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Abstract A novel method for preparing nano-superca-
pacitor arrays, in which each nano-supercapacitor
consisted of electropolymerized Polypyrrole (PPy)
electrode / porous TiO2 separator / chemical polymerized
PPy electrode, was developed in this paper. The nano-
supercapacitors were fabricated in the nano array pores of
anodic aluminum oxide template using the bottom-up,
layer-by-layer synthetic method. The nano-supercapaci-
tor diameter was 80 nm, and length 500 nm. Based on the
charge/discharge behavior of nano-supercapacitor
arrays, it was found that the PPy/TiO2/PPy array sup-
ercapacitor devices performed typical electrochemical
supercapacitor behavior. The method introduced here
may find application in manufacturing nano-sized elec-
trochemical power storage devices in the future for their
use in the area of microelectronic devices and microelec-
tromechanical systems.
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Introduction

Polypyrrole (PPy) is one of the important conducting
polymers due to its electrochemical reversibility, relative
environmental stability, and the ease of preparation

through chemical or electrochemical routes [1–5]. Based
on its reversible electrochemical redox reaction behavior
it has been investigated as the electrode material for
rechargeable batteries [6, 7]. Recently many papers re-
ported that polypyrrole can be used as the electrode
material for supercapacitors [8–14]. Ingram and co-
workers [13–15] suggested that during the oxidation
process polypyrrole becomes p-doped material and one
additional electron can be removed for every third
monomer unit in the chain. Seven electrons were re-
moved for every three monomer units, and the residual
positive charge on the polymer is balanced by the neg-
ative charges of dopant anions. The large capacitive
response of the PPy electrode is mainly due to this far-
adaic process in the potential region lower than 0.3 V.
The capacitance of the electrode also partly comes from
the charge/discharge process of the double layer in the
potential region higher than 0.3 V, where the anodic
current curves are paralleled approximately with the
cathodic current curves with relative high current mar-
gins [13]. In fact, the apparent capacitance of PPy elec-
trode consists of redox capacitance and double-layer
capacitance. It was found that the capacitive behavior of
the PPy electrode only appears when the electrode was
very thin (ca. 1 lm in thick) [15].

Nowadays, the design of nano-devices is an intensive
research field, owing to the growing miniaturization of
microelectronic devices and microelectromechanical sys-
tems (MEMS). Various methods have been used to fab-
ricate ultra-thin microelectrochemical power sources,
such as pulse laser deposition [16], photolithography
techniques [17], radio-frequency magnetron sputtering
[18], and a computer inkjet printing method introduced in
our previous paper [19]. However, to our knowledge,
quasi-one-dimensional nano-sized battery or superca-
pacitor has not been explored. Themethods for preparing
one-component nano-material are now very common.
There are also some examples for synthesizing multi-
component nano-materials. The anodic aluminum oxide
(AAO) membrane with ordered straight nano-channels is
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well known as the template for fabricating the nano-array
materials such as metal, inorganic composite, conducting
polymer fibers or tubes, and multi-metal striped rods [20–
25]. The diameter and depth of pores in the AAO mem-
brane can be adjusted by controlling the anodizing volt-
age, temperature, the selection of electrolytes such as
oxalic, sulfuric, and phosphoric acid solutions, and the
anodizing time [26, 27]. Herein, we first introduce the
preparation of nano-supercapacitor arrays within the
pores of AAO templates. The nano-supercapacitors were
fabricated using layer-by-layer, from bottom to top
assembling technique. This method may benefit the
development of nano-electronics.

Experimental

Pyrrole (from Aldrich) was distilled prior and stored at
5�C under nitrogen in the absence of light. All solutions
were prepared from analytical grade chemicals and
highly purified water.

Preparation of AAO templates

The AAO templates were prepared from aluminum
sheet using a two-step anodizing method in oxalic acid
solution according to the procedure introduced in Refs.
[26, 27]. High-purity aluminum sheet (99.99%) was de-
greased, electropolished in a mixture solution of EtOH
and HClO4 (4:1 in v/v), anodized at 40 V in 0.5 M
H2C2O4 solution for 1 h and then moved into 0.4 M
H3PO4 + 0.2 M H2CrO4 solution at 60�C to dissolve the
oxide membrane. After this removal, the Al plate was
anodized again for 2–4 h. Then the background Al layer
was removed from the AAO membrane via a replace-
ment reaction by immersing the sample in a saturated
HgCl2 solution. The AAO membrane was put into
20 wt% sulfuric acid solution until the barrier layer at
the bottom of AAO membrane was dissolved com-
pletely. Through washing and drying, the AAO mem-
brane with open nano-pore arrays was obtained.

Preparation of PPy nano-fiber array electrode

Electrochemical polymerization of pyrrole was carried
out in a conventional three-compartment cell in deoxy-

genated solution containing 0.1 M pyrrole monomer
and 0.2 M LiClO4. A nickel-coated AAO electrode
prepared by sputtering Ni on one side of the AAO
membrane was used as the working electrode. A Pt foil
and an Ag/AgCl electrode were used as counter elec-
trode and reference electrode, respectively. The PPy
nano-fibers were potentiostatically polymerized in the
pores of the AAO membrane at a potential of 0.8 V (vs.
Ag/AgCl). It has been assumed that the positive charge
of 240 mC/cm2 corresponds to a PPy layer with the
thickness of 1 lm for depositing on a smooth flat
electrode [28]. The length of deposited PPy fiber in the
AAO pore can be controlled coulometrically by con-
sidering the diameter, depth of pores and the volume
density of pores in the AAO membrane. The electrodes
were rinsed carefully with a large amount of double-
distilled water, and dried at room temperature. Then the
PPy nano-fiber array electrodes were obtained.

Preparation of nano-fiber supercapacitor arrays

The PPy/TiO2/PPy nano-supercapacitor in the nano-
pore of the AAO template was structured in a sandwich
form via bottom-up, layer-by-layer synthetic procedure,
as shown in Scheme 1. It consisted of three parts: elec-
trochemical polymerized PPy electrode/porous TiO2

separator/chemically polymerized PPy electrode.

Fig. 1 TEM image of PPy nano-fibers after removal of the alumina
matrices of the AAO membrane

Scheme 1 Schematic diagram
of the process for the
fabrication of the PPy nano-
fiber array supercapacitors
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(1) First, PPy was electrochemically deposited in the
pores using the procedure introduced previously.
The length of PPy fibers in the pores was controlled
coulometrically to be approximately one-third of the
depth of the nano-pores.

(2) The PPy nano-fiber AAO array film obtained from
the first step was moved to another cell for separator
preparation. Because PPy is a conducting material,
especially when it is in anion-doped state in the
higher potential region of 0.4–0.8 V, the separator
material, TiO2 nano-particles could be electro-
chemically deposited on the top of short PPy nano-
fibers in the pores via an anodic oxidation reaction
of TiCl3 followed by a heat treatment. The proce-
dure was similar to that of preparing normal TiO2

films described in Ref. [29]. TiO2 nano-particles were
electrodeposited from a solution saturated with

nitrogen of 1.5% TiCl3, 0.016% carboxymetheyl-
cellulose (CMC), 1 M Na2CO3 buffered to pH 2.2 at
a potential of 0.1 V (saturated calomel electrode
(SCE)) for 2 min. The reaction processes are as
follows [29]:

Ti3þðaqÞ þH2O ���! ���
fast

TiOH2þ þHþ ð1Þ

TiOH2þ
���!slow

�e
TiðIVÞpolymers �����!

�H2O

D
TiO2 ð2Þ

The samples were then washed with 0.01 M HCl, water,
and ethanol. After drying under the irradiation of an
infrared lamp at about 90�C for 1 h, TiO2 nano-particles
were formed as the material of the separator located on
top of the short PPy fibers in the nano-pores of the AAO
template.

Fig. 2 a Cyclic voltammograms
of PPy nano-fiber array
electrode in 0.2 M LiClO4

solution at different potential
scan rates. b Cathodic peak
currents as a function of
potential sweep rate. Surface
area 1 mm2, length of fiber
500 nm
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(3) Finally, another terminal PPy electrode was prepared
above the nano TiO2 separator layer within the pores
of the AAO template using a chemical oxidation
method, in which ammonium persulfate was used as

the oxidation agent [30]. The dry Ni/PPy/TiO2 AAO
membrane was immersed in 2.2 M ammonium
persulfate solution for 30 min. The ammonium per-
sulfate solution could enter into the nano-pores due
to capillary effect. After drying, it was dipped into
0.1 M pyrrole + 0.2 M LiClO4 solution and kept
6–10 h for complete polymerization. Then the pro-
cess was repeated once. After washing, drying, and
then adding a small drop of 0.2 M LiClO4 solution as
the electrolyte of the supercapacitor, the PPy/TiO2/
PPy nano-fiber array supercapacitor was obtained.

Morphology and electrochemical measurements

The morphologies of the AAO membrane, PPy nano-
fibers, TiO2 nano-particles, and nano PPy/TiO2/PPy
supercapacitor were examined by a Philip XL30 scan-
ning electron microscopy (SEM) and a JEOL JEM 2011
high-resolution transmission electron microscopy
(TEM). For the observation of nano-supercapacitor
microstructure, the PPy/TiO2/PPy nano-fiber array
membrane was ground slightly in absolute alcohol. A
drop of the solution was added onto the carbon-coated
copper grid. Then the dried grid was used for TEM
measurement.

The electrochemical properties of the PPy array
electrodes were measured in a three-chamber cell with Pt
counter electrode and Ag/AgCl reference electrode in
0.2 M LiClO4 aqueous solution. The cyclic voltammetry
curves of the PPy array electrodes were obtained using
CHI660 electrochemical station. The charge–discharge
properties of the nano-fiber array supercapacitors were
investigated using CHI660 electrochemical station.

Fig. 3 TEM images of PPy/TiO2/PPy nano-supercapacitor (a) and
nano TiO2 particles (b)

Fig. 4 Cyclic charge–discharge
curves of PPy/TiO2/PPy nano-
capacitors, both charge and
discharge currents and times
were 1 nA and 5 s
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Results and discussion

The SEM image of the AAO template shows a densely
packed hexagonal array of uniform pores with diameters
of 80 nm (not shown here). The volume density of the
pores was estimated to be about 50% according to the
pore number and pore diameter per unit area. Figure 1
shows the TEM image of the PPy nano-fibers obtained
after the removal of the alumina matrix in 6 M NaOH
solution. It can be seen that the diameter of the PPy
nano-fibers is 80 nm, which is similar to the pore
diameter in the AAO membrane.

Figure 2a shows the cyclic voltammograms of a Ni/
PPy nano-fiber array electrode in 0.2 M LiClO4 solution
at different potential sweep rates. A pair of redox current
peaks appears at potentials of +0.05 and �0.09 V vs.
Ag/AgCl, respectively, for each curve. They correspond
to the doping and dedoping processes of ClO4

� ions in
PPy, respectively [31]. The reaction could have taken
place both on the top and round the sides of each nano
PPy fiber, because the electrolyte could permeate into
the pores of the AAO film. Figure 2b shows the linear
relationship between cathodic peak current and the po-
tential sweep rate, which reflects the electrochemical
characteristics of the thin film electrode [32]. When the
sweep rate is less than 500 mV/s, in the potential region
higher than 0.3 V the anodic current curves are paral-
leled approximately with the cathodic current curves
with relative high current margins. The behavior reflects
the characteristic of charge/discharge of the double
layer. According to the equation C= DI/2t, the double
layer capacity of an electrode can be calculated, where
DI is the margin between paralleled anodic and cathodic
current curves, and t the potential sweep rate. The
double layer capacity of the PPy nano-fiber array elec-
trode was calculated to be 44 mF per apparent cm2,
which may be ascribed to the ordered structure with
enhanced interfacial area. The specific surface area of
the PPy nanofiber is very high due to its diameter,which
is as small as 80 nm, and high aspect ratio. Therefore the
combination of the double layer capacity in the high-
potential region with the capacity from the faradaic
process in the low-potential region makes it possible that
the PPy nano-fiber electrodes can be used as the elec-
trodes for nano-supercapacitors.

The TEM image shows that the PPy/TiO2/PPy nano-
fiber array supercapacitors were about 80 nm in diam-
eter within the nano-pores of the AAO template
(Fig. 3a). The electropolymerized PPy is located at the
down side of the pore, while chemically polymerized PPy
upside. The layer between them is the separator, which
consists of many loosely aggregated TiO2 nano-particles.
The high-resolution transmission electron microscopy
(HRTEM) and selected-area electron diffraction
(SAED) images (measured by JEOL JEM 2011 trans-
mission electron microscopy) (Fig. 3b) shows that the
TiO2 particles with diameters of about 10– 15 nm are
well crystallized. It should be mentioned that during the

electrochemical synthesis of TiO2 it was necessary to add
a small amount of CMC into the electrolyte in order to
produce a loose TiO2 precipitation layer. Otherwise the
TiO2 layer would be very dense which causes the high
resistance and low discharge ability of the nano-sup-
ercapacitors. The loose aggregation structure benefits
the transfer of ions through the separator, and therefore
can reduce the internal resistance of the PPy/TiO2/PPy
nano-supercapacitors.

The procedure for measuring the charge–discharge
curves of the PPy/TiO2/PPy nano-fiber array superca-
pacitors was as follows. An external power source (from
CHI660 electrochemical workstation) was connected
with a PPy/TiO2/PPy nano-fiber array supercapacitor
device. The positive terminal of the external power
source was connected to the Ni side of the nano-fiber
array supercapacitor device. The negative terminal was
connected to the chemically polymerized PPy electrode
of the nano-fiber array supercapacitor device using a
thin tungsten wire with a diameter of about 1 lm.
Figure 4 presents the charge–discharge curves of the
PPy/TiO2/PPy nano-fiber array supercapacitor device
under constant charge or discharge current 1 nA, in the
voltage range of 0–1.4 V. Both charge and discharge
times are 5 s. The charge and discharge curves are
roughly linear. It exhibits the characteristics of the
supercapacitor with cyclic ability. The capacitance of the
nano-fiber array supercapacitor can be calculated by the
equation of C= It/DV, where I is the current, t the time
and DV voltage difference. The capacitance was calcu-
lated as 3.5 nF. This capacitance may be attributed to
the many PPy/TiO2/PPy nano-fiber supercapacitors in
array, in contact with tungsten wire.

Conclusion

In summary, the results demonstrate that nano-sup-
ercapacitors can be assembled within the nano-pores in
an AAO template using bottom-up, layer-by-layer syn-
thetic technique. The advantage of this method is very
simple for fabricating nano sized electrochemical power
sources. The PPy/TiO2/PPy nano-supercapacitor
performs in a behavior typical of the electrochemical
supercapacitor. Such multi-component structures can be
tailored through the selection of the composition in the
context of an integrated microelectrode device. The
method introduced here may find application in devel-
oping microelectronic devices and MEMS.
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Mater 11:483
28. Diaz AF, Castillo JI (1980) J Chem Soc Chem Commun 397
29. Kavan L, O’Regan B, Kay A, Grätzel M (1993) J Electroanal

Chem 346:291
30. Lu Y, Shi G, Li C, Liang Y (1998) J Appl Polym Sci

70(11):2169
31. Kim JM, Chang SM, Muramatsu H (1999) J Electrochem Soc

146:4544
32. Panero S, Prosperi P, Scrosati B (1992) Electrochim Acta

37(2):419

37


	Nano-polypyrrole supercapacitor arrays prepared by layer-by-layer assembling method in anodic aluminum oxide templates
	Abstract
	Introduction
	Experimental
	Preparation of AAO templates
	Preparation of PPy nano-fiber array electrode
	Preparation of nano-fiber supercapacitor arrays
	Morphology and electrochemical measurements

	Results and discussion
	Conclusion
	Acknowledgements
	References


