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Electropolymerization and characterization of poly (3, 4-ethyl-
enedioxythiophene) (PEDOT) /3-methylthiophene and 3.4
ethylenedioxythiophene/2 aminophenol were studied. They were
fabricated by a simple oxidative electropolymerization method. The
nanocomposite  coatings have been prepared by using
electrochemical methods from aqueous solutions, such that the
components were deposited simultaneously onto platinum electrode
substrate. The morphology of composite films was analyzed by
scanning electron microscopy (SEM). The electrochemical and
physical properties of the resulting composites were evaluated by
cyclic voltammetry (CV), electrochemical impedance spectroscopy
(EIS) techniques in 0.1M LiClO, aqueous solutions. The synthetic,
morphological and electrical properties of the obtained
nanocomposite films were compared. The value of specific
electrochemical capacitance of the composite films is considerably
higher than for pure polymer films, and PEDOT/3-methylthiophene
composite films have high specific capacitance than PEDOT/2
aminophenol. The improved properties of the electrodes were
obtained by using these composite films. All of the composite films
constituted a very promising electrode material for application in a
supercapacitor.
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INTRODUCTION

Conducting polymers are also intriguing
molecular structures because their ability to
dramatically change properties when stimulated by
an electric signal. These materials offer exciting
prospects for a wide range of new devices as
membranes, artificial muscles, solar cells,
batteries, capacitors, corrosion protection coatings

" Corresponding author: e-mail fbrinzoi@chimfiz.icf.ro

or sensor applications.”> Often practical
applications of conductive polymers are hindered
by the limited mechanical strength or the low
conductivity of the material. Conducting polymers
exhibit oxidation-reduction properties and also
have high specific surface area and better
accessibility of the ions to the electrochemically
active surface. Conducting polymers (CP) with
good electrical conductivity and large pseudo
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capacitance have aroused wide interests as the
electrode material in supercapacitors which are
unique for provision of pulsed high power.*” A
special attention has been paid to the following
CPs: polyaniline (PANI), polypyrrole (PPY),
polythiophene (PTh) and their derivatives have been
considered as promising electrode materials for
supercapacitor.*'>'®?"  The numerous materials
devised, development of the polythiophene
derivative, polyethylenedioxythiophene (PEDOT), 3-
methylthiophene has shown significant promise for
the challenge at hand. Poly (3, 4-cthylenedioxythio-
phene) (PEDOT) is one of the most successful
polythiophene derivative because of its interesting
properties: high conductivity, unusual electroactivity
and a relative environmental stability."*** PEDOT
proved a better aqueous stability and biocompatibility
than polypyrrole and polyaniline and therefore it is
considered a promising polymer appropriate for
continuous sensing and even in vivo implantation.””’
It can be produced electrochemically in a variety of
solvents. It has been shown that the electrochemical
and physical properties of polymers are greatly
influenced by the nature of dopant and electrolyte
during the polymeric process.”**’

In this paper we have studied electrochemical
synthesis of nanocomposite film from poly (3, 4 —
ethylenedioxythiophene)/3-methylthiophene and
3.4 ethylenedioxythiophene/2 aminophenol such that
the components were deposited simultaneously onto
platinum electrode substrate and electrochemical
characterisation of these composite by cyclic
voltammetry, electrochemical impedance
spectroscopy and scanning electron microscopy
(SEM), have been presented in this paper.

EXPERIMENTAL

The electrochemical synthesis and measurements were
carried out by using a single —compartment cell with the
conventional three electrode set up at room temperature. The
cell was connected to a VoltaLab potentiostat coupled to a PC
running VoltaMaster software. A saturated calomel electrode
(SCE) was employed as the reference electrode and a platinum
sheet as an auxiliary electrode. The working electrode was a
platinum disk with a surface area 0.5 cm®. All chemicals were
reagent grade and used as received without further
purification. In this paper were used 3,4-ethylenedioxy
thiophene (EDOT) 3-methylthiophene and 2 aminophenol
(99.5% Aldrich), LiClO4 (Merck), All the solutions were
prepared with double distilled water.

Preparation of modified electrode

Before each electrochemical measurement the surface of
the working electrode was mechanically polished with 0.3 and
0.05 pum alumina powders and rinsed in double distilled water
and ethanol. The prepared electrodes were dried and used for
modification.

Nanocomposite films of 3,4 ethylenedioxythiophene/2-
aminophenol and 3.4 ethylene-dioxythiophene/3-methylthiophene
have been prepared by electrochemical polymerization from a
solution containing the corresponding monomer (PEDOT),
2-aminophenol and 3-methylthiophene.

Thus, PEDOT/ composite films were obtained from an
aqueous solution containing 0.025mol/L of 3.4 ethylenedi-
oxythiophene + 0.025 mol/L 2-aminophenol and 0.025 mol/L
of 3,4 ethylenedioxythiophene + 0.025 mol/L 3-methylthio-
phene in 0.1IM of LiClO4 by cyclic voltammetry in the
potential scanning range of 0 mV to +1250 mV at a scan rate
of 10 mV/s and for a cycles number of 10.

Characterization of the modified electrodes

The electrochemical properties of the composite films
were evaluated by cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS) and scanning electron
microscopy (SEM). The electrochemical characterization of
the PEDOT/2-aminophenol and PEDOT/3-methylthiophene
was carried out in 0.1M LiClO, cycling aqueous solutions for
comparison and because the dopant anion of the polymeric
films is the same with the anion of the cycling solution.
Twenty consecutive potential scans were performed for
modified electrodes and they were cycled in the potential
range of 0 mV to +1250 mV with a scan rate of 50 mV/s. The
impedance measurements were carried using a VoltaLab
40 potentiostat/galvanostat in the frequency range of 100 kHz
to 1 mHz with an AC wave of 5 mV (peak-to-peak) overlaid
on a DC bias potential and the impedance data were obtained
at a rate of 10 points per decade change in frequency.

RESULTS AND DISCUSSION

Composite films of poly (3, 4-ethylenedioxythio-
phene)/2-aminophenol were fabricated by a simple
oxidative electropolymerization method. These films
were electrodeposited on a platinum working
electrode using a classical system with three
electrodes. The PEDOT /poly-2-aminophenol film
was obtained on the platinum substrate in a synthesis
solution of 0.025mol/L 3,4 ethylenedioxythiophene +
0.025 mol/L 2-aminophenol + 0.1M LiClO, by cyclic
voltammetry in the scanning potential range of 0 to
+1250mV at a scan rate of 10 mV/s and for
10 cycles.
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Fig. 1 — Polymerization cyclovoltammograms of 3,4 ethylenedioxythiophene + 2-aminophenol in 0.1M LiClO,4 aqueous.
Solution. Inset 1% Cycle (a) and 10™ Cycle (b).

Fig. 1 shows the cyclic voltammograms of the
electropolymerization of PEDOT and 2-
aminophenol monomers. From Fig. 1 it can see
that at the increasing anodic potential sweep, on
the anodic branch two anodic oxidation peaks
appear while, at the reverse potential sweep on the
cathodic branch the reduction peak doesn’t appear.
The absence of a reverse cathodic peak can be
assigned to a fast result chemical reaction
following the oxidation of the amino group. In
general, cations radicals obtained from aromatic
amine derivatives couple quickly to give dimers,
which are more easily oxidizable than basis
monomer. The broad peak on the first cycle
between (0.2 and 0.6V is due to the oxidation of the
hydroxyl group and amino group of aminophenol
which leads to the polymerization of the monomer.
A second oxidation peak appears in the first cycle

between 1.05 and 1.25V which reveals the
formation of the radical cations and that the EDOT
radical cations start to electropolymerize onto the
platinum electrode. During the first potential scan,
the polymerization potential of PEDOT/2-
aminophenol on Pt is around 1 V, while the onset
of polymerization shifts significantly on following
scans to more positive potentials and stabilizes at
1.2-1.25 V. After the first cycles 1-5, the anodic
peak at 1.1V was found to decrease as the number
of scans increased and it is observed that the
current response of the polymerization PEDOT/2-
aminophenol films decreases from 4.5 mA/cm® to
0.45 mA/cm®>  with continuous cycling in the
potential range as seen in Fig. 1. When cycling
occurs the current density decreases with each
cycle and finally reaches stable value.



828 Florina Branzoi and Viorel Branzoi

3,5

PEDOT/ 3Methyltiophene
cycle 1

3,04

2,54

2,0 1

i(mA/cm?)

0,0 0,2 0,4 0,6 0,8 1,0 1.2 14

4 PEDOT/ 3Methyltiophene
cycle 10

i(mA/cm?)

i(mA/cmZ)
N
1

E(V)

Fig. 2 — Polymerization cyclovoltammograms of 3,4 ethylenedioxythiophene + 3-methylthiophene in 0.1M LiClO,4 aqueous.
Solution. Inset 1* Cycle (a) and 10™ Cycle (b).

Composite films of poly (3, 4-ethylenedioxythio-
phene) and 3-methylthiophene were fabricated by a
simple oxidative electropolymerization method
where it can be observed in Fig. 2. The PEDOT
/P3MT film was obtained on the platinum substrate
in a synthesis solution of 0.025 mollL 34
ethylenedioxythiophene + 0.025 mol/L  3-
methylthiophene + 0.1M LiClO; by cyclic
voltammetry in the scanning potential range of 0 to
+1250 mV at a scan rate of 10 mV/s and for 10
cycles.

It is can seen from Fig. 2 that, the reaction
current increases sharply when the applied
potential is larger than 0.88 V, which reveals the
formation of the radical cations. The increased
current implies that the EDOT and 3MT radical
cations start to electropolymerize onto the platinum

electrode. During the first potential scan, the
polymerization potential of PEDOT/ P3MT on Pt
is around 0.94 V, while the onset of polymerization
shifts significantly on following scans to more
positive potentials and stabilizes at 1.25 V.

After the first cycles 1-5, the anodic peak at
1.18 V was found to increase as the number of
scans increased and it is observed that the current
response of the polymerization PEDOT/ P3MT
films increases from 1.8 mA/cm® to 3.5 mA/cm’
with continuous cycling in the potential range as
seen in Fig. 2 and these proposes that the
electroactive products were deposited onto the
electrode surface. This fact can be explained taking
into account that the conductivity of PEDOT/3-
methylthiophene’s composite film increases.
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Fig. 3 — Cyclic voltammograms of PEDOT/ poly-2-aminophenol film in cycling solution (monomer free) of 0.1M LiClO,.
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electroactive  PEDOT/3MT  composite  films
polymerized on platinum electrodes successfully.

Thus, the PEDOT/3MT composites exhibit
slightly ~ higher  currents than PEDOT/2
aminophenol composite films, which can be
translated into larger capacitance. This is an
indication of faster kinetics in the PEDOT/3MT
composite, which can be attributed to the higher
electronic conductivity. This means that the redox
processes which take place in PEDOT/3MT
composite film are more intense than those in the
pure PEDOT film and PEDOT/2 aminophenol
composite film.

The electrochemical properties of the obtained
modified electrode type PEDOT/2-aminophenol and
PEDOT/3-methylthiophene films were investigated
by cyclic voltammetry, electrochemical impedance
spectroscopy and scanning electron microscopy.

The electrochemical behaviour of the PEDOT,
PEDOT/2-aminophenol and PEDOT/3-
methylthiophene films deposited electrochemically
from aqueous solution was characterized further
using cyclic voltammetry. The electrochemical
characteristics of obtained PEDOT/2-aminophenol
and PEDOT/3-methylthiophene composites film
was study in the cycling solutions, an aqueous
solution of 0.1M LiClOy (see Figs. 3-4).

Fig. 3 reports the cyclic voltammograms of
PEDOT/2-aminophenol recorded in aqueous
solution of 0.1M LiClO, in wide potential range to
explore all possible electrochemical properties of
this film in aqueous electrolyte. The modified
electrode type PEDOT/ PEDOT/2-aminophenol/Pt
was cycled on the potential range from 0 up to
1250 mV with a sweep rate of 50 mV/s and for a
cycles number of 20, see Fig. 3.

It can be observed that, with the increase of the
cycle’s number, the shape of cyclovoltammograms
considerably changes. Analyzing Fig. 3 one can
see that, together with the increase of the cycle
number takes place an accentuated decrease of the
peak heights, a lowering of the peaks number and a
movement of them towards more electropositive
value, for anodic peaks. A counter-ion insertion
could explain this peak system. The ClO, anion
inserted in the polymer matrix would interact with
the oxidized sites of the polymer chain. This would
change of the redox potential of the polymer by the
formation of the mixed chain. These films can be
cycled repeatedly between the conducting and
insulating state without significant decomposition

of the material, which is consistent with the results
reported in the literature.”® As can be seen from
Fig. 3, the curves of these composite films have
nearly rectangular shape, which is typical of the
pure capacitive behavior of the tested object.”’

The electrochemical characteristics of obtained
PEDOT/P3MT film were studied in the cycling
solutions, an aqueous solution of 0.1M LiClO,.
The electrode potential was cycled on the potential
range from 0 up to 1250 mV with a sweep rate of
50mV/s and for a cycles number of 20.

By comparing the cyclic voltammograms for
PEDOT/2-aminophenol and PEDOT/3-methylthio-
phene composites film it can be seen that the shape
of voltammograms is similar, but the PEDOT/3-
methylthiophene composites presents higher
currents than the PEDOT/2-aminophenol films
ones, which can be translated into larger
capacitance of the composites.

The significance of this is that the 3-
methylthiophene films becoming neutral and the
negative charge of ClO4 being balanced by the
cations with small size from the supporting
electrolyte solution, these ClO4, anions are
immobilized and hence exhibit a permanent
electrostatic repulsion to the electron on the
polymer chain.

The difference in current between PEDOT/2-
aminophenol and PEDOT/3-methylthiophene
composites film can be explained by the latter
having a certain structure for ion transport as well
as higher and potential- independent electronic
conductivity through the adsorbed film.

The shape of the cyclic voltammograms curve
in all the cases is close to rectangular (see Figs. 3-
4). The best electrochemical behavior is presented
by PEDOT/3-methylthiophene/Pt composites film.

Moreover, the composite films were studied by
electrochemical impedance spectroscopy (EIS) at
open circuit potential, in an aqueous solution of
0.1M LiClO, at 25°C. Electrochemical impedance
spectroscopy has been used in a field of
electroactive polymer coated electrodes. EIS is a
more reliable technique than cyclic voltammetry
for measuring the capacitance with the minimal
effect from noncapacitive faradaic contributions.
The resulting Nyquist plots and Bode plots for
PEDOT/2-aminophenol and PEDOT/3-
methylthiophene composite films are shown in
Figs. 5-6. The impedance plot is composed of a
semicircle at high frequencies for composite
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PEDOT/ 2aminophenol (see Figs. 5-a) and a
capacitive slope at low and middle frequencies for
composite PEDOT/ 2aminophenol and PEDOT/3-
methylthiophene composite films (see Fig. 5). The
semicircle appeared at high frequencies is
considered to owe to the charge transfer resistance,
which originates from the interface structure
between the electrode surface and the electrolyte.**
37 At low frequencies, the impedance plot becomes
a near vertical line. The Nyquist plots for
PEDOT/2-aminophenol and PEDOT/3-
methylthiophene composite films are featured by a

vertical trend at low frequencies, indicating a
capacitive behaviour according to the equivalent
circuit theory.””*® In conclusion, at PEDOT/3-
methylthiophene and PEDOT/2-aminophenol
composite films, all the imaginary part of the
impedance at low frequencies were almost
perpendicular to the real part, which verified a
good capacitance behaviour of the system. Bode
diagrams point out also the capacitive behaviour in
concordance with Nyquist plots (see in comparison
Figs. 5a-5b and Figs. 6a-6b).
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Fig. 4 — Cyclic voltammograms of PEDOT/ P3MT film in cycling solution (monomer free) of 0.1M LiCIOy,
Inset 1% Cycle and 20" Cycle.
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Fig. 5 — The Nyquist diagrams for modified electrodes (a) PEDOT/Pt, (b) PEDOT/ 2-aminophenol/Pt and (¢)PEDOT/3-
methylthiophene/Pt at open circuit potential in an aqueous solution of 0.1 M LiClO,.

The capacitances of the electrode materials
were calculated according to the equation:

C = —1/Q2nf Zin).

(f = frequency; Z;, = imaginary impedance), from
the slope of the linear correlation between the
imaginary impedance and the reciprocal of the
frequency at low frequencies.

From these Figs. 5-8 and Table 1, one can observe
higher capacitance one order of magnitude value for
PEDOT/3-methylthiophene film in respect with
PEDOT/2-aminophenol composite film and PEDOT
pure polymeric films. As mentioned, the PEDOT/3-
methylthiophene composite films is good electrod
material for supercapacitor applications.

We can conclude that the capacitance of PEDOT/
3-methylthiophene is larger than that of the pure
polymeric PEDOT films and PEDOT/ 2-
aminophenol composite film because the structure of
PEDOT/3-methylthiophene composite films makes

the dopping ions (ClO7,) enter into/eject from
PEDOT/3-methylthiophene composite films more

easily.
The combined resistance of the electrolyte and the
film including electronic as well as ionic

contributions is indicated by the real impedance at
low frequencies where the capacitive behaviour
predominates. The values of the real impedance at
0.01Hz are given also in Table 1. It can be seen that
the =~ PEDOT/3-methylthiophene  films  were
significantly lower in resistance than PEDOT films
and PEDOT/2-aminophenol composite films. In
comparison with the PEDOT film and PEDOT/2-
aminophenol composite films, it can be observed that
PEDOT/3-methylthiophene offered much higher
overall conductivity. As mentioned before, the real
impedance of an electrode material, in general,
decreases as the material’s structure increases due to
improved ionic accessibility.***" 1
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Fig. 8 — Capacitance evaluation for PEDOT/3-methylthiophene modified electrode.

Table 1

Real impedance and capacitance values of pure PEDOT film, PEDOT/ poly-2-aminophenol and PEDOT/ poly3-methylthiophene
nanocomposite film obtained by co-polymerization using the cyclic voltammetry (CV) at 0.01Hz

' Slope values obtained from C Z ('Qcmz)at
Polymeric film graph [F/om’] 0.01Hz2
-7’={ (1/2xf) )
PEDOT 103 0.009 357
PEDOT/ 2-aminophenol 244.4 0.004 5243
PEDOT/3-methylthiophene 42.33 0.024 182
Fig. 9 shows the SEM images of the CONCLUSIONS

PEDOT/Pt, PEDOT/2aminophenol/Pt and PEDOT/
3-methylthiophene/Pt composite film. In Fig. 9a a
nodular accumulating structure is evidenced. The
size of the nodules ranged a few hundred
nanometers in diameter and they aggregate to form
gobbets. In figure 10b, the morphology of
PEDOT/2aminophenol film can be observed:
globular and lamellar structure with almost vertical
orientation to the substrate.

It can be observed that copolymers change the
morphology of PEDOT film into a smaller porous
structure with a great interface area. This is in
accord with the SEM results presented below that
illustrated a smaller porosity in the PEDOT film
than in the case of the composite film (see Fig. 10
b-c). The porous structures in the PEDOT film and
composite films should also facilitate ionic and
solvent motion. The SEM images showed that the
composite films, PEDOT/3-methylthiophene were
more porous than PEDOT films (see Fig. 10c). The
microstructural variation has profound influence
on the capacitive behavior of the composite.

We obtained nanocomposite films type
PEDOT/2-aminophenol and PEDOT/3-methylthio-
phene by cyclic voltammetry method from a
synthesis solution;

The electrochemical activity PEDOT/2-
aminophenol/Pt and PEDOT/3-methylthiophene
modified electrode in 0.1M LiClO4 cycling
solution is much higher than of PEDOT/Pt
modified electrode in the same cycling solution;

Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) demonstrated that
these composite films had similar electrochemical
response rates to pure polymeric films but a higher
electronic conductivity;

The best electrochemical behavior is presented
by PEDOT/poly3-methylthiophene/Pt modified
electrode;

Nearly rectangular shaped cyclic voltammograms
are obtained for all composite films suggesting that
the charge and the discharge reversibly occur at the
electrode/electrolyte interface;
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Fig. 9 — SEM images of the film surface of a) PEDOT, b) PEDOT/2-aminophenol
and c) PEDOT/3-methylthiophene composite film formation by cyclic voltammetry (0 to 1250mV at a scan rate of 10 mV/s).

The Nyquist plots for both PEDOT and
composite films PEDOT/2-aminophenol, PEDOT/
poly3-methylthiophene are featured by a vertical
trend at low frequencies, indicating a capacitive
behaviour according to the equivalent circuit
theory;

The PEDOT/3-methylthiophene composite
films have high specific capacitance, very quick
charging/discharging ability and very low charge
transfer resistance;

The SEM micrograph of the composite film
(PEDOT/poly3-methylthiophene and PEDOT/2-
aminophenol) shows a more porous morphology
than PEDOT polymer film surface;

The PEDOT/2-aminophenol and PEDOT/
poly3-methylthiophene composites were a very
promising electrode material for application in
supercapacitor.

Acknowledgements: Financial support from PN-II-ID-
PCE-2008-2 contract number 596, code ID_716 (The National
University Research Council) is gratefully acknowledged.

REFERENCES

1. P. M. Ajayan, O. Stephan, C. Collie and D. Trauth,
Science, 1994, 265, 1212.

2. M. C. Morvant and J. R. Reynolds, Synth. Met., 1998, 92,
57.

3. V. Gupta and N. Miura, Mater. Lett., 2006, 60, 1466.

4. K. Lota, V. Khomenko and E. Frackowiak, J. Phys.
Chem. Sol., 2004, 65, 295.

5. S. Hung, T. Wen and A. Gopalan, Mater. Lett., 2002, 55,

165.

L. Dai and A.W .H.Mau, Adv. Mater., 2001, 13, 899.

A. Prund, V. Branzoi and F. Branzoi, J. Applied

Electrochem., 2011, 41, 77.

8. R. H.Baughman, A. A.Zakhidov and W. A.Heer, Science,
2002, /97, 787.

e



836

Florina Branzoi and Viorel Branzoi

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.
21.
22.
23.
24.
25.
26.

27.

X. Crispin, F. L. E. Jakobsson, A. Crispin, P. C. M. Grim,
P. Andersson, A. Volodin, C. van Haesendonck, M. Van
der Auweraer, W. R. Salaneck and M. Berggren, Chem.
Mat., 2006, 18, 4354.

F. Branzoi and V. Branzoi, Open J. of Org. Polym.
Mater., 2015, 5, 89-102

S. C. Luo, A. E. Mohamed, N. C. Tansil, H. H. Yu, S.
Gao, J. Y. Ying, Langmuir, 2008, 24, 8071.

B. L. Groenendaal, F. Jonas, D. Freitag, H. Pielartzik and
J. R. Reynolds, Adv. Mater., 2000, 12, 481.

F. Branzoi V. Branzoi and A. Pruna, Rev. Roum. Chim.,
2012, 57, 49-55

D. W. Breiby, L. B. Samuelsen, B. Groenendaal and B.
Struth, J. Polym. Sci.: Part B: Polym. Phys., 2003, 41,
945-952.

J. Tanguy, M. Slama, M. Hoclet and J. L. Baudouin,
Synth. Met., 1989, 28, 145.

B. Winther-Jensen and K. West, React. Funct. Polym.,
2000, 66, 479.

A. Kros, N. A. J. M. Sommerdijk and R. J. M. Nolte,
Sens. Actuators B, 2005, 106, 289.

S. C. Luo, A. E. Mohamed, N. C. Tansil, H. H. Yu, S.
Gao, E. A. Kantchev and J. Y. Ying, Langmuir, 2008, 24,
8071.

L. Li, D. C. Loveday, D. S. K. Mudigonda and J. P.
Ferraris, J. Electrochem. Soc., 2002, 149, A1201.

R. Sivakumar and R. Saraswathi, Synth. Metals, 2003,
138, 381.

F. Branzoi, V. Branzoi and A. Musina, Surface and
Interface Analysis, 2012, 44, 1076.

T. Ohsaka, T. Okajima and N. Oyama, J. Electroanal.
Chem., 1986, 200, 159.

T. F. Otero and E. DeLaretta, Synth. Met., 1988, 26, 79.
X. Du, Z. Wang, Electrochim. Acta, 2003, 48, 1713.

C. Peng, J. Jin and G. Z. Chen, Electrochim. Acta, 2007,
53, 525.

J.-I. Hong, 1.-H. Yeo and W.-K. Paik, J. Electrochem.
Soc., 2001, 148, A156

X. Du, Z. Wang, Electrochim. Acta 2003, 48, 1713

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

L. Li, D.C. Loveday, D.S.K. Mudigonda, J.P. Ferraris,
J. Electrochem. Soc., 2002, 149, A1201.

V. Branzoi, F. Branzoi and L. Pilan, Mater. Chem. Phys.,
2009, /18, 197.

V. Branzoi, A. Pruna and F. Branzoi, Molecular Crystal
and Liquid Crystals, 2008, 485, 853.

H. Ago, K. Petritch, M. S. P. Shaffer and R. H. Friend,
Adv. Mater., 1999, 11, 1281.

C. Peng, J. Jin and G. Z. Chen, Electrochim. Acta, 2007,
53, 525.

J. Wang, J. Dai and T. Yarlagadda, Langmuir, 2005, 21,
9.

C. Tsai, S. C. Li and S. W. Liao, Biosens. Bioelectron.,
2006, 22, 495.

J. Chen, M. A. Hamon, H. Hu, Y. Chen, A. M. Rao, P. C.
Eklund, R. C.Haddon, Science, 1998, 282, 95.

Y. Chen, R. C. Haddon, S. Fang, A. M. Rao, P. C.
Eklund, W L. Lee, E. C. Dickey, E. A. Grulke, A.
Pendergrass and R. E. Smalley, J. Mater. Res., 1998, 13,
2423,

M. Holzinger, O. Vostrowsky, A. Hirsch, F. Hennrich,
Kappes, R. Weiss and F. Jellen, Angew. Chem., Int. Ed.,
2001, 40, 4002.

C. A. Dyke and J. M. Tour, Nano Lett., 2003, 3, 1215.

R. K. Saini, I. W. Chiang, H. Peng, R. E. Smalley, W. E.
Billups, R. H. Hauge, J. L. Margrave, J. Am. Chem. Soc.,
2003, 125, 3617.

C. A. Dyke and J. M. Tour, J. Am. Chem. Soc. 2003, 125,
1156.

K. A. Williams, P. T. M. Veenhuizen, B. G. de la Torre,
R. Eritja and C. Dekker, Nature, 2002, 420, 761.

S. Niyogi, M. A. Hamon, H. Hu, B. Zhao, P. Bhowmik,
R. Sen, M. E. Itkis and R. C. Haddon, Acc. Chem. Res.,
2002, 35, 1105.

K. Kamaras, M. E. Itkis, H. Hu, B. Zhao and R. C.
Haddon, Science, 2003, 301, 1501.

J. Chen, A. M. Rao, S. Lyuksyutov, M. E. Itkis, M. A.
Hamon, H. Hu, R. W. Cohn, D. T. Eklund, R. E. Smalley
and R. C. Haddon, J. Phys. Chem. B, 2001, 105, 2525.



