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Abstract

Polyaniline (PANI) nanobrushes were synthesized by template-free electrochemical
galvanostatic methods. When the same method was applied to the carbon nanohorn (CNH)
solution containing aniline monomers, a hybrid nanostructure containing PANI and CNHs was
enabled after electropolymerization. This is the first report on the template-free method to make
PANI nanobrushes and homogeneous hybrid soft matter (PANI) with carbon nanoparticles.
Raman spectroscopy was used to analyze the interaction between CNH and PANI.
Electrochemical nanofabrication offers simplicity and good control when used to make
electronic devices. Both of these materials were applied in supercapacitors and an improvement

capacitive current by using the hybrid material was observed.

1. Introduction

In the processing of soft matter such as conducting poly-
mers, traditional spin-casting cannot guarantee homogeneous
nanostructures due to the fast speed of solvent evaporation.
Electrochemical techniques provide an innovative, versatile
and economic way of nanofabrication. It especially offers a
better alternative for constructing soft-matter nanostructures
in a controllable manner. A simple and completely nonlitho-
graphic preparation technique for free-standing nanostructured
conducting polymer films with defined arrays of nanoemboss-
ments had been developed by template methods using a porous
anodic aluminum oxide (AAO) membrane [1-3], polystyrene
latex [4-6], etc. Such methods always require removing the
templates at the end step, which may introduce contaminants
and limit their applications in electronic devices. Thus the
assembly of nanostructured polymers without using a template
was needed. Large arrays of uniform and oriented nanowires

0957-4484/10/435702+05$30.00

can be prepared through controlled nucleation and growth
during a stepwise electrochemical galvanostatic deposition
process, in which a large number of nuclei were first deposited
on the substrate using a large current density. After the initial
nucleation, the current density was reduced stepwise in order to
grow the oriented nanowires from the nucleation sites created
in the first step [7]. Carbon nanomaterials such as carbon
nanotubes (CNTs) have attracted significant attention since
their discovery [8]. There has been much effort in the devel-
opment of hybrid materials containing CNTs and conducting
polymers. Composite films of CNTs with polyaniline (PANI),
polypyrrole (PPy) or poly(3,4-ethylenedioxythiophene) (PE-
DOT) were prepared via electrochemical co-deposition from
solutions containing acid-treated CNTs and the corresponding
monomer [9]. The hybrid CNT and conducting polymer
composites show promising applications in photovoltaics [10],
sensors [11] and electrochemical energy storage devices [12].
However, the extremely low solubility of CNTs in solutions

© 2010 IOP Publishing Ltd  Printed in the UK & the USA


http://dx.doi.org/10.1088/0957-4484/21/43/435702
mailto:di.wei@nokia.com
mailto:gaja1@cam.ac.uk
http://stacks.iop.org/Nano/21/435702

Nanotechnology 21 (2010) 435702

D Wei et al

makes their functionalization a challenge. A derivative of
CNTs, CNHs have an irregular horn-like shape and can be
viewed as being formed from the crushing or origami-like
contortion of a graphene sheet. They can be easily prepared
with high purity as a low-cost raw material [13]. Unlike CNTs,
the advantage of using CNHs lies not only in their large surface
area but also easy permeation of gas and liquid, i.e. CNHs can
form homogeneous dispersions in aqueous solutions [14].

This paper describes a novel method to make PANI
nanobrushes by stepwise galvanostatic electrochemical de-
position. A hybrid material containing CNHs and PANI
was also synthesized in the same way. This approach
is highly efficient and scalable, while meeting the current
requirements for nanoelectronics technologies with bottom-up
production methods. Both materials were thereafter used in
supercapacitors and the hybrid material shows an improvement
in capacitive current.

2. Experimental details

All chemicals including sulfuric acid (H,SO4, ACS reagent,
95.0-98.0%), hydrochloric acid (HCI, ACS reagent, 37%) and
aniline (ACS reagent, >99.5%) were purchased from Sigma
Aldrich. High surface area nanoporous CNHs were produced
by an arc discharge in liquid nitrogen using a graphite anode
and cathode, which are 3 and 12 mm in diameter with an arc
current of 100 A [13]. At the end of the discharge process,
CNHs were collected and subsequently dispersed in the aniline
monomer solution with a weight concentration of 0.5 g 17!
ITO quartz glasses (Prazisions Glas&Optik GmbH) with a
thickness of 1 mm were cleaned by ultrasonication in separate
solutions of acetone, ethanol and water for 10 min individually.
Afterwards they were further cleaned in a plasma cleaner
(Harrick, PDC-001) for another 10 min for both sides before
being used as working electrodes. Electropolymerization was
carried out in an aqueous solution containing 0.5 M aniline and
1.0 M HCI. The three-electrode electrochemical cell set-up
was used for the galvanostatic electropolymerization of PANI
and the PANI-CNH hybrids. The working electrode is ITO
coated on quartz glass, the reference electrode is Ag/AgCl
and the counter electrode is Pt foil. Firstly, a constant current
(0.12 mA cm~2) was applied for 0.5 h to introduce the PANI
nuclei onto the ITO-coated quartz glass working electrode.
The current was then reduced to 0.06 mA cm~2 for 3 h. In
the last step, the current was decreased to 0.03 mA cm ™2
for 3 h. The stepwise growth produced nanobrushes of
PANI. By the same method, the hybrid CNH-PANI material
was also produced. The electrochemical polymerization and
electrochemical properties of the assembled supercapacitors
were studied by galvanostatic and cyclic voltammetry
measurements using Autolab (PGSTAT 302N). In testing the
supercapacitors, electrodes (size 1 cm x 1 cm) were made
with PANI nanobrushes and with PANI-CNH hybrids. When
assembling the device, 1| M H,SO4 aqueous solution was
used as the electrolyte and high-fiber cellulose paper was
used as the separator. The high-fiber cellulose paper provides
environmental friendliness and proves to be an effective
ionic transfer material whilst it is an electronic insulator in

supercapacitors [15]. The electrochemical window was kept
from —0.5 to 0.5 V with a scan rate of 50 mV s~! during the
cyclic voltammetry.

The excitation wavelength of 780 nm (Renishaw, NIR
diode laser) was used for Raman analysis. The spectrometer
was always calibrated against an Si standard (520 cm™") before
measurements.

3. Results and discussion

The PANI nanobrushes were fabricated on ITO-coated
quartz glass by well-controlled nucleation and growth
without templates. Figure 1 shows the scanning electron
microscopy (SEM) images. The thickness of ITO coated
on quartz is about 10 wum as shown in figure 1(a).
Figure 1(b) is the surface morphology of the ITO.
After the stepwise galvanostatic electropolymerization, PANI
nanobrushes were formed (figure 1(c)). Following the
initiation of nucleation of the conducting polymer at high
current densities (0.12 mA cm™2), the current density is
reduced to 0.06 mA cm ™2 and then 0.03 mA cm™? to avoid
formation of further nuclei. The existing nuclei preferentially
grew vertically to the surface. Since the ITO substrate
surface is not smooth, it grows and forms the 3D brush-like
structure and the tips having fairly uniform diameters ranging
from 20 to 50 nm (figure 1(d)). This size range is very
similar to the tip size range of the aligned PANI nanowires
synthesized using similar methods (50-70 nm) [16]. The
SEM image of CNHs (figure 1(e)) is taken after they were
dried from their suspension of water without the presence of
aniline. The diameter of the CNHs is around 20-100 nm.
CNHs have a graphene sheet in an irregular horn-like shape
with open ends and can be homogeneously dispersed in
aqueous solutions with a concentration of 0.5 g1~!. They
form a uniform solution with 0.5 M aniline and 1.0 M HCI
as figure 2 shows. Electrochemical polymerization at low
and constant current levels was used to fabricate both PANI
nanobrushes and PANI-CNH hybrid material with uniform
diameter. The surface morphology of the PANI-CNH hybrid
material is illustrated in figure 1(f). There are two possible
interactions between CNHs and PANI. Firstly, during the initial
electropolymerization process, the positively charged aniline
radicals can be covalently bonded to the carbon surface of
CNHs like in the case of CNTs [17, 18] (figure 3(a)). Secondly,
the charge-induced negative pi electrons in the bending sheet of
grapheme along CNHs as well as CNTs may be incorporated as
doping anions in the PANI backbone [19] as figure 3(b) shows.

Raman spectroscopy was employed to verify the
interaction, and the spectra have been separated from each
other in order to clarify the changes. CNHs have characteristic
G and D bands in the Raman spectra (figure 4(a)). The G band
belongs to the tangential modes at about 1590-1300 cm ™~ [20].
The bands at approx. 1592 cm™! in figures 4(a) and (b)
are assigned to G bands. Another characteristic of CNHs,
the D band, is always in the range around 1270-1300 cm™'.
It is caused by disorder-inducing parameters, mainly from
covalent modification. The bands of 1315 cm™" in figures 4(a)
and (b) are assigned to D bands. The Raman spectra of the
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Figure 1. Scanning electron microscopy (SEM) images of (a) ITO view, (b) enlarged view of the ITO surface, (c) nanostructured polyaniline,
(d) enlarged view of nanostructured polyaniline, (e) carbon nanohorns (CNHs), (f) carbon nanohorns and polyaniline nanocomposites

(CNH-PANI).

CNH exhibited noticeable changes upon modification, most
importantly an increase in the relative intensity of the D band
versus G band. This is known to be sensitive to disorder mainly
caused by covalent bonding. In order to get a detailed overview
of the changes upon modification, the intensity ratio (Ip/Ig) of
the D band (/Ip) and the G band (/) was calculated. The Ip/Ig
ratio for pure CNH (figure 4(a)) is 1.1 and for figure 4(b) is
1.4. This implies covalent bonding happens upon modification
of CNHs with PANI. The Ip is usually comparable to or even
larger than Ig in covalent functionalization [21, 22]. Lefrant
et al [23] have reported that the band at approx. 1165 cm™!
confirms the presence of a covalently functionalized single-
walled carbon nanotube composite with PANI. The strong
Raman bands at 1150 cm™" in figure 4(b) may possibly be
from the covalent functionalization of CNHs with conducting
PANI. The Raman spectra (figures 4(b) and (c)) were taken
after electropolymerization. In figure 4(c), all Raman bands
belong to PANI. The existence of peaks at 1555 and 1469 cm™!
are associated with C=C ring stretching and C=N stretching
from the quinoid unit [24]. The C-N"" stretching vibrations
of the semiquinone radicals give a strong Raman band at
approx. 1328 cm™!, which confirms that the obtained PANI

is in the conducting form [25]. C-H in-plane bending of the
quinoid rings at 1150 cm™! and the quinoid ring deformation
at 802 cm™' can also be observed [24]. It has to be
pointed out that there are also Raman signals from PANI after
electropolymerization in the presence of CNHs. However,
PANI does not fully cover the surface and the spectrum shown
in figure 4(b) is taken at a spot where PANI is not interfering
with the CNH signal since the G band of 1592 cm™~! can still
be observed in figure 4(b). The results show that PANI may
have been covalently bonded to the CNH, which is shown by
the change in the intensity ratio (/p/Ig) in Raman spectra.
However, the doping effect from CNHs as large anions might
coexist.

The capacitive behavior of PANI nanowire electrodes have
shown great potential in application to electrochemical energy
storage devices such as supercapacitors and rechargeable
batteries [26]. Supercapacitors store energy either by a pure
electrostatic attraction occurring between the ions and the
charged surface of the electrode (e.g. carbon), which is known
as an electrochemical double-layer capacitor (EDLC), or by
fast surface Faradaic redox reactions (pseudocapacitors) [27].
Electrode materials with pseudocapacitance properties are
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CNH and
aniline
solution

Figure 2. Three-electrode electrochemical cell set-up. WE: working
electrode, RE: reference electrode, CE: counter electrode. Aniline
monomer was dissolved homogeneously in the CNH dispersion.

(This figure is in colour only in the electronic version)

generally metal oxides (RuO,, MnO,, etc) or conducting
polymers [28, 29]. Ordered PANI nanowires tailored
by stepwise electrochemical deposition showed remarkably
enhanced capacitance [12]. Figure 5(a) shows the cyclic

voltammogram from a plain EDLC made of ITO electrodes.
When the ITO surface is coated with PANI nanobrushes,
the capacitive current increases (figure 5(b)) and it is
There are

attributed to the pseudocapacitance current.

1315
D band

Raman Intensity

1600 1400 1200 1000 800 600 400
Raman Shift/ cm™

1800

Figure 4. Raman spectra of (a) pure CNHs, (b) CNHs functionalized
with polyaniline and (c¢) polyaniline.

many parameters that will influence the specific capacity
of PANI including the substrate of the working electrode
and the electropolymerization methods [23]. The specific
capacity is about 48 Fg~! in this device. As aniline was
electropolymerized in the CNH dispersion, the new composite
material is formed. When such a PANI-CNH composite is
used as electrodes in supercapacitors the capacitive current
improves significantly (figure 5(c)) with a specific capacity of
168 Fg~!. Such a current is considered as the combination
of pseudocapacitance current and the EDLC current, which
carbon nanomaterials contribute. For high EDLC capacitance,

Figure 3. Two possible interactions of polyaniline with CNHs: (a) chemical covalent bonding and (b) electrochemical doping.

4
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Figure 5. Cyclic voltammetry (CV) characterization of the
supercapacitors made of (a) pure ITO, (b) nanostructured polyaniline
on ITO and (c) nanostructured polyaniline and CNH nanocomposites
on ITO. Inset is an enlarged CV diagram for supercapacitor made of
pure ITO.

the carbon electrodes should have a high specific surface area
that can be easily accessed by electrolytes. CNHs, when dried
from a water suspension, become particles and cannot adhere
to the ITO substrate. The PANI polymer is also acting as a
matrix to hold the CNHs in the supercapacitor electrodes.

In summary, electrochemical nanofabrication generally
offers simplicity, efficiency, low-temperature processing,
cost-effectiveness, the possibility of preparing large-area
deposits and precise control of the deposit thickness, which
are essential advantages compared to other nanofabrication
techniques to date. This paper describes a stepwise
galvanostatic electrochemical deposition method to make
PANI nanobrushes and PANI-CNH hybrid material. Both
materials were thereafter used in supercapacitors and the
hybrid material showed significant improvement in capacitive
current. Deposition of electrochromic PANI on optically
transparent electrodes may enable the visualization of energy
charge by a color change of PANI when the supercapacitor is
cycled between charging and discharging. With improvements
in the conductance in transparent electrodes, further improved
supercapacitive and electrochromic devices made of PANI-
CNH may be realized.
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