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Abstract In this work, polyamidoamine (PAMAM) den-
drimers are used as templates to synthesize nanotree-like
polyaniline (PANI) materials, which are further used as
electrode materials for supercapacitors. Effects of
PAMAM content on PANIs’ structural characteristics and
electrochemical properties are investigated detailedly.
SEM images show that at 0.1 % PAMAM content, the
PANI presents a stable self-assembled dendritic structure
composed of many nanorods. Compared with pure PANI,
nanotree-like PANI has better crystallinity, higher doping
degree, larger high surface area and better reactivity. At a
current density of 1 A g~', the PANI nanotree electrode
displays a high specific capacitance value of 812 F g™,
which is 119 % higher than that of pure PANI. Even after
1000 cycles, it still maintains about 69 % of the initial
capacitance, showing good electrochemical stability. Thus
the PANIs with nanotree structures are promising electrode
materials for high-performance electrical energy storage
devices. Moreover, the possible electrochemical enhance-
ment mechanism of PANI nanotree electrode for superca-
pacitor is also discussed.
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1 Introduction

Supercapacitors (SCs) as charge-storage devices with the
ability to store large amounts of energy with a high power
density, excellent reversibility and cycle-ability, are being
considered as promising candidates for energy storage [1].
The characteristic performances of SCs are closely related to
the physical and chemical features of the electroactive
materials that are commonly prepared using conducting
polymers, carbons, and metal oxides [2-4]. Among the
conducting polymers, PANI has been extensively used as the
supercapacitor electrode materials, due to its ease of syn-
thesis, high specific capacitance, good environmental sta-
bility, electroactivity, and doping—dedoping chemistry
[5-7]. However, PANI’s electrochemical performance is
unsatisfied under high mass loadings. With an increased
mass loading, PANI becomes densely packed and the
accessible surface area is decreased, resulting in a limited
participation of the conducting polymer in the charge storage
process and a comparatively low specific capacitance [8].
To overcome this drawback, several design strategies
have been proposed to prepare PANI nanostructures, such
as nanotubes [9], nanofibers [8], nanowires [10] and
nanorods [11]. For example, Ren et al. [12] prepared PANI
nanofibers, nanoflowers, nanorods and nanotubes using an
adsorption-template technique, and found that the elec-
trodes’ specific capacitances were 521, 543, 638 and
661 Fg~' at current density of 1 A g~', respectively.
Yang et al. [13] synthesized hollow PANI nano-capsule
with holes on the wall via an interfacial polymerization
method, and the specific capacitance of PANI electrode
was as high as 502 F g~ at 5 mA cm™2. Based on above-
mentioned results, it is also clear that the electrochemical
performance of PANI is highly dependent on its shape
when its dimension goes down to nanoscale, which is
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mainly due to their high surface area, high electrical con-
ductivity and fast ion diffusion process [14, 15]. Thus, it is
of significant importance to develop a novel preparation
method of the nanostructured PANIs with higher electro-
chemical performance, well-controlled morphology and
structure for efficient access of electrolyte ions. They might
be used as electrode materials for the next-generation high-
performance electrochemical SCs to meet the future
energy-storage demand in hybrid electric vehicles, memory
back-up systems, industrial energy management, etc.
[1, 16, 17].

Since first reported in 1985 by Tomalia et al. [18],
PAMAM dendrimer is characterized as three-dimensional
and highly branched polymer with well-defined size and
shape. The crowded surface functional groups of higher
generations (G > 3) PAMAM dendrimers lead to a close-
packed spherical structure surrounding significant interior
nanoscale cavities [19]. They can be used as templates and
nanoreactors to synthesize nano-clusters or nanocomposite
in the field of inorganic metal [20]. Metal ions enter
PAMAM nanocavity by electrostatic interactions or com-
plexation reactions [21], then they can be reduced by
excess chemical reducing agent to yield nanoparticles [22].
For example, Knecht et al. [23] used PAMAM dendrimers
as templates to produce silica nanospheres (30—-300 nm).
However, there is still no research about the synthesis of
organic polymer such as PANI by using PAMAM as
available templates, say nothing of its effect on PANI’s
electrical properties.

In this paper, we use PAMAM as a template to syn-
thesize PANI with a special nanostructure. The as-obtained
PANIs’ structure, chemical composition and electrochem-
ical performances have been investigated in details.
Moreover, the synthesis mechanism is studied preliminary.
The proposed PAMAM method can be handily used to
synthesize various conducting polymers with special
nanostructure, which has a potential application in high-
performance electrochemical devices.

2 Experimental
2.1 Materials

Aniline (An, analytical-grade) was first double-distilled in
vacuum under nitrogen and then stored in a refrigerator.
Other chemicals such as ammonium persulfate (APS),
hydrochloric acid (HCl), acetone, and ethanol were all
analytical grade and obtained from Sinopharm Chemical
Reagent Co. Ltd. Fourth generation amine-terminated
PAMAM dendrimer (G4NH,) was used as received from
Aldrich Chemical Co. Distilled water was used in the
procedure of PANI polymerization.

2.2 Synthesis of PANI nanoparticles

The synthesis of PANI nanoparticles was illustrated in
Scheme 1, and the details were as follows: in a typical
experiment, appropriate  PAMAM (see Table 1) and
100 mL of HCI solution (I mol L™") were added into a
three-necked round bottomed flask and sonicated for
30 min at room temperature. Then Aniline (0.71 mL) was
added and stirred for 30 min and cooled to 0 °C. After that,
APS solution (2.28 g APS dissolved in 100 mL of
1 mol L™' HCI aqueous solution) was dropwise added
sequentially into the above system under the condition of
stirring. A color change of reaction mixture from white to
blue even dark green within 8-15 min was observed,
indicating the onset of polymerization. The polymerization
was allowed to proceed in an ice-water bath for 6 h with
continuous stirring. Finally, the products was centrifuged
and washed using distilled water, ethanol and acetone for
several times to remove impurities and PAMAM, and dried
under vacuum at 60 °C for 10 h, the as-obtained dark green
powder was named as PANI, which were characterized for
further use.

During the synthesis procedure, the chemical oxidation
polymerization was proceeded by APS. The PAMAM
dissolved in HCI were used as nanoreactors, whose con-
tents strongly affected the structures of PANI nanoparti-
cles. The PANI samples synthesized at different PAMAM
contents were summarized in Table 1.

2.3 Characterizations

Fourier transform infrared (FTIR) spectra of the resultant
PANI particles were obtained at room temperature with a
Nicolet NEXUS870 FTIR spectrometer (USA). Their
structures and crystallinities were characterized using a
Rigaku D/max2500 X-ray diffractometer (XRD) with
CuKo radiation (A = 1.542 A, Japan) in the 26 range of
10°-60°. Their morphologies were observed using a FEI
Quanta 200F scanning electron microscope (Holland). The
Brunaer-Emmett-Teller (BET) specific surface area, pore
volume and pore size were investigated using a ST-08A
surface area and pore size analyzers. The electrical con-
ductivities were determined by the four probe method
using a Keithley 2400.

2.4 Electrochemical measurements

In a three-electrode system, the electrochemical properties
were measured on a CHI660D electrochemical working
station in 1.0 mol L™' H,SO, aqueous electrolyte at room
temperature. The working electrode was prepared as fol-
lows: a viscous slurry containing 90 wt% PANI sample,
5 wt% acetylene black and 5 wt% polytetrafluoroethylene
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Table 1 Synthesis of PANIs PAMAM contents (wt%) 0 003 005 007 009 010 012  0.15
with different amounts of
PAMAM template PANIs no. 1 2% 3# a4 S# 6# T4 8#
PANI electrodes no. 1# 2# 3# 44# S5# o# TH# 8#

(PTFE) was mixed and pressed onto a stainless steel cloth
(Mesh sizes 500) current collector at 10 MPa. The as-
formed electrodes were then dried overnight at 80 °C in a
vacuum oven and denoted as listed in Table 1. Before the
electrochemical test, the PANI electrodes were soaked in a
1.0 mol L™" H,SOy solution overnight. The sample loaded
on the current collector has a weight of 3-5 mg, and a
geometric surface area of about 1 cm® A platinum wire
and a saturated calomel electrode were used as the counter
and reference electrode, respectively. The specific capaci-
tance was calculated from galvanostatic charge—discharge
curves according to the following formula:

Co=1xAtxm 'AV™!

where C; is the specific capacitance (F gfl), I is the con-
stant discharge current (A), At is the time of discharge
stage (s), AV is the discharge voltage (V) and m is the mass
of PANI (g).

In a symmetric two-electrode system, two electrodes
with the same PANI loading mass made by above method
are separated by a filter paper to form a sandwich structure
test system [24]. This sandwich system is soaked in
1 mol L™! H,S0, overnight and sandwiched between two
pieces of PTFE plates before the electrochemical test. All
electrochemical measurements are carried out on a
CHI660D electrochemical working station at room
temperature.

3 Results and discussion
3.1 Morphology analysis

SEM images of PANI nanoparticles synthesized under
different PAMAM contents are presented in Fig. 1.

@ Springer

Clearly, the morphology of PANI without PAMAM is an
irregular agglomerate. When PAMAM is introduced into
the polymerization procedure, the sizes of PANIs decrease
into nanometer scale and show an oriented growth along
PAMAM. At 0.1 % PAMAM content, the PANI presents a
stable self-assembled dendritic structure together with
nanoholes (diameter: ~70 nm), which are composed of
lots of nanorods (length: ~90 nm, width: ~25 nm).
However, too much PAMAM will make the dendritic
structure closer, resulting in a density decrease of nano-
hole. Here, the dendritic-like PANI with order nanoholes
and nanorods can provide a larger liquid—solid interfacial
area, which will provide an easy and short path for the ion
transport. This kind of PANI electrode material can be
beneficial for the capacitance improvement by fast faradic
process of PANI electrode.

3.2 Structure analysis

The structures of pure PANI and nano PANIs prepared by
the PAMAM template method are further characterized
with FTIR and XRD spectra (Figs. 2, 3). For pure PANI,
the absorption bands at 3450 and 1300 cm ™' are assigned
to the stretching vibrations of N-H in aromatic amines and
C-N in secondary aromatic amine, respectively. The bands
around 1126 and 816 cm ™" are originated from the bending
vibrations of C—H in—plane and aromatic C—H out of plane.
The bands located around 1567 and 1491 cm™' are
attributed to the C=C stretching vibrations of the quinonoid
(Q) and benzenoid (N) rings, respectively. These charac-
teristic bands confirm the emeraldine chemical structure of
the as-obtained PANI [25, 26]. Although the neat PANI
and those PANI by PAMAM have similar spectra, the
positions and peak intensities of specific bands show dif-
ferences: the absorption bands at 1300 and 1126 cm ™" shift
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Fig. 2 FTIR spectra of PAMAM (0%) and PANIs under varied
PAMAM contents

to longer wavenumber by 6-8 cm™', and the intensity of
bands at 1567 and 1491 cm™' are dramatically enhanced.
The peak shift is due to the polymerization of aniline
monomer that is limited into PAMAM’s nanocavities,
which brings an orderly arrangement in the molecular
chain, and leads to an increase of the doping degree of
PANIL. In this case, the spread of electron cloud of quinone-
imine ring occurs in a whole PANI chain through the
delocalization of charge, resulting in an enhanced conju-
gation effect and reduced surface charge density [27, 28].
Due to the doping of PANI leads to the formation of —
Q=N"H- groups, the positive charges in the PANI chains

m
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Fig. 3 XRD spectra of PANIs prepared under varied PAMAM
contents
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increase the dipole moment of the molecule, which should
be responsible for the increased strength of 1567 and
1491 em™' [29].

Figure 3 shows the XRD patterns of PANIs. There are
three characteristic diffraction peaks observed at 15.3°,
20.9° and 25.6°. The former arises from the characteristic
repeating units and doping diffraction peak of PANI, while
the latter two peaks are ascribed to the periodicity parallel
and perpendicular to PANI chains, respectively [8, 30].
These peaks display typical emeraldine salt form of
amorphous PANI [31]. Meanwhile, with an increasing
content of PAMAM, the peak positions of pure PANI and
PANIs prepared by PAMAM are almost the same. While
their peaks, especially PANI 6#, at 20.9° and 25.6° become
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sharper and stronger, and this may be due to the appearance
of a relatively ordered structure of the polymer chain.
These signify their better crystallinity and highly doping
degree [16], which is in good agreement with the SEM
results. It is well known that the electrical conductivity
improves with the increased degree of crystallinity [32]. So
we can expect that the PANIs obtained by PAMAM tem-
plates may have better electric properties.

3.3 Specific surface area and pore volume of PANI
nanoparticles

In order to investigate the effect of PAMAM on PANI’s
surface area, we further conducted nitrogen adsorption—
desorption and porosity distribution tests. Clearly, all of the
PANI samples have high BET surface areas, which are
much higher than those of pure PANI and reported PANI
samples, and higher average pore diameter than pure
PANI, as summarized in Table 2. Such high surface area
will be helpful for the spread and reaction of electrolyte
ions at PANI/electrolyte interface. At the same time, there
are more pore volume with the appropriate pore size, which
can facilitate the penetration and transport of electrolytes.
These interactions can accelerate the charge flow and lead
to the occurrence of a quick faradic redox reaction, so it
can be expected that the electrode materials may possess an
outstanding specific capacity and rate capability
[16, 33-36].

3.4 Electrochemical properties
Research results indicated that the morphologies of the

electrode materials strongly influence their capacitance
[13, 32, 37, 38]. In order to evaluate the electrochemical

characteristics of PANIs as active electrode materials, the
cyclic voltammetry and galvanostatic charge—discharge
tests are conducted at a potential window of —0.1 to 0.7 V.

3.5 CV analysis

The cyclic voltammetric curves for PANI electrodes are
recorded at a scan rate of 1 mV s~' (Fig. 4a). Obviously,
two pairs of redox peaks are observed, which come from
the redox transformation of the leucoemeraldine—emer-
aldine (A1/Cl) and emeraldine—pernigraniline (A2/C2).
This indicates that the current—potential response is
potential dependent, and the pseudocapacitance mainly
derives from the redox reaction of PANIs [16, 34]. Obvi-
ously, the absolute areas of all nano PANI electrodes are
much higher than that of pure electrode (PANI 1#). The
PANI 6# reaches the maximum value (~1.33) that is
higher by 343 % than that of pure PANI electrode ( ~0.30),
displaying the highest capacitance. Since the PANI 6#
shows a stable nanotree structure with lots of nanoholes
and the highest surface area, the ionic transport and dif-
fusion are greatly enhanced [26]. Based on this phe-
nomenon, we infer that PANI’s morphology strongly
influences the redox transition of leucoemeraldine form
(semiconductor)/polaronic emeraldine form (conductor)
and faradaic transformation of emeraldine/pernigraniline.
Figure 4b shows the CV curves of PANI 6# electrode at
different scan rates (1-50 mV s~ !). It’s clear that the
cathodic peaks (A1, A2) shift positively, while the anodic
peaks (C1, C2) shift negatively, for which the internal
resistance of the electrode is responsible [26]. Compared
with the CV loops of PANI 6# electrode at 1 mV s7! the
two pairs of redox peaks at S0 mV s~ ' are hardly observed.
This indicates that the PANI electrode has poor

Table 2 BET results of PANI nanoparticles by PAMAM template method

PANI no. Methods Surface area (m? gfl) Average pore size (nm) Pore volume (cm> gfl)

PANI 1# Our method 17.79 7.05 0.12

PANI 3# Our method 38.47 11.80 0.22

PANI 4# Our method 59.89 14.96 0.21

PANI o6# Our method 87.14 17.69 0.20

PANI 7# Our method 62.37 15.86 0.19

PANI 8# Our method 48.53 12.05 0.15

PANI nanofibers [33] Interfacial polymerization 37.2-54.6 - -

PANI nanofibers [34] In situ oxidative polymerization 33.6 8.3 0.2

PANI nanoparticles In situ oxidative polymerization 36.96-53.11 127.46-174.58 0.12-0.23
[35]

PANI [36] In situ oxidative polymerization 17.59 32.54 0.14

PANI nanospheres [16] In situ oxidative polymerization 67.9 11.5 -

PANI nanotubes [16] In situ oxidative polymerization 77.1 18 -

PANI nanofibers [16] In situ oxidative polymerization 30.9 16.3 -
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Fig. 4 CV curves of PANI electrodes. a Different PANI electrodes at the scan rate of 1 mV s~!, b PANI 6# electrode at different scan rates

reversibility, which might be due to the pseudocapacitance
characteristic of PANI materials [39]. Even at 50 mV s/,
the CV loop of PANI 6# electrode still shows the largest
integrated area, suggesting its remarkable capacitance and
fastest ionic transportation rate [13].

3.6 GCD analysis

The galvanostatic charge—discharge measurements are
carried out on as-obtained PANI electrodes (Fig. 5). It’s
seen that all the curves are not ideal straight line, sug-
gesting the process of a faradic reaction. Moreover, the
potential responses of these electrodes during charge and
discharge are nearly symmetrical, which is a characteristic
capacitive behavior and excellent reversibility of PANI
electrode [26].

Figure 5a shows the comparison of GCD curves for
PANI electrodes at a current density of 1 A g~'. Clearly,
the discharge times of PANI electrodes by PAMAM are
longer than that of pure PANI, displaying a significant

(a)o.s
——PANI 1#
——PANI 3#
06 | PANI 4#
> ——PANI 6#
: 04 —PANI 7%
(] —
£ PANI 8%
5
2 0.2 |
&
0.0 |
-0.2 L L

0 200 400 600 800 1000 1200

Time/s

improvement of specific capacitance. In order to investi-
gate the effect of conductivity on electrode performance,
the voltage drop (IR drop) in charge—discharge curve of all
PANI electrodes are recorded (see Table 3). Clearly, with
an increased conductivity, the IR drop decreases slightly,
and the value of PANI 6# electrode is the lowest, which is
consistent with the aforementioned BET and CV results.
To further investigate the rate capability of PANI elec-
trode, the charge—discharge curves of PANI 6# electrode
are recorded at different current density from 1 to 10 A g~ !
(Fig. 5b). It’s seen that with the increase of current density,
the discharge time decreases distinctly. According to the
discharge time of GCD curves, the specific capacitance is
calculated. At low current density of 1 A g™, it’s as high
as 812 F g~'. With increasing current density, it decreases
gradually. At 10 A g~', the specific capacitance is
656 F g~ ', showing a capacity retention rate of 81 %. This
might be because that high current density drastically slows
down the diffusion rate of electrolyte, and thus the ions can
only penetrate into the outer surface of the nanostructures,

(b)o.s
—1A g'1
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06 | —3Ag
-1
—5A
P g-1
T 04} —T7Ag
3 —10ag?
=
go2}
=4
&
0.0}
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Fig. 5 GCD curves of the PANI electrodes. a Different PANI electrodes at current density of 1 A g~', b PANI 6# electrode at different current

densities
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Table 3 Conductivity and IR
drop of PANIs with the different

quantity of PAMAM as
template

PANIs PANI 1# PANI 3# PANI 4# PANI 6# PANI 7# PANI 8#
Conductivity (S cm™) 1.6 1.8 2.6 5.8 2.8 2.1
IR drop (V) 0.075 0.068 0.061 0.005 0.034 0.073

which in turn decrease the active surface area of the
electrode material taking part in the charge—discharge
process [40].

Figure 6 shows the specific capacitances of PANI
electrodes. Under a given current density of 1-10 A g™ ',
the specific capacitances of nano PANI electrodes are
much higher than pure PANI electrode, and the value of
PANI 6# electrode reaches the maximum. Since the PANI
6# electrode is prepared by a stable self-assembled den-
dritic structure together with higher surface area, which can
provide more contact surface for electrochemical reaction,
and then make the ion penetration into the inner surface of
active electrode material easier. This will be helpful to get
a higher specific capacitance and a better rate performance,
which is of great importance during charging—discharging
process in energy storing devices.

3.7 EIS analysis

Commonly, the EIS experiments are used to study the
electrochemical behavior of the electrodes at the elec-
trode/electrolyte interface. Here Nyquist plots for PANI
electrodes are shown in Fig. 7. The semicircle portion
observed at higher frequencies corresponds to the electron-
transfer-limited process, whereas the linear part is charac-
teristic of the lower frequencies range and represents the
diffusion-limited electrode process [41]. The intersection
point at the Z’ axis represents the solution resistance (Rs),
and the diameter of the semicircle reflects the charge
transport resistance (Rct) (inset in Fig. 7). Because the Rs
is insensitive to the electrode surface, the PANI electrodes
have almost the same Rs (1.31 Q) [13]. However, the nano
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900
800 | 0\ —e—PANI 3¢ ~9- PANI 7%
@ PANI 4% —4— PANI8#
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Fig. 6 Specific capacitance plots of PANI electrodes at different
current densities
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PANI electrodes have lower Rct value when compared
with that of pure PANI (16.15 Q), and the Rct value of
PANI 6# electrode is the lowest (3.39 Q). Moreover, the
vertical shape at lower frequencies indicates a pure
capacitive behavior. The more vertical the curve is, the
more closely the supercapacitor behaves as an ideal
capacitor [24]. The most vertical line at low frequency
region of PANI 6# indicates its more ideal capacitive
property, which may be due to the synergistic effect of
special morphology, high crystallinity and doping degrees,
large specific surface area and appropriate pore size dis-
tribution [26]. This might be because PANI’s nanostruc-
tures benefit ions transfer between the solution and the
electrode active center, as well as the fast and reversible
faradic reaction on PANI nanotree electrode [42, 43],
which is in good accordance with aforementioned CV and
GCD results.

3.8 Cycling ability test

To further study the cyclic stability of PANI electrodes, the
endurance galvanostatic charge—discharge experiments are
also carried out at a current density of I A g~ (see Fig. 8).
After 1000 consecutive cycles, the retention rate of pure
PANI electrode is only 35 % of its original specific
capacitance. However, the rate can be as high as about
65 % for PANI nanoparticles, even up to 69 % for PANI
6# electrode. The decrease of specific capacitance might be
due to parts of the PANI ordered structures being broken
by repeated transfer of ions [44]. For PANI nanoparticles,
the extent of PANI structure swelling and shrinking is

70F
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Fig. 7 EIS plots of PANI electrodes measured at frequency range of
100 kHz-0.01 Hz at the open-circuit potential
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obviously relaxed during the charge—discharge process,
resulting in a higher retention rate [45, 46].

To provide the best indication of an electrode perfor-
mance for industrial applications, a symmetric two-elec-
trode supercapacitor was assembled and tested. Since the
PANI 6# electrode shows the best electrochemical prop-
erties, it is chosen as active electrode materials for the two-
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electrode tests. The CV plots show that the symmetric
supercapacitor has a relatively wide potential window of
1.0 V (Fig. 9a). These plots have similar shape with redox
peaks even at a very high scan rate, demonstrating the good
conductivity and the good capacitive behavior of assem-
bled electrodes. The GCD plots show symmetric shape,
indicating the good reversibility of the charge—discharge
process (Fig. 9b). It should be noted that the GCD plots
show nonlinear shape, and this is consistent with the results
of CV plots that redox reaction happened during the charge
and discharge process. The specific capacity of the sym-
metric SCs based on the weight of both electrodes is cal-
culated to be 92.5, 91.5, 79.0, 78.9, 78.8, 77.2 F g~ ' at the
current density of 0.5, 1.0, 2.0, 5.0, 10.0, 20.0 A g_1
according to the GCD plots. The EIS plot shows that the
symmetric supercapacitor has a very low equivalent series
resistance of about 1.5 Q (Fig. 9c), and it is an important
factor in determining the power density of the device
[24, 47]. The ragone plot of the device is calculated by the
GCD results (Fig. 9d). The device has a maximum energy
density of 12.68 W hkg™' at 0.5 A g~ and a maximum
power density of 2836 W kg™' at 20 A g~', exhibiting
potential for practical application in SCs.
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Fig. 9 a CV plots, b GCD plots, ¢ EIS plot and d ragone plot of the symmetric PANI 6# two-electrode system at different scan rates in

1.0 mol L™! aqueous H,SO, electrolyte

@ Springer



2374 J Mater Sci: Mater Electron (2017) 28:2366-2376

(@
HCL fa @ o APS 3—0.‘ o APS
o A s o B ' -0 — '
-,3 Nucleation ' @ Q ‘ Polymerization
irregular PANI agglomerate
(b)
PAMAM APS Q
Hel E—— Lz
solution Nucleation %

Polymerization APS

\J
wash Self-assembly
" TYYY & o

PANI nanotree

An @ Anion @- An radical %ﬁ* PAMAM =$3 PANI

Fig. 10 Schematic drawing of synthesis mechanism of PANI (a) and PANI nanotree (b)

3.9 Possible electrochemical enhancement
mechanism of supercapacitor electrode material
prepared by PANI nanotree

Based on above-obtained results, it’s clear that the super-
capacitor electrode material prepared by PANI nanomate-
rials especially nanotree has better comprehensive
electrochemical characteristics. Both of its special tree-like
nanostructure and high surface area should be responsible
for this improvement. Here, possible electrochemical
enhancement mechanism of PANI nanotree is illustrated
briefly. As seen in Fig. 10a, aniline monomer in HCI
solution presents as ionic form. When APS molecules are
introduced into the system, they can form lots of free
radicals driven by electromotive force, which can further
induce the oxidative polymerization of aniline monomer.
Since the APS molecules are uniformly distributed in the
whole solution, the PANI molecular chains grow from
every direction, finally resulting in an unordered arrange-
ment of PANI microscale structure with less accessible
surface area. Thus the penetration of electroactive ions far
inside the PANI is limited and the utilization of the con-
ducting polymer in the charge storage process is reduced
[8]. So the disordered structure of PANI have low elec-
trochemical performance. However, when the PAMAM is
used as a nanotemplate in this system (Fig. 10b), the
polymerization reaction of aniline monomer is limited in
the nanoscale cavities of PAMAM due to the strong
interaction such as hydrogen bond and electrostatic inter-
actions [21]. Hence the PANI molecular chains can only

@ Springer

grow along the PAMAM dendrimer direction, resulting in a
stable and ordered PAMAM-PANI composite. Since
PAMAM can be easily removed by organic solvent, pure
and stable PANI nanotree together with lots of nanocavies
can be finally obtained. Here the PAMAM dendrimer
template can not only precisely control the size and shape
of the nano-PANI, but also give it a high specific surface
area, which facilitates the effective penetration of the
electrolyte and ensures high utilization of the conducting
polymer [8]. Both of these interactions lead to the elec-
trochemical enhancement of supercapacitor electrode pre-
pared by PANI nanotree.

4 Conclusions

In summary, the ordered nanotree-like PANI with a
diameter of 25 nm and length of about 90 nm are synthe-
sized using 0.1 % PAMAM as a template. It shows a good
capacitive performance due to its particular structure. Its
specific capacitance is as high as 812 F g~', and it can
maintain about 69 % of the initial capacitance even after
1000 cycles, which is attributed to a larger effective surface
area. The above results displayed that this low-cost and
environment friendly nanostructured PANI tree can be a
promising electrode material for capacitors. Importantly,
this special templating approach provides a new route for
the synthesis and fabrication of other electrode materials in
supercapacitor applications.
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