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Abstract: The primary aim of this work
was to synthesize aligned perchloric-
acid-doped  poly(aniline) (HCIO,-
doped PANI) nanotubes by a simple
alumina template method and to inves-
tigate their application in lithium/poly-

[b]

The second aim addressed the prepara-
tion of HCIO,-doped PANI micro-
spheres and nanofibers on a large scale
through a modified spraying technique,
since the template synthesis has limita-
tions in mass production. The present

broad range of one-dimensional con-
ductive polymers. Furthermore, elec-
trochemical measurements showed that
the as-prepared HCIO,-doped PANI
nanotubes exhibit better electrode per-
formances than their commercial coun-

(aniline) rechargeable batteries.
Powder X-ray diffraction analysis
(XRD), scanning electron microscopy
(SEM), transmission electron microsco-
py (TEM), and Fourier transform infra-
red (FTIR) analysis were used to char-
acterize the nanostructures obtained.

Introduction

Among the family of conjugated conducting polymers, poly-
(aniline) (PANI) is unique because of its promising chemi-
cal, electrical, and optical properties along with its particular
redox character."? Applications of PANI materials are
largely based on PANI morphology and the controlled syn-
thesis of it. Nowadays, one-dimensional (1D) PANI nano-
tubes, nanowires, and nanofibers have attracted considerable
attention due to their potential applications in a variety of
fields, including molecular electronics, materials science, and
biomedical sciences.’! The synthesis of 1D nanostructures
has been aided by templates that act as structural direc-
tors.l*? Structural directors employed to prepare PANI
nanostructures include “soft templates” such as surfac-
tants,” inorganic acid,”! or complex organic doping agents®
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synthesis methods are simple and can
be extended to the preparation of a
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terparts because they possess more
active sites, higher conductivity, and
relative flexibility. This indicates that
HCIO4-doped poly(aniline) nanomate-
rials are promising in the application of
lithium/polymer rechargeable batteries.

that assist in the self-assembly process, and “hard templates”
such as zeolites,”! and porous alumina membranes,'”! where
1D nanochannels promote the growth of nanotubes or nano-
wires. Recently, Huang and co-workers developed a general
chemical route to synthesize poly(aniline) nanofibers by
using interfacial polymerization at an aqueous/organic inter-
face.'"2l Chiou and co-workers also reported the prepara-
tion of poly(aniline) nanofibers by dilute polymerization.!”!

Typically, poly(aniline) has two forms, emeraldine base
and emeraldine salt, with a different degree of doping.

lfI H
Emeraldine Base n
H [
LA
Emeraldine Salt A AJn

The electrically conductive form of PANI (the emeraldine
salt) protonates the imine nitrogen on the polymer back-
bone and induces charge carriers. When fully doped with a
strong acid, the electrical conductivity of PANI greatly in-
creases compared to its undoped (emeraldine base) form.[']
The key parameter for numerous potential applications of
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poly(aniline), for example, in electronics, energy storage,
and chemical sensing, is its electrical conductivity. Since the
conductivity of PANI depends on its morphology, the acidity
of the doped acid, plus the degree of doping,'”! it is reasona-
ble to assume that aligned 1D nanostructured perchloric-
acid-doped poly(aniline) (HCIO,-PANI) could improve per-
formance compared with common commercial PANI pow-
ders.

On the other hand, rechargeable lithium batteries are one
of the most actively developed batteries and are becoming
more and more important at both fundamental and applied
levels."®! An important application of electroconductive pol-
ymers is in rechargeable Li batteries. Although the specific
charge—discharge capacities of Li/PANI batteries are rela-
tively low, they have some outstanding characteristics com-
pared with conventional Li batteries such as longer cycle
life, lower self-discharge rate, resistance to overdischarge,
low manufacturing cost, shape flexibility, and a smaller
weight with a higher specific energy."”’ These advantages
make the Li/PANI batteries appropriate for application in
back-up power sources or in small electronic devices. Thus,
increasing the specific capacity of Li/PANI batteries is of
great significance to overcome their disadvantages.

It has been demonstrated by different groups that the per-
formance of rechargeable lithium batteries is improved by
employing nanosized or, especially, 1D nanostructured
active materials because nanostructured materials have high
surface areas and possibly enable faster diffusion kinetics
for Li ions in electrodes.">* Therefore, in this paper, we
report on the synthesis of conducting poly(aniline) nano-
tubes/nanofibers through an alumina template route and a
modified spraying technique. The as-prepared nanostruc-
tured HCIO,-PANI was further employed as the cathode-
active material of rechargeable
Li/PANI cells. We found that
the nanostructured HCIO,-
PANI exhibits better perform-
ance than that of the alterna-
tive commercial powders. The
results should foster the appli-
cation of 1D HCIO,-PANI
nanostructures in rechargeable
Li/polymer batteries.

Results and Discussion

Synthesis of HCIO-PANI
nanotubes/nanofibers: At first,
a template method was used to
study the possibility of prepar-
ing 1D conducting PANI nano-
structured materials. The tem-
plates employed were anodic
aluminum oxide (AAO) mem-
branes that had a cylindrical
pore structure with a uniform
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pore diameter of about 200 nm and a membrane thickness
of around 60 um. Figure 1 shows the schematic depiction of
the template synthesis process. In the template synthesis,
commercial soluble HCIO-PANI powders were used as the

PANI solution
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} solvent evaporation
PANI layer
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dissolution
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Figure 1. Schematic diagram showing the porous-alumina-template syn-
thesis of HCIO,-doped PANI nanotubes.

starting material, and polymer solution penetrated into the
template pores from the upper surface of the membrane. At
the same time, a vacuum was applied (by using an aspirator)
until the solution was pulled through the membrane. After
the evaporation of the solvent, the membrane was taken out
and dissolved in acid solution to remove the alumina and to
free the nanotubes that had been deposited within the
pores.

The morphology of the as-synthesized product was char-
acterized by scanning electro microscopy (SEM). Figure 2

Figure 2. SEM images of the HClO,-doped PANI nanotubes in ordered alignment: A) typical overall view of
the tips showing the comb-like structure; B) top view at high magnification; C) side view showing the walls of
the tubes; D) vertical cross-section of the tubes after ultrasonic treatment.
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shows the typical SEM images of the PANI nanostructures
prepared by the template method. As seen in Figure 2 A,
copious quantities of HCIO,-PANI nanotubes in ordered
alignment were obtained. Figure 2B shows the top view of
the nanotube array. The tubes are linked one by one with
wall-sharing and possess sawtooth-shaped open ends with
long-range hexagonal order. Figure 2C is the side view of
the nanotubes, showing the walls of the tubes that are ar-
ranged parallel to each other with smooth surfaces. The
average diameter of the tubes is around 300 nm, and larger
than the pore diameter of the AAO template. After ultra-
sonic treatment, the alignment of the as-prepared nanotubes
was broken up into dispersive spatulate nanofibers with
smooth inner surfaces (Figure 2D). These observed charac-
teristics of the product can be reasonably understood from
the formation mechanism of PANI nanotubes that is in
some ways similar to the wetting synthesis reported by
Steinhart and co-workers.!

In our template synthesis, the low-viscosity polymer pre-
cursors (HCIO,-doped PANI solution) spread to form a thin
film that covers the pore walls of the template in the initial
stages of the process because the cohesive driving forces for
complete filling are weaker than the adhesive forces. The
solution tends to cover the pore walls and forms a homoge-
neous film with a thickness of several tens of nanometers.
As the pores of the template are well-defined, the highly or-
dered nanotube array is preserved after solvent evaporation.
It should be noted that the diameters of the aligned tubes
are larger than the pore diameters of the template, probably
due to the Barus effect related to elastic memory and elastic
recovery. In solution, the polymer molecules usually coil up
in an almost random fashion, however, in the pores of the
template (as one kind of capillary) there is considerable mo-
lecular uncoiling leading to the orientation because of the
axial pressure in the sprayer
system. When the template is
removed, the Brownian move-
ment causes the chain random-
ization to continue leading to a
possible lateral expansion of
the tubes. In addition, in long
capillaries, swelling occurs as a
consequence of the recovera-
ble shear strain that corre-
sponds to the shear stress on
the wall after the confinement
was removed. As a result, en-
larged diameters of the tubes
are observed. Furthermore, we
can use the Barus effect pre-
sented here to interpret the
phenomenon of wall-sharing
that is observed in the align-
ment of the nanotubes ob-
tained.

The above results show that
HCIO,-doped PANI nanotubes
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can be indeed obtained, however, the alumina-template syn-
thesis is limited in practical application because the product
is only obtained on a small scale. Thus a large-scale synthe-
sis of conducting PANI 1D nanostructures is still required.
Since the spray technique has been reported to be an effec-
tive method to prepare inorganic microspheres and nano-
wires,” a modified spray technology was then further ap-
plied to synthesize conducting polymer on a large scale.
Figure 3 shows the experimental set-up for the spray syn-
thesis of conducting PANI, somewhat like squeezing the
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Figure 3. Schematic depiction of the large-scale synthesis of HCIO,-PANI
nanofibers through a spray technique.

paste into balls (without steel mesh) or noodles (with steel
mesh). Thus HCIO,-doped PANI of different morphology
can be obtained with or without the utilization of steel mesh
that acts as a kind of “template” (obviously different from
the AAO membranes).

Figure 4 shows the SEM images of the as-prepared prod-
uct of different morphology. Without the use of steel mesh,

Figure 4. SEM images of the HCIO,-doped PANI synthesized through the spray technique: A) without; and B,
C, D) with the use of steel mesh at different magnifications.
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doped PANI microspheres with average diameters of about
1 um are obtained (Figure 4 A), somewhat similar to the for-
mation of nickel hydroxide microspheres.”! As a compari-
son, nanofibers can be obtained when using the steel mesh.
As seen in Figure 4B-D, the obtained nanofibers display
smooth surfaces, have diameters of 100-200 nm, and lengths
of several micrometers. The formation of doped PANI nano-
wires could be briefly described as follows. After spraying
out from the nozzle, the polymer solution was split into tiny
droplets with diameters of 1-2 um that then passed through
the steel mesh with the aid of compressed air. Several pieces
of steel mesh were piled up together in order to provide
enough strength to withstand the impact of spraying. In the
drying chamber, the solvent was evaporated quickly when
the aspirator was operated; thus the polymer solution
became more concentrated and stickier. Penetration of the
viscous polymers through the pores of the steel mesh by
pushing (from the compressed air) and pulling (by use of
the aspirator) led to the formation of nanofibers in a similar
way to the extrusion of plaster from tiny pores.

Therefore, 1D HCIO,-doped PANI nanostructures of dif-
ferent morphology could be prepared through a template
route (obtaining aligned nanotubes) and a spray technique
(obtaining nanofibers on a large scale). These two synthesis
methods might be applicable to any melt-processible poly-
mer or any conducting polymer that can be dissolved in a
solvent. Further study on the as-prepared nanofibers will be
carried out. We next focus on the structural characterization
and electrochemical investigation of the aligned doped
PANI nanotubes that were prepared by the template
method.

Structural characterization of the obtained nanotubes: Four-
ier transform infrared (FTIR) spectra and X-ray diffraction
(XRD) patterns were examined to determine the structure
of the as-prepared doped PANI nanotubes. Figure 5 shows
the FTIR spectra of commercial HCIO,-PANI powders and
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Figure 5. FTIR spectra of commercial HCIO,-PANI powders (a), and
HCIO,-PANI nanostructures obtained by dissolving the alumina template
in HCl solution (b), and H,SO, solution (c).
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the as-prepared nanotubes obtained by dissolving the AAO
template in acid solution. As seen in this figure, the three
spectra are almost identical to each other indicating that the
molecular structure of the PANI remained unchanged
during the preparation process, and that the acid solution
used for dissolving the alumina did not influence the struc-
ture of the product. The absorbances at about 1590 and
1495 cm ™! indicate the signature of the PANI backbone, due
to the stretching modes of the protonated quinoid ring and
the benzenoid ring. The characteristic strong peak at
1400 cm™! can be assigned to the stretching vibration of the
aromatic ammonium group. In addition, the absorbance at
1140 cm™" corresponds to the C=N stretch of the protonated
quionoid ring. Hence, the FTIR result reveals that the ob-
tained product keeps the same chemical structure as the
starting material (HClO,-doped PANI) and exists in the
conducting emeraldine form. In particular, it should be
noted that the intensity of the band at 1140 cm™' due to the
sample increases compared to that of the commercial pow-
ders. The band at 1140 cm ™' is considered to be a character-
istic peak verifying PANI conductivity.”” Thus it may sug-
gest that the obtained doped PANI possesses increased con-
ductivity in agreement with our conductivity measurement
that will be discussed later.

The XRD pattern of the as-prepared product is given in
Figure 6. Four broad bands were observed, two of which
were present as strong peaks, showing that the resulting

Intensity (a.u.)
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Figure 6. XRD pattern of the as-synthesized HCIO,-PANI nanostruc-
tures.

doped PANI was partly amorphous and partly crystalline.
The first broad band (at 260 =28.9°) is attributed to the repeat
unit of the poly(emeraldine) chain. The peak centered at
20=20° can be ascribed to the periodicity parallel to the
polymer chain, while the peak at 26 =25.1° may be caused
by the periodicity perpendicular to the polymer chains of
doped PANL™! The reason for the broad band centered at
260=15° is not clear, but presumably, it may be due to the
dopant.
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Electrochemical measurement of Li/PANI batteries made
with the HCIO-PANI nanotubes: Since XRD and FTIR
spectra indicated that the PANI nanotubes were prepared
with enhanced molecular and supermolecular order, we ex-
pected better conductivity for the 1D nanostructured poly-
mer material. The electrical conductivity of the as-synthe-
sized and the commercial doped PANI was measured by a
standard four-probe method. Electrical conductivity of the
commercial powders was 1.2 Scm™!, whereas it was
7.1 Scm™! for the nanostructures, with an almost sixfold en-
largement. This increase in conductivity verified the ordered
structure and indicated the superior electrochemical per-
formance of the nanotubes. Hence, the as-prepared HCIO,-
PANI nanotubes were employed as positive electrode mate-
rial for Li/PANI rechargeable cells.

Figure 7 shows the cyclic voltammograms (CV) for the
electrode made with the doped PANI nanotubes, and the
electrode composed of commercial powders for comparison.
Ten cycles were measured, but only the second cycle is
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Figure 7. Cyclic voltammograms of the electrodes made with doped
PANI nanotubes (—) and commercial powders (++++). Temperature:
25°C; scan rate: 1 mVs™.

shown here, since the first cycle of voltammograms was not
steady and the subsequent cycles 3-10 remained nearly the
same as the second one. It can be seen that, for the nano-
tube electrode, the corresponding cathodic and anodic peaks
are relatively stronger than those of the electrode made
with commercial powders, although they both present relat-
ed broad peaks centered at the same positions. These stron-
ger peaks may indicate that as the active cathode material
of Li/PANI secondary batteries, the redox activity of the
HCIO,-doped PANI nanotubes is much greater than that of
the commercial powders. It should also be noted that the
corresponding cathodic and anodic areas of nanotube elec-
trodes are much larger than the counterpart powders during
the cyclic process that is an indication of improved charge—
discharge capacities.

Charge—discharge measurements were taken to further in-
vestigate the capacity and cycling capability of the Li/PANI
rechargeable cells constructed with the as-prepared nano-
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structured doped PANI or the commercial powders. Fig-
ures 8 and 9 show the charge—discharge curves for the Li/
PANI cells made with doped PANI commercial powders
and nanostructured doped PANI, respectively.

Specific capacity (mAh' g™")

Figure 8. Charge—discharge cycling performances of the Li/PANI cell
composed of commercial doped PANI powders at the constant charge/
discharge current density of 20 mA g~' and the temperature of 25°C.

2.2 discharge \

0 10 20 30 40 50 60 70 80
Specific capacity (mAh! g=)
Figure 9. Charge-discharge cycling performances of Li/PANI cells made

with doped PANI nanotubes at the constant charge/discharge current
density of 20 mA g ! and the temperature of 25°C.

As seen in Figures 8 and 9, the first discharge curves are
very different from the subsequent ones. This difference
may be due to the gradual activation in the first discharge
process that is also observed in the CV measurement. The
PANI electrode might have undergone a course from unsta-
ble state to stable state, after which, the charge—discharge
curves became steady and showed good reversibility with an
average discharge-plateau voltage of 3.0 V plus an average
charge-plateau voltage of 3.4 V. The reaction of Li/PANI
batteries was reported as given in Equation (1).!

charge
emeraldine base + 2LiCIO4——g*2 Li + emeraldine salt

discharge (1)

Chem. Eur. J. 2006, 12, 30823088
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Based on the above reaction, the theoretical specific ca-
pacity of emeraldine salt (HCIO,-doped PANI) is
147 mAhg! referring to the PANI weight alone, in contrast
to 952mAhg™" calculated by including the weight of
ClO,". The values of specific capacity and specific energy in
this study were obtained considering the weights of PANI as
well as Cl1O,.

For the two constructed Li/PANI cells, the discharge and
charge capacity gradually increased with the number of
charge—discharge cycles, and reached a maximum in the
twentieth cycle that we believed to be due to the electrolyte
progressively penetrating into the polymer.’”! The highest
practical discharge capacity of the commercial doped PANI
powders is 542mAhg !, only 57% of the theoretical ca-
pacity, that is comparable with the values reported in litera-
ture.'? In contrast, the corresponding value for the doped
PANI nanotubes/nanofibers reaches 75.7 mAhg™!, attaining
about 80% of the theoretical capacity. Thus, the discharge
capacity of the nanostructured PANI is much higher than
that of the commercial PANI powders. Meanwhile, a specific
discharge energy of 227 WhKg™ is found for the nanostruc-
tures, showing their storage ability of high specific energy.
We also find from Figure 9 that the discharge capacity of
the nanotubes in the 80th cycle is 72.3 mAhg, retaining
95.5% of the obtained highest discharge capacity. The aver-
age capacity deterioration of the nanostructured doped
PANI is less than 0.05mAhg™' for one cycle, indicating its
superior cycling capability. In addition, the nanotube elec-
trode exhibits longer charge and discharge plateaux than the
electrode composed of commercial powders. Furthermore,
for the nanotube/nanofiber electrode, the Coulombic effi-
ciency of the 20th charge—discharge cycle and the 80th cycle
is 97.5% and 94.9%, respectively. Accordingly, the utiliza-
tion efficiency of doped PANI nanotubes as cathode-active
material for Li/PANI rechargeable batteries is quite high.

From the above CV and charge—discharge measurements,
we can see that the as-prepared HCIO, doped PANI nano-
tubes show better cycling capability, larger charge—discharge
capacities, and higher utilization efficiency than the commer-
cial powders. This improved performance may result from
the following aspects. First, the as-prepared HClIO,-doped
PANI nanotubes possess higher specific surface areas com-
pared to commercial powders due to their small size, and
they can offer more active sites for the reaction between
electrolyte and electrode material. The 1D tubular structure
also favors the diffusion of ions that occurs in the charge—
discharge process since diffusion can take place through
both sides of the tube walls (Figure 10). Second, the elec-
trode properties are related to the higher conductivity of the
nanotubes over the commercial powders, leading to faster
electronic kinetics and lower internal resistance for the elec-
trode reactions. Third, the ordered nanotube alignment is
relatively flexible, thus the tubular structure is able to stand
the repeated lithium intercalation—deintercalation during
charge—discharge cycles. As a result, improved electrochemi-
cal performance can be reasonably understood to some
extent. Our future work will obtain more evidence through
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© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

Y7

Figure 10. TEM image of the HClIO,-doped PANI nanotubes in ordered
alignment.

various techniques to further explore the reasons for the su-
perior performance of the 1D doped PANI nanostructures.

Conclusion

Conducting HCIO,-doped poly(aniline) nanotubes and
nanofibers have been prepared through a template route
and a spray technique, respectively. The present method can
be extended to the synthesis of any 1D nanostructured con-
ducting polymer which is melt-processible or solvent-solu-
ble. In addition, we found that the as-prepared HCIO,-
doped poly(aniline) nanotubes exhibit higher electrical con-
ductivity, larger charge—discharge capacity, and better cy-
cling capability than the commercial doped PANI powders.
The results of the electrochemical measurements showed
the promising application of the doped PANI nanostructures
in Li/PANI rechargeable batteries. The reason for the im-
proved electrochemical performance has been preliminarily
discussed with regards to more active sites, higher conduc-
tivity, and relatively flexible tubular structure. Further study
will be carried out to elucidate the electrochemical behavior
of the 1D nanostructured HCIO,-doped PANI.

Experimental Section

Materials: All the chemicals were of analytical grade and were used as
received without further purification. De-ionized water was used
throughout. Conducting perchloric-acid-doped poly(aniline) (doping
level: [Cl)/[N]=0.5; average particle-size: 15 um) and N-methylpyrrolidi-
none (NMP) were supplied by Chengdu Organic Reagent Company, P.
R. China. Anodic aluminum oxide membranes were purchased from
Whatman (& 47 mm with quoted pore-diameters of 200 nm).
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Methods: The conducting HCIO,-PANI nanotubes were prepared by a
simple template method, as shown in Figure 1. In a typical synthesis,
doped poly(aniline) (4.082 g) was dissolved in N-methylpyrrolidinone
(20 g) with magnetic stirring for 4 h at 50°C to obtain a homogeneous
solution. The HCIO,-PANI solution was placed on the top side of the
template membrane and wetted the pores of the AAO membrane. A
vacuum was then employed to pull the polymer solution through the
membrane and to evaporate the solvent. The resulting membrane was
dissolved in HCI (2m) or H,SO, (1m) solution to free the polymer within
it. The obtained solid was filtered, washed with distilled water, and was
dried in air.

Doped PANI nanofibers were prepared through a spray technique with a
modified minispray (Yamato, Model GA-32), as shown in Figure 3. Poly-
mer solution (HCIO,-PANI dissolved in NMP, concentration about
20 wt %) was pulled through the sample inlet by the fluid pump and was
transported to the outlet of the spray nozzle by compressed air. Air was
used for carrying the reaction reagent and to control the system tempera-
ture. After emerging from the outlet of the spray nozzle, the polymer sol-
ution penetrated into the pores of the steel mesh (3-5 pieces piled up to-
gether that could be easily placed and replaced through the upper side of
the drying chamber). At the same time, a vacuum was applied (by using
an aspirator) to pull the solution through the membrane and to evaporate
the solvent. The product was collected in the product vessel, and was
washed and dried for further investigation.

Characterization: The scanning electron microscopy (SEM) images were
taken on a Philips XL-30 SEM with accelerating voltage of 20 kV. Trans-
mission electron microscopy (TEM) analysis was carried out on a Philips
Tecnai F20 TEM instrument operating at 200 kV. X-ray diffraction
(XRD) patterns were obtained with a Rigaku D/max 2500 X-ray diffrac-
tometer (Cuy, radiation, A=1.5418 A). The Fourier transform infrared
(FTIR) spectra were obtained on a Bruker Tensor 27 spectrometer in the
range of 500-2000 cm ™' on sample pellets made with KBr.

Electrochemical measurement: The electrical conductivity of the com-
mercial doped PANI powders and the as-prepared nanostructures was
measured at room temperature by using a standard four-probe method
(Keithley 2400 SourceMeter) with an error of less than 5%. Electro-
chemical measurements were carried out using two-electrode cells with
lithium metal as the counter electrode. The working electrodes were fab-
ricated by compressing the mixture of 80 wt % active materials, 15 wt %
acetylene black, and 5wt% poly(tetrafluoroethylene) onto a nickel
foam. The cell assembly was operated in a glovebox filled with pure
argon (99.999%) in the presence of an oxygen scavenger and a sodium
drying-agent. The electrolyte solution was LiClO, (0.5M) dissolved in a
mixture of propylene carbonate (PC) and dimethyl carbonate (DMC)
with the volume ratio of PC/DMC=1:1. Electrochemical performance
was investigated by using a Solartron SI 1260 Potentiostat Analyzer with
a 1287 Interface and a modified Arbin charge—discharge unit. Cyclic vol-
tammograms were measured at a scan rate of 1 mVs™' at 25°C. Charge—
discharge cycles were tested with a constant current density of 20 mA g~!
in the potential range 2.0-3.9 V. All the voltages are reported in this
paper versus Li/Li*. The discharge capacities of the PANI electrodes
were based on the amount of the active material PANI that excludes the
weight of acetylene black and poly(tetrafluoroethylene) mixed in the
electrode.
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