synthesis of ultrathin manganese oxides with diam-
eters less than 10 nm although many wet chemical routes have
been developed to prepare different shapes of nanostructured man-
ganese oxides [13–15]. The forenamed challenge can be ascribed
to the extremely high surface energy of ultrathin nanoparticles.
The tiny nanoparticles with high surface energy tend to agglomer-
ate during the course of synthesis and electrode fabrication [16].
The porosity and pore-size distribution also play important roles
in determining the diffusion efficiency of electrolyte and ions, and
thus determining the electrode effective surface area which is
accessible to electrolyte and ions during the charge/discharge pro-
cess [17–19]. Therefore, it will be of importance but a challenge
to facilely prepare nanostructured manganese oxides with defined
porosity and pore-size distribution.

For fulfilling good high-power capabilities of SCs, electrodes
should possess good electrical conductivity to facilitate rapid
electron transfer. However, the relatively low electrical conduc-
tivities of pristine manganese oxides, to a great extent, limit their
high-rate performances [20,21]. The intrinsic manganese oxides
are generally decorated with conducting agents, such as carbons
and conducting polymers, in order to enhance their electrical

conductivities [22–29]. In particular, good electrical conductivi-
ties and fast electrochemical doping/undoping redox kinetics of
conducting polymers make them potential alternative electrode
materials for high-rate SCs [30]. However, conducting polymers
potentially fall victim to their poor mechanical stability and

dx.doi.org/10.1016/j.jpowsour.2010.12.059
http://www.sciencedirect.com/science/journal/03787753
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arrow operating electrochemical windows. These demerits of con-
ucting polymers restrain their practical applications in SCs. A
eneral strategy to overcome the above drawbacks is to intro-
uce conducting polymers into the matrix of other active electrode
aterials [22,24,26,27,29,31–36]. The corresponding composites,

uch as manganese oxide/conducting polymer and carbon nan-
tube/conducting polymer, are expected to convey enhanced
lectrochemical properties if each component can retain its merits
nd both individuals can compensate their shortcomings synergis-
ically. However, not all attempts involving the composite systems,
chieved successes [37]. It thus prompts a need to understand the
ynergic effects of composite in depth. Moreover, some previous
tudies have just focused on controllable formation of nanostruc-
ured oxides and conducting agents separately [38], rather than
ombining both together [16,24,39]. And some synthesis routes
equired expensive templates and tedious post-treatments [24].
hallenges still exist in facile synthesis and fundamental under-
tanding of exact function of each component, although researches
n manganese oxide/conducting polymer composite for advanced
C materials have emerged [22,24–27,29,33–37].

Herein, we report a facile one-pot synthesis of
olythiophene/MnO2 (PTh/MnO2) nanocomposite with
ubmicron-sphere/nanosheet hierarchical structures via a modi-
ed inorganic/organic interfacial route [34,35,40]. The synthesis
oute did not involve any expensive templates, additional structure
irecting agents and complex precursors. The microstructure as
ell as electrochemical properties of the prepared composite was

horoughly investigated. The enhanced electrochemical proper-
ies of the resulting products were discussed in terms of their

icrostructure and the synergic effects of both components.

. Experimental

All chemicals are of analytical grade from Aldrich. In a typical
nterfacial synthesis, thiophene (2 ml) was dissolved in an organic
hase consisting of 100 ml dichloromethane (CH2Cl2). Potassium
ermanganate (0.1 g, KMnO4) was dissolved in 100 ml deionised
ater. And several drops of diluted hydrochloride acid (HCl) were

dded to the aqueous KMnO4 solution to adjust the pH value to
. Then the aqueous solution was pipetted to the organic solu-
ion drop by drop. A static organic/inorganic interface was then
ormed. The reaction bath was then kept in a refrigerator under a
ontrolled temperature of 4 ◦C. The chemical oxidative polymer-
zation of thiophene and the reduction of MnO4

− to manganese
xides occurred at the interface concurrently. After 1 h reaction,
ark purplish-brown powder was collected by centrifugation from
he upper aqueous suspensions and then washed with deionised
ater for 3 times and ethanol for once before room temperature

acuum drying. For comparison, the co-precipitation synthesis was
lso carried out with the same parameters as those in interfacial
oute except for the absence of dichloromethane.

Crystallographic information of all as-prepared samples was
nvestigated by X-ray powder diffraction (XRD; Shimadzu XRD-
000, Cu K�, � = 1.5406 Å) at a scanning rate of 2 ◦C min−1.
lementary test was carried out by CHNS-O Analyser (Flash EA,
112 Series, Thermo Electron Corporation). Thermal behaviors
f samples were examined by thermogravimetric analysis (TGA,
himadzu DTG-60) from room temperature up to 600 ◦C at a
eating rate of 5 ◦C min−1 in air. Bonding properties of samples
ere characterized with Fourier transform infrared spectroscopy
FTIR, Shimadzu FTIR-8700) using a standard potassium bromide
KBr) pellet technique. Morphologies of samples were exam-
ned with field-emission scanning electron microscopy (FESEM;
itachi, S-4300) and transmission electron microscopy (TEM, JEOL
010, 200 kV). Elemental compositions of prepared samples were
Fig. 1. Powder XRD patterns of the prepared PTh/MnO2 nanocomposite before (a)
and after (b) annealing at 400 ◦C for 1 h.

also measured with energy dispersive spectroscopy (EDS) micro-
analysis attached to FESEM. The Brunauer–Emmett–Teller (BET)
surface area was determined by N2 adsorption/desorption isotherm
(Micromeritics Tristar 3020). The pore-size distribution was calcu-
lated using adsorption curve by the Barrett–Joyner–Halenda (BJH)
method.

For electrochemical tests (Solartron SI1287), the as-synthesized
powder, functioning as active material (80 wt%), was mixed with
a binder (polyvinylidene difluoride, PVDF, 10 wt%) and acetylene
black (10 wt%) to form a uniform slurry. The slurry was then
press-coated on a 1 cm × 1 cm porous nickel meshes to make
the working electrode. A balance (AND GR-202) with an accu-
racy of 0.01 mg was employed to confirm the mass of the active
material. The typical loading of the active electrode material is
1.2–1.5 mg cm−2. Electrochemical experiments were carried out
in a one-compartment, three-electrode electrochemical bath con-
taining 1.0 M sodium sulfate aqueous solution as the electrolyte, a
platinum foil (2 cm × 2 cm) as the counter electrode and an Ag/AgCl
reference electrode. The specific capacitance and the cycle perfor-
mance of electrodes were determined from cyclic voltammograms
(CV) and galvanostatic charge/discharge cycling plots. The electro-
chemical impedance spectroscopy (EIS) was also investigated at the
open-circuit potential in the frequency range of 105–0.1 Hz with
an amplitude of 5 mV (Solartron SI1260 impedance analyzer). The
microstructure and the electrochemical properties of the prepared
nanocomposite after annealing at 400 ◦C for 1 h were also studied.

The specific capacitance, C, can be calculated from the following
equation:

C = Q

m�V
[F g−1],

where Q is the discharged charge which is integrated from the
discharge segment of cyclic voltammograms and galvanostatic
charge/discharge cycling plots, m is the mass of the active material,
�V is the potential window.

3. Results and discussion

The XRD pattern of the as-prepared products is shown in
Fig. 1a. The pattern can be indexed to the layered birnessite-type
MnO2 (JCPDS No. 80-1098, monoclinic, C2/m, a = 5.15 Å, b = 2.84 Å,
c = 7.17 Å). The increased relative intensity of the peak located at
37.02◦ may be related to the scattering from polymers. The rela-

tive low-intensity and broad peaks displayed in the XRD pattern
imply the low crystalline state of the sample and the existence of
amorphous polymers. Birnessite-type MnO2 has a 2-dimensional
lamellar structure with an interlayer gap of 0.73 nm [41]. The rel-
ative large interlayer gap is suitable for insertion/extraction of
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ig. 2. FTIR spectra of the prepared PTh/MnO2 nanocomposite before (a) and after
b) annealing at 400 ◦C for 1 h.
lkali cations or crystal water molecules within the oxides’ lat-
ices [41,42]. Some cations and crystal water molecules can be
ntroduced into the interlayer gap from the precursors during the
ynthesis process. The corresponding EDS spectrum (not shown)

ig. 4. Typical FESEM (A, B and D) and TEM (C) images of the prepared PTh/MnO2 nano
how the typical FESEM images of the sample prepared by a co-precipitation route.
Fig. 3. TGA curve of the prepared PTh/MnO2 nanocomposite.
revealed the presence of potassium element with a K/Mn atomic
ratio of 2.5%. The existence of polymer in the as-prepared prod-
uct is then confirmed by FTIR, as shown in Fig. 2a. The bands from
500 to 600 cm−1 can be assigned to Mn–O stretching vibrations. The
characteristic band at 3390 cm−1 is attributed to the O–H stretching

composite before (A, B and C) and after (D) annealing at 400 ◦C for 1 h. (E) and (F)
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The electrochemical capacitive properties of the prepared
Q. Lu, Y. Zhou / Journal of Pow

ibration. While the band at 1662 cm−1 is normally ascribed to the
-H bending vibration from crystal or adsorbed water molecules

40]. Vibrations between 950 cm−1 and 1450 cm−1 originate from
tretching or bending bands of PTh [43,44], suggesting the presence
f PTh in the sample. The elemental analysis showed that the mass
ontent of sulfur was 1.48 wt% in the sample, which indicated that
he mass content of PTh was 3.79 wt%. The mass content of PTh
as also characterized by TGA measurement, following a recent

eference [40]. The TGA curve of the prepared powder is illustrated
n Fig. 3. The weight loss from room temperature to 200 ◦C can be
ttributed to the dehydrating of physically adsorbed and chemi-
ally bonded hydrates. The weight loss between 200 ◦C and 490 ◦C
s assigned to the pyrolysis of polymers [40]. And the weight loss
etween 490 ◦C and 550 ◦C is derived from the self-decomposition
rom MnO2 to Mn2O3 [45]. The weight fraction of PTh in the as-
repared composite is about 3.5 wt% based on the TGA result.

The interfacial synthesis followed by heat-treatments can be
potential method to produce intrinsic manganese oxides since

olymers can be eliminated by simple heat-treatments at relatively
ow temperatures. The synthesized composite was heat-treated
n air at 400 ◦C for 1 h with a heating ramp of 5 ◦C min−1 to pre-
are pristine manganese oxides. The XRD pattern of the sample
fter annealing is shown in Fig. 1b. The pattern is well-indexed to
irnessite-type MnO2. The anomalous enhanced intensity of the
eak located at 37.02◦ becomes normal, indicating the elimination
f polymers. The elimination of PTh after annealing is also con-
rmed by corresponding FTIR spectrum demonstrated in Fig. 2b. It
onveys that all vibrations ascribed to PTh totally disappear after
eat-treatments.

The FESEM images of the as-synthesized composite are shown in
ig. 4A and B. The panoramic morphology, given in Fig. 4A, indicates
hat the sample is composed of uniform submicron-spheres with
iameters between 500 and 800 nm. Also, the high-magnification
ESEM image presented in Fig. 4B clearly illustrates that the
ubmicron-spheres consist of radial nanosheets with a thickness
ess than 10 nm. The submicron-sphere/nanosheet hierarchical

icrostructure of the synthesized composite is also verified by the
orresponding TEM image displayed in Fig. 4C. The BET surface
rea and pore-size distribution of the generated composite were
haracterized by N2 adsorption/desorption isotherm, as shown in
ig. 5. A typical type IV isotherm with a hysteresis loop of type H3
ppears in the N2 adsorption/desorption isotherm, as displayed in
ig. 5A. This type of isotherm suggests the synthesized composite
as a disordered mesoporous structure, in which the mesopores
rise from the packing of ultrathin nanosheets. The obtained pore-
ize distribution is narrow and centred around the diameter of
nm, as depicted in Fig. 5B. The prepared nanocomposite with
ell-defined nanoporous matrix is beneficial to decrease ion trans-

er barrier since the nanoscale pores can facilitate the penetration
f electrolyte and ions through bulky electrodes. And the self-
ssembled ultrathin nanosheets give a high BET surface area of
10 m2 g−1. The morphology of annealed sample was also exam-

ned. The FESEM image of the as-obtained nanocomposite after
nnealing at 400 ◦C for 1 h is displayed in Fig. 4D. It is obvious
hat, after annealing, the submicron-sphere/nanosheet hierarchi-
al microstructure is largely retained. No agglomeration of particles
an be found. And the diameter of the nanosheets still remains
ess than 10 nm. Slightly broken spheres are shown and can be
xplained by the influence of thermal-induced strain. Nanomate-
ials generally possess inferior stability due to their high surface
nergy [12]. The retention of morphology and crystal phase of the
repared nanocomposite even after heat-treatments at 400 ◦C for

h indicates the good stability of the sample.

A recent literature reported the interfacial synthesis of
anocomposite of polyaniline and MnO2, whereas the synthe-
ized nanocomposite displayed irregular microstructure [40]. The
Fig. 5. N2 adsorption/desorption isotherm (A) and pore-size distribution (B) of the
prepared PTh/MnO2 nanocomposite.

difference in morphologies may be attributed to the difference
in the monomer, pH value and organic phase. It indicates the
importance of tuning the synthesis parameters to engineering the
product’s microstructure. The growth mechanism of PTh/MnO2
submicron-sphere/nanosheet hierarchical structure can be briefly
rationalized as follows. At the beginning, the redox reaction occurs
at the interface to form stoichiometric MnO2 and radical cations
(from monomers). Then chemical coupling of radical cations occurs.
The most of the generated radical cations couple into short-chain
oligomers and only a few fractions of them transfer into long-
chain polymers, due to the extremely high oxidation ability of the
MnO4

−. The generated oligomers then dissolved into organic phase
while the generated polymers are attached on the surface of the
MnO2 nuclei. Then, the high surface energy of the MnO2 nuclei
facilitates the anisotropic growth and the self-assembly process
to reduce the surface energy. The coincidence of the anisotropic
growth and the self-assembly process bring about the formation of
submicron-sphere/nanosheet hierarchical structure. Importantly,
the in situ generated PTh can act as structure directing agents to
retard the agglomeration of MnO2 nuclei, resulting in the genera-
tion of ultrathin nanosheets of MnO2. The hydrophilic natures of the
newly formed MnO2 and polymers make the generated composite
move away from the interface and then diffuse into the upper aque-
ous phase [46,47]. The morphology of the sample prepared by the
co-precipitation route (with the absence of organic phase during
synthesis) is shown in Fig. 4E and F. The two FESEM images clearly
depict that agglomerated micron- or submicron-particles are gen-
erated by the co-precipitation route. The contrasting morphologies
of the samples prepared by interfacial route and co-precipitation
route highlight the advantage of the interfacial route to surpass the
overgrowth of nuclei in nano-synthesis.
nanocomposite were investigated by cyclic voltammetry (CV) and
galvanostatic charge/discharge cycling. The CV plots of the elec-
trode of PTh/MnO2 nanocomposite, shown as the solid plots in
Fig. 6A, display rectangular and enantiomorphous features, sug-
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ig. 6. (A) Cyclic voltammetric plots of the prepared nanocomposite electrode (solid
hows CV plot of the annealed nanocomposite electrode; (B) galvanostatic charge/d
ycle life of the prepared nanocomposite electrode derived from the galvanostatic ch
lots of the annealed nanocomposite electrode. The mass loadings of the active mat

esting good reversibility and ideal pseudocapacitive properties
f the electrode. The ideal pseudocapacitive behaviors in a work-
ng potential window of 0.9 V indicate the contribution of MnO2
s dominant in the nanocomposite. The domination of MnO2 is
enefit to enlarge the working potential window of the composite
lectrode since polymers generally have narrower working poten-
ial windows. The enlarged working potential window is probably
erived from the interactions between polymers and birnessites
ince the interlayer gaps in the lattices of birnessites can accom-
odate the intercalations of polymers [40]. It is acknowledged

hat the exact interactions between polymers and birnessites still
emain uncertain based on present results and the investigations
re still ongoing. The specific capacitance values calculated from
ig. 6A are 273, 257 and 235 F g−1 at the scan rates of 5, 10 and
0 mV s−1, respectively. The galvanostatic charge/discharge curves
f the prepared nanocomposite electrode at different current den-
ities are displayed in Fig. 6B. The specific capacitances estimated
rom Fig. 6B are found to be 290, 283, 258 and 222 F g−1 for
he current densities of 1, 2, 5 and 10 A g−1, respectively. At a
igh-rate charge/discharge process of 10 A g−1, the nanocomposite
lectrode can still retain 76.6% of its capacitance at 1 A g−1, sug-
esting its excellent high-power capability. The cycle performance
f the nanocomposite electrode is investigated by galvanostatic
harge/discharge cycles at 2 A g−1, as presented in Fig. 6C. After a
000-time cycle, the specific capacitance of the electrode remains
t 275.5 F g−1. The retention of 97.3% of its initial capacitance after
000 cycles indicates the excellent cycle performance of the pre-
ared nanocomposite electrode.

The above results show the prepared nanocomposite electrode
as relatively large specific capacitance, good power capability and

xcellent cycle performance. The excellent electrochemical prop-
rties can be attributed to the unique microstructure and crystal
tructure of the nanocomposite.

Generally, manganese oxide electrodes can store charges via
ntercalation/extraction of proton or alkali cations into oxide lat-
) at different scan rates between −0.1 and 0.8 V in 1 M Na2SO4 solution. The dash line
ge plots of the prepared nanocomposite electrode at different current densities; (C)
discharge cycling plots at 2 A g−1 (inset of C) and (D) galvanostatic charge/discharge
for annealed and non-annealed electrodes are 1.38 and 1.47 mg cm−2, respectively.

tices (reaction (1)) and surface adsorption/desorption of electrolyte
cations (reaction (2)) [6,8–10].

MnO2 + M+ + e− = MnOOM (M+ = Na+, K+ or H3O+) (1)

(MnO2)surface + M+ + e− = (MnO2
−M+)surface

(M+ = Na+, K+ or H3O+) (2)

The large specific surface area of the synthesized nanocom-
posite enlarges the contact area between active materials and
electrolytes. This increased electrode/electrolyte interface area can
facilitate the surface adsorption/desorption of protons or alkali
cations (reaction (2)). Also, the crystal structure of the prepared
birnessite-type MnO2 nanocomposite contains an interlayer gap
as large as 0.73 nm. The large interlayer gaps can accommodate
different cations and then enhance the intercalation/extraction of
protons or alkali cations into the lattices of birnessites (reaction
(1)) [41,42]. Moreover, the mesoporous matrix of the prepared
nanocomposite allows fast diffusion of electrolyte and ions. The
enhanced diffusive efficiency contributes to the good high-power
performance of the prepared nanocomposite electrode.

The important roles of the coated polymer were confirmed
by the vastly different electrochemical properties of the annealed
composite electrode and the non-annealed composite electrode.
After annealing at 400 ◦C for 1 h, the electrode shows more dis-
torted rectangular shape in CV plot, shown as a dash plot in
Fig. 6A. The annealed composite electrode only conveys a specific
capacitance of 195 F g−1, while the non-annealed electrode gives

a value of 235 F g−1. The galvanostatic charge/discharge curves
of the annealed electrode at different current densities are illus-
trated in Fig. 6D. The specific capacitances are 282, 263, 220 and
167 F g−1 for current densities of 1, 2, 5 and 10 A g−1, respectively.
At a high-rate galvanostatic charge/discharge process of 10 A g−1,
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ig. 7. Nyquist plots for the prepared nanocomposite electrode without (solid
quares) and with (hollow squares) annealing at 400 ◦C for 1 h. The inset shows
he plots in an enlarged scale.

he annealed electrode only remains 59.2% of its capacitance at
A g−1. It is concluded that the high-rate electrochemical prop-
rties of MnO2 are greatly enhanced by mixing PTh into birnessite
anosheets by comparing the electrochemical properties of both
he annealed composite and non-annealed composite electrodes,
lthough their low-rate electrochemical properties remain almost
he same. The present PTh can not only enhance the electrical con-
uctivity of the prepared composite electrode, but also acts as a
tabilizer to stabilize the ultrathin nanosheets with high surface
nergy. The corresponding EIS plots displayed in Fig. 7 verify the
ower electrical resistance of the PTh/MnO2 electrode in compari-
on with the electrode without PTh (after annealing). As shown in
ig. 7, both Nyquist plots present depressed semi-circle over the
igh frequency range corresponding to the charge-transfer resis-
ance and nearly straight sloped line in the low frequency region
5]. The nearly ideal straight sloped lines along the imaginary
xis at the lower frequencies indicate the quasi-ideal capacitive
ehaviors for both electrodes. The equivalent series resistance
ESR) and the interfacial charge-transfer resistance (Rct) can be
educed from the x intercept and the diameter of the semicircle
f Nyquist plot, respectively. The ESR consists of the uncompen-
ated electrical resistance of active materials, the resistance in
lectrolyte and the resistance of current collectors. The charge
ransfer resistance is originated from the electron transfer bar-
ier between capacitive materials and the current collectors and

lso from the ion diffusion barrier between capacitive materials
nd electrolyte. Obviously, the PTh/MnO2 electrode has relatively
ower ESR and Rct than those of the electrode without conducting
olymers. The good conductivities of the conducting polymers in
he PTh/MnO2 composite electrode are believed to be beneficial to

ig. 8. Typical TEM images of the prepared nanocomposite without (A) or with (B) anneali
etween −0.1 and 0.8 V in 1 M Na2SO4 solution.
rces 196 (2011) 4088–4094 4093

decrease ESR and Rct. The decreased ESR and Rct contribute to the
enhanced pseudo-capacitive properties of the PTh/MnO2 electrode.
It is also acknowledged that the different Rct values for two elec-
trodes are also ascribed to their different ionic conductivities [41].
Heat-treatment can remove chemical-bonded hydrates from bir-
nessite crystals. The removal of chemical-bonded hydrates causes
the decreased ionic conductivity and thus the increased Rct [48].

Another concern involving SCs is focused on the capacitance
retention upon repeated cycling. The capacitance fading of the
prepared nanocomposite electrodes is due to the following two
reasons. The high surface energy of nanostructured materials tends
to induce undesired side reactions with the electrolytes, although
nanomaterials with large surface area can provide enhanced
kinetics [11,12]. Manganese oxides with various valences can
accommodate multiple redox reactions during charge/discharge
processes. When MnO2 is electro-reduced, some precursory solid
MnO2 is reduced to soluble species (such as Mn2+). The solu-
ble species can only be partially electro-recovered to solid MnO2
through re-oxidation processes. The above dissolution–deposition
processes cause the progressive loss of redox activities of elec-
trodes. On the other hand, during charge/discharge processes, the
expansion and shrinkage can occur in the lattices of manganese
oxides [49,50]. The lattice changes derived from cations’ inser-
tion/extraction can induce volume changes in the active materials.
The volume changes can cause the local stresses and the consequent
failures of the electrodes [24]. The microstructure of the active elec-
trode materials after cycles was studied by TEM to investigate the
stability of the electrodes upon charge/discharge cycles. The pre-
pared nanocomposite powders with or without annealing at 400 ◦C
for 1 h were directly pressed on the porous nickel meshes with the
same loading in order to eliminate the influences of binders and
carbons. The both electrodes were then subjected to a consecu-
tive 1000-time CV scan at a scan rate of 20 mV s−1 between −0.1 V
and 0.8 V in 1 M Na2SO4 solution. After the electrochemical treat-
ment, the powders collected from the forenamed electrodes were
washed with deionised water and ethanol and then dried in air
for TEM measurement. The corresponding TEM images are shown
in Fig. 8. The PTh/MnO2 powders largely retain their submicron-
sphere/nanosheet hierarchical microstructure after CV scans, as
displayed in Fig. 8A, suggesting the good stability of the prepared
nanocomposite. The annealed powders lose their nanosheet fea-
tures in morphology after the electrochemical treatment based on

Fig. 8B, indicating the inferior stability of the intrinsic birnessite
nanosheets. The contrasting morphology changes of the birnes-
site nanosheets with or without PTh compositing thus confirms
that it is effective to stabilize the ultrathin birnessite nanosheets
by compositing a fraction of PTh upon their surface. The enhanced

ng at 400 ◦C for 1 h after a consecutive 1000-time CV scan at a scan rate of 20 mV s−1



4 er So

s
n
c
a

a
s
s
b
r

4

M
t
t
a
i
t
n
r
e
T
c
e
t
p
t
p
t
c
e
i
m
s

A

R
N

R

[
[
[

[
[

[

[

[
[
[

[
[
[
[
[
[
[

[

[

[
[
[
[
[

[
[
[

[
[

[

[

[

[
[

[
[
[

4966–4967.
094 Q. Lu, Y. Zhou / Journal of Pow

tability of the prepared PTh/MnO2 nanocomposite guarantees the
anocomposite electrode to convey retention of 97.3% of its initial
apacitance even after 1000 galvanostatic charge/discharge cycles
t 2 A g−1.

It is believed that this facile interfacial route is general
nd can be extended to other composite systems. The synthe-
ized mesoporous PTh/MnO2 nanocomposite with submicron-
phere/nanosheet hierarchical microstructure is also believed to
e promising materials for batteries, electrocatalysts for oxygen
eduction, sensors, etc.

. Conclusions

In summary, mesoporous nanocomposite of polythiophene and
nO2 with submicron-sphere/nanosheet hierarchical microstruc-

ure was synthesized by a facile one-pot interfacial method without
he assistance of any templates, additional structure directing
gents and complex precursors. It was demonstrated that this
nterfacial approach could effectively suppress overgrowth of
he nuclei and lead to the formation of polythiophene/MnO2
anosheets with a diameter less than 10 nm. At a high-
ate charge/discharge process of 10 A g−1, the nanocomposite
lectrode can still retain 76.6% of its capacitance at 1 A g−1.
he retention of 97.3% of its initial capacitance after 1000
ycles at a charge/discharge rate of 2 A g−1 indicates the
xcellent cycle performance of the prepared nanocomposite elec-
rode. The enhanced electrochemical-capacitive properties of the
olythiophene/MnO2 nanocomposite electrode were rationalized
o its unique microstructure. In particular, the in situ generated
olythiophene was proven to be effective not only on increasing
he electrical conductivity but also on improving the electro-
hemical stability of the nanocomposite electrode. This finding
nlarges our understanding of conducting polymer/oxide compos-
tes and provides us a hint to develop high-effective electrode

aterials for advanced electrochemical energy storage/conversion
ystems.
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