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Poly(2,5- dimethoxyaniline)-multi-wall carbon nanotubes (PDMA-MWCNT) nanocomposite films
were synthesised by in –situ electrochemical polymerisation. The films were characterised by cyclic
voltammetry (CV), ultra–visible spectroscopy (Uv-vis), spectroelectrochemistry, fourier transform
infra-red spectroscopy (FTIR) and scanning electron microscopy (SEM). For comparison, Poly(2,5dimethoxyaniline) without carbon nanotubes (PDMA) was also synthesised. The UV-vis indicated that
the films were still in their salt form (doped) and the energy band gap shows the films were
semiconductors. The spectroelectrochemistry reveals that the band at 470 nm was found to be
bathochromically shifted to 500 nm for potentials below +150 mV (form -750 to 0 mV versus
Ag/AgCl) and was found to decrease shifted toward lower energy (red shift or bathochromic shift)
with apparition of a new band at around 800 nm with increasing potentials (from +150 to +750 mV
versus Ag/AgCl). FTIR confirmed the incorporation of MWCNT into polymer matrix. SEM
micrograhs of PDMA and PDMA-MWCNT composite films showed net structure of ‘Flowerlike’microfiber with diameters ~ 200 nm. The cyclic voltammetry showed two distinctive peaks, which
indicates that the films were electoractives in phosphate buffer saline (PBS).

Keywords: poly(2,5- dimethoxyaniline)-multi-wall carbon nanotubes, multi-wall carbon nanotubes,
poly(2,5-dimethoxyaniline), spectroelectrochemistry and electroactive.

1. INTRODUCTION
Since their discovering in 1991 by the Japanese Sumio Iijima during the arc-evaporation
synthesis of fullerenes [1,2], carbon nanotubes (CNTs) have generated great interest for several
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applications due to their unique structural, electronic, chemical and mechanical properties that make
them a very attractive material for a wide range of applications [2-4].
Carbon nanotubes are built from sp2 carbon units, having a diameter measuring on the
nanometer scale and micrometer in length, and present a seamless structure with hexagonal
honeycomb lattices [4,5]. Typical sizes for CNTs are an inner diameter of 1-3 nm and an outer
diameter of approximately 10 nm. Compare to other fibre materials carbon Nanotubes show a unique
combination of stiffness, strength, and tenacity which usually shortage one or more of these properties.
Their thermal and electrical conductivity are also higher than other conducting materials. They are
categorized in two groups basing on their structures, multiwall (MWCNTs) and single-wall (SWCNTs)
carbon nanotubes [2,4,6,7]. A single-wall carbon nanotube (SWCNT) consists of a single graphite
sheet rolled seamlessly defining a cylinder of 1–2 nm diameters. In SWCNT, there are infinite
possibilities in the type of carbon tube and each nanotube which exhibit distinct physical properties.
The multiwall carbon nanotubes (MWCNT) consist of a stack of graphite sheets rolled up into
concentric cylinders and closed graphite tubules with multiple layers of graphite sheets that define a
hole typically from 2 to 25 nm spacing by a distance of approximately between 0.3 and 0.4 nm In
general, the MWCNT is considered as a mesoscale graphite system, while the SWCNT is as a single
large molecule.
Polyaniline (PANI) has been studied extensively as an important conducting material due to its
promising electronic and optical properties [8,9]. It has also generated considerable interest because of
the many pathways to its production, its chemical stability, good environmental stability, low cost, and
ease of synthesis and ease of redox doping [10]. The continuous growing interest in the study of PANI
is caused by these diverse, unique properties and its promising potential in commercial applications.
The applications of PANI including in anti-corrosive coatings such as paint, antistatic protection,
electromagnetic, secondary batteries; and in electro-optic devices such as liquid crystal devices and
photocells and electrochemical biosensors [8,9,11]. Processing of polyaniline into useful products has
been problematic because of its insolubility in common non-toxic organic solvents and the fact that it
decomposes before melting. Although PANI boasts good environmental stability and conductivity, but
it has also facile synthetic routes for preparation. Polyaniline is unique among inherently conducting
polymers such as polypyrroles and polythiophenes and differs from them due to its N heteroatom
which can participate directly in the polymerization process and also participates in the conjugation of
the conducting form of the polymer to a greater extent than the N and S heteroatoms in Polypyrrole
and polythiophene. In addition, PANI can be rapidly converted between base and salt forms by
treatment with acid or base. PANI or its derivatives can be synthesized by either chemical or
electrochemical oxidation of aniline under acidic conditions. The electrochemical synthesis is
preferred to chemical synthesis because of its thin films and better ordered polymers.
Extensive research on several conjugated polymers including poly(p-phenylene), polyaniline
(PANI), polypyrrole (PPY), polythiophene (PT), polyfluorene (PF), poly(p-phenylenevinylene) (PPV),
and their substituted derivatives have led to their applications in rechargeable batteries,
microelectronics, sensors, electrochromic displays, and light-emitting and photovoltaic devices [12].
On the other hand, discovery of carbon nanotubes (CNTs) has led to an explosion of research in
nanoscience and nanotechnology. Thus, interest of scientists in nanoscience has since shifted from
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synthesis to applications and research of new combinations of the existing materials as hybrid
materials, blends and nanocomposites, and exploitation of their complementary properties [13,14]. In
this context, development of conducting polymer–CNT composites as novel futuristic materials has
been a new focus, because applications of the two constituent offer the possibility to observe
synergetic effects. Some studies have been reported in the literature showing that certain discrete
properties of the components of conjugated polymer–CNT composites are enhanced, therefore
validating their high suitability for some technological applications [15,16].
The various methodologies have been developed for preparing PANI–CNT composites but the
common preparative methods are direct solid-state mixing [17] and dispersal of CNTs in PANI
solutions [18,19], for both chemical and electrochemical procedures [12]. These preparation methods
can be done either by direct mixing or in situ. The in situ polymerisation of aniline or substituted
aniline in an acidic dispersion of multi-walled or single-walled carbon nanotubes in the presence of an
oxidant at low temperature is the simplest methods among different methods reported [12,20,21]. This
last approach has been used in the work for the electrochemical polymerization of PDMA-MWCNT
composite. There are also various possibilities of interactions between PANI and CNT in the
composites. One of the first suggestions has been the attachment of aniline radicals, generated during
electrochemical oxidative polymerization, onto the CNT lattice especially at defect sites [12].
However, the carboxylic sites at the acid-treated CNT are the most likely sites of interaction with
aniline monomer [22]. Electrical, thermal, and mechanical properties observed in PANI–CNT
composites are intermediate between pure PANI and CNT, and depending on CNT content and the
extent of its integration with PANI. Thus, electrochemical properties of PANI-CNT composite are
enhanced compare to the two individual components. For instance, electrochemical growth, redox and
capacitive currents of the composites values obtained are several-fold higher than the pure PANI onto
the electrode [12,22]. The same behaviour is also observed in composites of CNT with substituted
PANI derivatives, but the extent of the current increase depends on the nature of the substituent present
in the aniline ring [12]. Such a remarkable current enhancement appears to be unique to PANI–CNT
composites and has not been observed for any other conjugated polymer–CNT composites.

2. EXPERIMENTAL
2.1. Chemical and reagents
The 2,5-Dimethoxyaniline (98%), purchased from Aldrich and fluka. Home grown carbon
nanotubes (CNTs; diameter of 40-200 nm and length up to 20 μm; synthesized according to Ndungu et
al. method [23]. Hydrochloric acid (HCl), Basic salts including, NaH2PO4, Na2HPO4 and KCl used in
the preparation of 0.1 M phosphate buffer saline containing 0.1 M KCl at pH 7.4 (PBS) were received
from Sigma-aldrich (SA). All other chemicals were of analytical grade, and deionized water (18.2 MΩ
cm) purified by a Milli-QTM system (Millipore) was used as the reagent water for aqueous solution
preparation and analytical grade argon (Afrox, South Africa) was used to degas the system.
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2.2. Instrumentation
Electrochemistry experiments were carried out with a BASi Epsilon –Ec-ver.2.00.71_XP
electrochemistry work station for cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) measurements were recorded with Zahner IM6ex Germany using electrodes from
BioAnalytical systems, BAS, US in three-electrode electrochemical cell. Impedimetric data and
voltammograms for all electrochemical experiments were recorded with a computer interfaced to the
Zahner and the BASi Epsilon electrochemical workstation. Glassy carbon elctrodes (GCE) of area
0.071 cm2 and 3 mm of diameter was used as a working electrode. A platinum wire from Sigma
Aldrich and Ag/AgCl electrodes from BAS were used as auxiliary and reference electrodes,
respectively. Alumina powders and microcloth pads were obtained from Buehler, IL, US and were
used for the polishing of the GCE.
The UV-vis spectra were recorded on a Nicolet Evolution 100 Spectrometer (Thermo Electron
Corporation, UK). After electropolymerisation of 2,5-dimethoxyaniline (DMA) in the absence and the
presence of carbon nanotubes. The samples were dissolved in DMF, placed in 4 cm 3 quartz cuvettes
and their UV-vis spectra recorded. The spectra were recorded in the region of 200-1100 nm.
FTIR spectra were recorded in the range 4000-300 cm-1 using a Perkin Elmer model Spectrum
100 series. The specimen for PDMA and PDMA-MWCNT were prepared by first electrodepositing
onto glassy carbon electrode surface, followed by scrapping them gently from the glassy carbon
electrode surface.
Raman measurements of MWCNT were carried out with Raman spectrometer (LabRam HR by
Jobin-Yvon Horiba scientific Explora, France with a 1200 lines mm-1 grating) coupled to a microscope
(Model BX41, Olympus). The excitation of Raman scattering was operated with a laser at a
wavelength of 532 nm. The laser beam was focused on the sample by means of an x 100 microscope
objective. The samples were prepared by drop coating 20 µL of suspension of multi-wall carbon
nanotubes on glass slides followed by drying in air at room temperature.
Scanning electron microscopy was used to characterize the surface morphology of MWCNT,
PDMA and PDMA-MWCNT. The images were recorded using a Zeiss Auriga HRSEM analyzer using
the secondary electron (SE) mode with interchangeable accelerating voltages of 25 kV, and a
maximum resolution of 20 µm. The SEM samples for PDMA and PDMA-MWCNT were prepared by
electrodeposition onto screen printed carbon electrodes.

2.3 Purification of carbon nanotubes
MWCNTs were first purified according to the procedure developed by Liu et al [24]. Briefly,
50 mg of MWCNT was added to 100 mL of an acid mixture of 3:1 concentrated sulphuric acid and
concentrated nitric acid. The MWCNTs were sonicated in a DC 200 H ultrasonic cleaner (mrc) for 8 h.
The purified nanotubes were filtered using a Millipore sucking filtration system with Whatman filter
paper (0.2 μm) and washed with water until the pH tested neutral. The washed MWCNTs were
vacuum dried overnight at 50 ºC.
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2.4 Preparation of DMA-MWCNT solution
A fresh sample (5mg) of the treated MWNTs was dispersed in 2.5 mL of aqueous HCl solution
(1M) and sonicated for 5 min, forming then a stable black aqueous colloid (2 mg mL-1). Aliquots of
100, 200, 400 and 500 μL of MWCNT colloids were poured into four different vials containing each 5
mL aqueous colloids of DMA and immediately shaken to ensure sufficient mixing and finally after
electropolymerisation of MWCNT-PDMA composites with different MWCNT contents (0.1%, 0.5%,
1.0%, 2%, and 4%) were obtained.

2.5 Electrochemical synthesis of poly(2,5- dimethoxyaniline) multi-walled carbon nanotubes composite
modified glassy carbon electrode.
Before the electro-synthesis of PDMA-MWCNT on the working glassy carbon electrode
surface electrode was preconditioned as follows, the GCE was first polished using 0.3 and 0.05 mm
alumina slurries and then rinsed with distilled water. The electropolymerisation solution was prepared
by mixing 0.1 M of 2,5-dimethoxyaniline (DMA) in 1.0 M HCl (5 mL) and MWCNT (100 μL) or in
absence of MWCNT and the mixture was degassed with argon gas for 10 min before
electropolymerisation. Doped 2,5-dimethoxyaniline or undoped was polymerized on the surface of
GCE by scanning the working electrode potential repeatedly between -200 and +900 mV for 10 cycles
at a scan rate of 50 mV/s. The PDMA-MWCNT and PDMA-modified GCE prepared will be denoted
as GCE/PDMA-MWCNT and GCE/PDMA, respectively. The same electrochemical synthesis
procedure was employed for the deposition of the polymer on screen printed carbon electrodes (SPCE)
for SEM analysis and on indium tin oxide electrodes (ITO) for spectroelectrochemistry.

3. RESULTS AND DISCUSSION
3.1 Electrochemical synthesis of PDMA-MWCNT composite
Electrochemical polymerization of the monomer 2,5-dimethoxyaniline and multi wall carbon
nanotubes (MWCNT) on glassy carbon electrode surfaces was achieved by cycling the potential
repeatedly 10 cycles between -0.2 and 0.9 V at scan rate of 50 mV s-1 (see 2.5). The green emeraldine
film on the electrode surface was obtained as a result of polymerization. The polymerization reaction
was initiated by the formation of resonance-stabilised aniline radical cations from the protonated 2,5dimethoxyaniline monomer. During the polymerisation, the peak current increased as the number of
cyclic voltammograms increased and also the polymer thickness increased with successive potential
cycles. This behaviour indicates that conductive polymeric films are formed. The cyclic
voltammograms for the electrodeposition of PDMA-MWCNT films on the glassy carbon electrode
surfaces are shown in figures 1. The electrodeposition of PDMA-MWCNT on the glassy carbon
electrode surface proceeds via a radical cation mechanism. Two pairs of redox peaks centred at ca.
0.18 V (a/a') and 0.55 V (c/c´), corresponding to transition from leucoemeraldine to emeraldine and
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emeraldine to pernigraniline states [25], respectively, were observed for both the doped PDMA and
PDMA-MWCNT composite. This indicates the presence of discrete electroactive regions in the films.
The origin of another pair of redox peaks observed at ca. 0.43 V (b/b´) for both PDMA-MWCNT and
PDMA is much more complex and it can be attributed to many different intermediates and degradation
products (cross-linked polymer, benzoquinone, emeraldine/emeraldine radical cation etc.) [26].
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Figure 1. Cyclic voltammograms for electrochemical synthesis of PDMA-MWCNT films in 1.0 M
HCl at a scan rate of 50 mV s-1.

3.1.1 Optimization of PDMA-MWCNT composite
The PDMA-MWCNT composite films were formed by electropolymerisation of aniline
dissolved MWCNT with different contents. To elucidate the effect of MWCNT on the properties of
PDMA films, electrochemical performance of composite films was evaluated by carrying out a CV
measurement at scan rate of 2 mV s−1 in PBS and at scan rate of 10 mV s-1 using HCl solution. Figure
2 (A and B) has shown the cyclic voltammetry behaviour of the PDMA-MWCNT composite films
prepared from the growth solution at different scan rates. Figure 2A has presented the films prepared
from the growth solutions containing 0, 0.2, 0.4, 0.8 and 1% MWCNTs in 1M HCl solution. The
voltammograms have shown that the negative sweeps were very symmetrical to their positive
counterparts and this has explained the excellent reversibility of all these PDMA-based films in the
high positive potential range. In addition, PDMA-MWCNT composite films showed strong defined
peaks, indicating their higher electroactivity over pure PDMA. The same result was observed for the
films prepared from the growth solutions containing 0, 0.2, 0.4, 0.8 and 1 % MWCNT and
characterised in PBS at scan rate of 2 mV s-1 (Fig.2 B).
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Figure 2. Cyclic voltammetric behaviour of the PDMA-MWCNT composite films prepared from the
growth solution with 0 (a), 0.2 (b), 0.4 (c) 0.8 (d) and 1 % (d) MWCNT in 1M HCl (A)
electrolyte at the scan rate of 10 mV s−1 and in PBS (B) at the scan rate of 2 mV s-1.
It has been reported in the literature [27,28] that the electrochemical activities of PANI films
coincide with the degree of protonation; therefore, a promotion in the protonation with a doping effect
of MWCNT on PANI may be expected. The same phenomena occur in our case for PDMA. This can
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be explained by the fact that MWCNTs have large π-bonded surface which might interact strongly
with the conjugated structure of PDMA via π-stacking, and that the resulting highly conjugated πsystem would promote the degree of electron delocalization and then lead to preferential protonation of
the amine nitrogen atoms.
Figure 3 (A and B) below has shown also the cyclic voltammetry behaviour of the PDMA and
PDMA-MWCNT composite films prepared at different scan rates. Figure 3A has presented the cyclic
voltammograms of PDMA film (a) and PDMA-MWCNT composite film prepared from the growth
solution with 0.2 % MWCNT (b) in PBS. It can be observed that the larger voltammetric output
current occur at the composite film (Ipc = 32.68 A and Ipa = 21.93 A) compare to the pure PDMA film
(Ipc = 27.55 A and Ipa = 20.43 A) and slight shift on the peak potentials was also observed, PDMA (Epa
= -672 mV and Epc = 74 mV) and PDMA-MWCNT (Epa = -683 mV and Epc = 102 mV). Hence, the
same observation was obtained when PDMA and PDMA-MWCNT (Fig.3 B) were both run in 1M HCl
solution at scan rate of 10 mV s-1.
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Figure 3. Cyclic voltammograms of (a) PDMA and (b) PDMA-MWCNT (0.2%) films in PBS2 (A) at
scan rate of 2 mV s-1 and in 1M HCl (B) at scan rate of 10 mV s-1.
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The difference in electrochemical behaviour between the pure PDMA and PDMA-MWCNT
composite films was clearly expressed from the two figures above (Fig. 2 and Fig. 3). Thus, PDMAMWCNT composite film prepared from the growth solution with 0.2 % MWCNT was found to be the
optimum ratio and used throughout for the electrochemical synthesis of the PDMA-MWCNT
composite since it has higher peak current either in acid or buffer as compared to the others.

3.1.2 Electrochemical characterisation of PDM-MWCNT composite
The electrodeposited PDMA-MWCNT composite film was subjected to characterisation by
cyclic voltammetry in the potential range of -900 mV s-1 to 900 mV s-1 in 0.1 M PBS at various scan
rates (30 – 500 mV s-1) as shown in figure 4. The CV shows redox behaviour with the anodic peak (a)
and the cathodic peak (b) corresponding to the transition of PDMA backbone from its leucoemeraldine
state to emeraldine. It was also observed that the peak currents increased with increase in scan rates.
These results confirm that PDMA-MWCNT film was successfully attached onto the glassy carbon
electrode surface and film in PBS showed that it exhibited good electroactivity at pH 7.4.
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Figure 4. Cyclic voltammograms of PDMA-CNT composite in 0.1 M PBS (pH 7.4) at scan rates of
30, 50, 70, 90, 100, 150, 200, 250, 300, 400 and 500 mV s-1, respectively.
It was also observed that the cathodic peak potentials do not shift with increase of scan rate
meanwhile peak currents increased with scan rate indicating surface–confined electroactive species.
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Contrarily, anodic peak potentials shift positively with increase of scan rate indicating that electrons
hopping from the solutions to the polymer-multi-walled carbon nanotubes composite.

3.2 Ultraviolet–Visible Spectroscopy (UV-vis)
UV-vis spectroscopy was utilised to understand the electronic states of PDMA and PDMAMWCNT as shown in figure 5. The UV-Vis results for the PDMA and PDMA-MWCNT materials
have shown three sharp distinct absorption bands at the wavelengths 300 (4.1 eV), 360 (3.4 eV), 800
(1.5 eV) nm and small peak at 450 nm, respectively. The peaks at 300 (4.1 eV) nm and 360 (3.4 eV)
nm are attributed to the π–π* transition of benzoid rings [29-31]. The peak at 300 nm is characteristic
of the leucoemeraldine form of PDMA, while the band at 360 nm is characteristic of the protonated
form of emeraldine salt [32]. The band at 800 nm is attributed to polarons (free or mobile) [32] or to
polaron-π* band transition [33], which is originate the charged cationic species [34]. The peaks at 360
nm and 450 nm give also an indication that the PDMA is in the salt form (doped).
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Figure 5. UV-visible absorption spectra of PDMA and PDMA-MWCNT in DMSO.

3.3 Spectroelectrochemistry Spectroscopy
The spectroelectrochemistry is a technique that involves simultaneous application of
electrochemical and optical spectroscopic techniques to investigate a phenomenon such as
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understanding of redox reactions through identification of product and its intermediates. In this study
the spectroelectrochemistry was used to monitor the change of PDMA forms by applying potential
(anodic sweep). Figure 6 shows UV-vis spectra of ITO/PDMA-MWCNT film at different applied
potentials (-750 to +750 mV versus Ag/AgCl) in PBS.
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Figure 6. UV-vis spectra of PDMA-MWCNT film on ITO electrode recorded at different applied
potential (-750 to +750 mV) in PBS.

The film of PDMA-MWCNT has shown two peaks at 380 (3.2 eV) and 500 (2.48 eV) nm in
the potential ranges -750 to 0 mV, and three peaks at 370 (3.3 eV), 470 (2.6 eV) and 800 (1.5 eV) nm
in the potential range +150 to +750 mV. The band at 380 or 370 nm is often referred to as the 360 nm
band correspond to π - π* of the benzoid rings which is characteristic of the protonated forms of
emeraldine salt of PDMA-MWCNT as explained previously (see section 3.2) while the bands at 470 or
500 nm and 800 nm are due to polarons. The Absorbance at 370 nm and 470 nm represent the
transition of emeraldine form of the composite to more oxidized form. In addition, the band at 470 nm
decreases with increasing potentials (from +150 to +750 mV versus Ag/AgCl) and was found to be
bathochromically shifted to 500 nm for potentials below +150 mV (form -750 to 0 mV versus
Ag/AgCl). Increasing the applied potential (from +150 to +750 mV versus Ag/AgCl), the absorbance
at 470 nm which was found to decrease shifted toward lower energy (red shift or bathochromic shift)
with apparition of a new band at around 800 nm. This band at 800 nm, which increased with increasing
of potential at potentials above 0 mV indicating conversion of emeraldine form of the composite to
more oxidized (emeraldine state to pernigraniline state) form due to the formation of polarons. At
potentials below 0 mV the band at 800 nm was not observed indicating no more conversion occurred.
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When PDMA film (figure not shown) was used no much difference was found compare to PDMAMWCNT film.

3.4 Fourier Transforms Infra-Red Spectroscopy
The FTIR was performed in order to study the structural changes in the PDMA after
introduction of MWCNT. The FTIR spectra of PDMA and PDMA-MWCNT are shown in figure 7 (AB). The FTIR spectrum of PDMA Fig. 7(A) exhibits main characteristic bands of PDMA in the 400 –
4000 cm-1 range according to the literatures [33,35,36]. A broad and weak band at ~ 3237 cm -1 is due
to the N–H stretching mode. The peak 1194 cm-1 corresponds to the quinoid rings in the polymer
backbone. The corresponding stretching vibration bands for the benzenoid rings occur at 1504 cm -1
and 1447 cm-1. A band at ~ 1120 cm-1 is assigned to the plane bending vibration of C–H, which is
formed during protonation, the bands at 1028 and 982 cm-1 are assigned to the presence of o-methoxy
groups in PDMA, and a band at ~ 800 cm-1 indicates the ortho-substituted benzene ring. The FTIR
spectra of PDMA-MWCNT Fig. 7(B) seems to show the same peaks as in the PDMA with some shifts
on the main peaks, which indicated changes of environment at the molecular level. In addition,
presence of peaks at ~ 1732, 1364 and 1160 cm-1 in the PDMA-MWCNT spectra can be assigned to
the C=O stretch, O–H bend and C–O stretch, respectively, corresponding to the stretching mode of the
carboxylic acid group (-COOH) [37]. The presence of these peaks which are absent to FTIR spectrum
of PDMA indicated presence of MWCNT in PDMA.
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Figure 7. FTIR spectra of (A) PDMA and (B) PDMA-MWCNT.
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3.5 Scanning Electron Microscopy
3.5.1 PDMA and PDMA-MWCNT
The surface morphology of PDMA and PDMA-MWCNT films was investigated using SEM as
shown in figures 8 and 9. The PDMA film (Fig. 8) presents net structure of ‘Flower-like’microfiber
with diameters ~ 200 nm and it is not very uniform. The PDMA-MWCNT (Fig. 9) composite film also
shows net structure of microfiber, but the pore is smaller and denser. Thus, the film is more uniform,
no agglomerations and porous due to the interaction between PDMA nonofibers and MWCNTs.

Figure 8. SEM image of PDMA

Figure 9. SEM images of PDMA-MWCNT
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3.5.2 MWCNT
Prior to any used of MWCNT, the as received MWCNTs were purified by acid-treatment to
render them soluble for further characterisation and application. The acid treatment process should be
carried out with precaution, since treating agent can destroy relevant bonds located on surfaces and
chemical groups resulting to the existence of physical defects on the side wall of MWCNTs [38].
Figures 10 and 11 show the HRTEM images of as received and purified MWCNTs, respectively. The
image on figure 10 revealed several layers of graphitic carbon and hollow cores [39]. In addition, in as
received MWCNTs a number of physical defects on the side wall are hardly observed and bending
tubes were observed which caused agglomeration [40]. In comparison with as-received CNTs, acid
treated CNTs in figure 11 shows a decrease in the outer diameter of the tubes with increased surface
roughness. Furthermore, the MWNTs were stretched leading to the good dispersion and less defects on
the side wall is observed [40].

Figure 10. HRTEM micrograph of MWCNTs as received.

Figure 11. HRTEM micrograph of acid-purified MWCNTs.
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3.6 Raman spectroscopy of MWCNT
Raman spectroscopy is a popular non-destructive technique effectively used in the microstructural characterisation of carbon based materials. The well-known Raman spectrum of diamond has
a single Raman active mode at 1332 cm-1 while the Raman spectrum of single crystal graphite consists
of a narrow peak at 1580 cm-1 and is named ‘G’ for graphite. For MWCNTs two major narrow bands
exists, G band for graphite as mentioned above located 1580 – 1600 cm-1 which is associated with the
E2g mode and a second band located at 1350 cm-1 which is associated with the A1g mode and becomes
active in the presence of disorder, thus, is named ‘D’ for disorder [41].

200

D

G (G1)

Intensity / a.u

150
G'
G2

100

50
D+G

0
1000

1500

2000

2500

3000

Raman shift / cm-1
Figure 12. Raman spectra of MWCNTs treated by HNO3/H2SO4.

Figure 12 shows Raman spectra of acid treated MWCNTs in which three dominating features
are observed. The two sharp Raman peaks showing the characteristic of CNTs, the defects of the
structure, named D (disorder) band at 1338.60 cm-1 and another bands point is the graphite band at
1574.05 cm-1, named G band. The third band at 2683.56 cm-1 is attributed to second-order harmonic
(the G’ band). Additionally, a small feature called G2 or D’ near graphite band (1616.25 cm -1) and
another distinguishable feature like D+G band at 2919.01 cm-1, are also observed. The D and G bands
observed in the Raman spectra of the acid treatment of MWCNTs (Fig. 12), indicates that the acid
treatment does not destroy the structure of CNT [38,40]. In addition, G peak corresponds to the
tangential stretching (E2g) mode of highly oriented pyrolytic graphite (HOPG), which indicates the
presence of crystalline graphitic carbon in the CNTs and D peak can be attributed to the disorder
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induced features due to defect and finite particle size effect [41]. The tangential G-band at ~1580 cm-1,
resulting from the graphite-like in-plane mode, can be split into several modes but only two are the
most distinct and are also observed in figure 13: G1 band at 1574.05 cm-1 and G2 at 1616.25 cm-1. This
result has been also reported in literatures [42-44]. These bands are related to the lattice vibration of all
carbon materials with sp2 bonds. The ratio of the intensity of D peak (ID) to the intensity of G peak (IG)
is used to measure the amount of disorder in the CNTs [45]. The ID/IG ratio of the MWCNTs in this
experiment is ~ 1, which suggests less defect content in the acid treated MWCNTs.

4. CONCLUSIONS
In this work, it can be concluded that Poly(2,5- dimethoxyaniline)-multi-wall carbon nanotubes
(PDMA-MWCNT) nanocomposite films were synthesised by in –situ electrochemical polymerisation.
The polymers synthesized in the absence and presence multi-wall carbon nanotubes exhibited quinoid
and benzoid bands typically of polyaniline FTIR-spectra which confirmed the polymers were formed.
The presence of the carboxylic acid group suggested that MWCNT was incorporated into the polymer
backbones. Besides, UV-vis bands and spectroelectrochemistry shifts also showed that MWCNT was
incorporated into the polymer backbones. SEM micrograph of the PDMA-MWCNT composite film
showed net structure of microfiber with smaller pore s and denser. Consequently, the film is more
uniform, no agglomerations and porous due to the interaction between PDMA nonofibers and
MWCNTs. The Spectroelectrochemistry showed bathochromic shift. Cyclic voltammetric
characterisation of the films showed two redox peaks, which prove that the composite films on the
electrode were electroactive and conductive and exhibit reversible electrochemistry. These results
prove that the composite can be a promising material for development of novel electro-catalysts for use
in sensor and supercapacitor devices.
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