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Electropolymerization and characterization of poly-
ortophenylediamine (PODA) film and composite films of
poly (o-phenylediamine) with functionalized single-wall
carbon nanotubes (POPD/SWCNTS) and different additives
were studied. These nanoporous composite films were grown
electrochemically from aqueous solutions such that
constituents were deposited simultaneously onto substrate
electrode. The synthetic, morphological and electrical
properties of obtained nanocomposite films were compared.
SEM revealed that the composite films consisted of
nanoporous networks of single-wall carbon nanotubes coated
with  polymeric  film. Cyclic voltammetry and
electrochemical impedance spectroscopy demonstrated that
these composite films had similar electrochemical response
rates to pure polymeric films but a lower resistance and
much improved mechanical integrity. The negatively
charged functionalized carbon nanotubes served as anionic
dopant during the electropolymerisation to synthesize
polymer/functionalised carbon nanotube composite films.
Using these composite films, the modified electrodes with
improved properties were obtained.
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INTRODUCTION

Recent researches have sought to combine carbon
nanotubes and conducting polymers for use as
modified electrodes in different promising
applications including conductive and high-strength
composites, energy storage and energy conversion
devices, sensors, field emission displays and radiation
sources, hydrogen storage media etc.

" Corresponding author: fbrinzoi@chimfiz.icf.ro

Conducting polymers (CP) with good electrical
conductivity and large pseudo-capacitance have
aroused wide interests as the electrode material in
supercapacitors which are unique for provision of
pulsed high power."™

Conducting polymers (CPs) contain m-electron
backbone that is responsible for their unusual
electronic properties such as controllable electrical
conductivity, low energy optical transitions, low
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ionization potential and high electron affinity. The
extended m-conjugated system of the conducting
polymers has single and double bonds alternating
along the polymer chains. These materials are
particularly appealing because they exhibit
electrical, magnetic, and optical properties of
metals or semiconductors while retaining the
attractive mechanical properties and processing
advantages of polymers. Their conductivity can be
reversibly modulated by controlling the dopant
type and level. Their unusual electronic and optical
properties have made them very attractive
materials in various applications including solar
cells, light weight batteries, sensors and molecular
electronic devices.

Carbon nanotubes (CNTS) and conductive
polymers (CPs) are both interesting for their
unique electrochemical properties. Composite
materials based on the coupling of CPs and CNTs
have been shown to possess properties of the
individual components with a synergistic effect.'”
The CNTs doped CPs (conductive polymers)
exhibit dramatically different electronic properties
compared to CPs prepared with small anionic
dopants. Such differences reflect to conductivity of
the CNTS dopant compared to the common
insulating dopants. The electron flow within the
CPs/CNTs is apparently increased by the entrapped
CNTs due to an increased degree of delocalization
and CNTs bridging. In fact, impedance studies
indicated that CPs/CNTs films are conducting even
in their reduced state.* However, CNTs are
difficult to process and insoluble in most solvents.
CNTs can be divided into two main categories:
single-walled carbon nanotubes (SWCNTs) and
multi-walled carbon nanotubes (MWCNTSs). The
first is formed by a single graphene sheet. The
others are formed by additional graphene sheets
wrapped around the SWCNT core. In order to
broaden their applications it was found necessary
to tailor their solubility properties. For this reason,
in the present paper we used single-walled
nanotubes (SWCNTs) that were covalent
functionalized with a water soluble conducting
polymer (m-aminobenzene sulfonic acid), which
was noted thus: SWCNTS-PABS. The SWCNTS-
PABS graft copolymer has excellent solubility’s in
water and some organic solvents and it also
exhibits an order of magnitude increase electrical
conductivity over neat (PABS).® It was also
demonstrated that “SWCNTS-PABS” showed on
improved sensor performance for the detection of

NH; compared to unfunctionalized SWCNTS
because PABS is a conducting polymer in its own
right.” The presence of numerous free amine
groups in SWCNTS-PABS means that there is
potential for covalent immobilization of various
biomolecules.

In recent years, poly (o-phenylenediamine) has
drawn much attention owing to its attractive
applications such as pH response, electrochemical
diode properties, electron-transfer mediation and
permselectivity for dissolved species or photovoltaic
properties.*”  Moreover, poly-phenylenediamine
which can be easily deposited via oxidation of
phenylenediamine on Au, Pt electrodes from aqueous
media have been widely reported to have excellent
permselective properties relevant to biosensors
applications.'™* POPD has some properties, different
from those of usual conducting polymers like
polyaniline (PANI) or polypyrrole (PPY) that make it
promising for applications in electrochemical and
bioelectrochemical Sensors. POPD shows
dependence of the electric conductivity on the redox
state of the polymer. When compared to PANI or
PPY, POPD shows the conductivity in its reduced
state, whereas its oxidizing state is insulating.'>"

In this paper is described electrochemical
synthesis of nanocomposite films from conducting
polymers (o-phenylenediamine ~ OPD) and
functionalized carbon nanotubes (CNTs/SWCNTSsF)
and different additives sodium dodecyl sulphate
(SDS), 2,9-dimethyl 1,10-phenanthrolin (DMPH),
and sodium diethyldithiocarbamat (DETBC) and
electrochemical characterization of these nanocom-
posites has been by cyclic voltammetry (CV) and
electrochemical impedance spectroscopy, (EIS).
Scanning electron microscopy (SEM) was used to
compare the microstructure of the deposited films.

EXPERIMENTAL

The electrochemical polymerizations were carried out
using a conventional three electrodes system. A platinum
electrode and a saturated calomel electrode (SCE) were used
as counter and reference electrode, respectively. The reference
electrode was placed in a separate cell and was connected to
the electrolytic cell via a salt bridge that ends as a Luggin
capillary in the electrolytic cell. This arrangement helps in
reducing the ohmic resistance of the electrochemical system.
The working electrode was made from a platinum wire. PABS
functionalized SWCNTs were provided by Carbon Solutions,
Inc  (www.carbonsolution.com, Riverside, CA), orto-
phenylediamine (99.5% Fluka), was used as supplied. All
other reagents used were of analytical grade and were used as
received. Bidistilled water was wused for all sample
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preparations. Cyclic voltammetry and electrochemical
impedance spectroscopy were used to investigate the
electrochemical properties of the composite films.
Electrochemical experiments were carried out with an
automated model VoltaLab 40 potentiostat/galvanostat with
EIS dynamic controlled by a personal computer. All the
following potentials reported in this work are against the SCE.
Scanning electron microscopy (SEM) was used to compare the
microstructures of the deposited films.

Preparation of modified electrodes

The Pt electrode was carefully polished with aqueous
slurries of fine alumina powder 0.05 um on a polishing cloth
until a mirror finish was obtained. After 10 min sonication, the
electrodes were immersed in concentrated H2SO4, followed
by thorough rinsing with water and ethanol. The prepared
electrodes were dried and used for modification immediately.
Deposition of pure OPD O-phenylediamine (POPD) film and
composite films of poly (o-phenylediamine) doped with
functionalised single-walled carbon nanotubes and different
additives were by cyclic voltammetry and galvanostatically
prepared on Pt electrode in phosphate buffered saline (PBS)
solutions (pH 7.4). Using the galvanostatic method the POPD
films doped with NTCS and different additives: sodium
dodecyl sulphate (SDS), 2, 9-dimethyl 1,10-phenanthrolin
(DMPH), and sodium diethyldithiocarbamat (DETBC). The
POPD films were galvanostically deposited onto platinum
substrates at 0.3mA/cm’ and a total of 860mC/cm’.
Nanocomposite films of CPs/CNTsF were prepared by
electrochemical polymerization from a solution containing
both the functionalized CNTsF (functionalizated carbon
nanotubes in this case SWCNTs-PABS) and the corresponding
monomer. The chemical structure of SWCNT-PABS is given
in Fig. 1. In a first step, the CNTsF aqueous suspension
(usually 10mg/L) was prepared via sonication (1 hour) and
then the synthesis solution was prepared straightaway by
dissolving the monomer and the corresponding supporting
electrolyte in the CNTsF aqueous suspension. The negatively
charged SWCNTSs-PABS in solution acted as sole supporting
electrolyte and dopant for the orto-phenylediamine,
depositions. For this reason CNTsF are enwrapped in
polymers during the electropolymerization process in the form
of counter ions or dopants.

Thus, poly-OPDA -CNTsF composite films were prepared,
from an aqueous solution containing 0.2 mol/L OPDA + 10mg/L
CNTSsF in by cyclic voltammetry and galvanostatic methods in
phosphate buffered saline (PBS) solutions (pH 7.4) the potential
scanning range of -100 to +1000 mV at a scan rate of 50mV/s and
for a cycles number of 50.

Characterization of the modified electrodes

Electrochemical impedance spectroscopy (EIS) and cyclic
voltammetry (CV) were wused to investigate the
electrochemical properties of the composite films. The
electrochemical characterisation of the PODA and PODA-
CNTsF with SDS, DMPH and DETBC films was carried out
in aqueous solutions of 7.4 pH for comparison. The impedance
measurements were performed using a Voltalab 40 potentiostat/
galvanostat with EIS dynamic in the frequency range of
100 kHz + 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.
All tests have been performed at 25° C under atmospheric
oxygen without agitation.

RESULTS AND DISCUSSION

First we obtained the POPD films on the
platinum substrate in a synthesis solution of
0.2 mol/L o-phenylediamine in aqueous solution of
7.4 pH by cyclic voltammetry in the scanning
potential range of -200 to +1000 mV at a scan rate
of 50 mV/s and for 50 cycles. As we can see from
Fig. la, on the cyclic voltammograms appear two
anodic oxidation peaks while, at the reverse
potential sweep on the cathodic branch no appears
peaks The first peak at 0.6 V from Fig. la is
assigned to the radical cation oxidation of amino
groups and second peak is attributed to oxidation
dimmer 2.3 diamino phenazinium. It is formed a
uniform and compact thin film. In Fig. 1b is
presented the galvanostatic deposited of OPD onto
platinum substrates at 0.3mA/cm” and a total of
860mC/cm’. The coatings were undertaken under
galvanostatic conditions as well.
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Scheme 1 — The chemical structure of SWCNT-PABS.

In Fig. 2a are presented the cyclic voltammetry
of POPD/CNTS in the scanning potential range of
-200 to +1000 mV at a scan rate of 50 mV/s and
for 50 cycles and in Fig. 2b is the galvanostatic
deposition of POPD/CNTS at 0.3mA/cm’ and a
total of 860mC/cm’. Analyzing the cyclic
voltametry from Fig. 2a, it can be observed that, at
the first cycle on the anodic branch, a high and
sharp oxidation peak appears at the potential
750mV, the first peak is attributed to the oxidation
of o-phenylediamine. We have successfully
synthesized uniform, dense, compact and strongly
adherent of a yellow-dark colored films
nanocomposite on Pt by electrochemical
polymerization and galvanostatic deposition of
POPD/CNTS from aqueous solution of 7.4 pH.
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Scheme 2 — The electrochemical process of POPD film in aqueous solutions of 7.4 pH.
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Fig. 1 — Cyclic voltammetric (a) and galvanostatic (b) deposition of OPD on the platinum substrate in aqueous solution of 7.4 pH.

In Fig. 3 is the galvanostatic deposition of
POPDA, POPDA+NTC, POPDA+NTC+SDS,
POPDA+DETCB and POPDA+DMPH electrodes
in aqueous solution of 7.4 pH at 0.3mA/cm” and a
total of 860mC/em’.

Fig. 3 shows the E-t curves obtained during the
formation of nanocomposite films from conducting
polymers (OPD) and functionalized carbon
nanotubes (CNTs/SWCNTSsF) and different additives
on Pt electrode for 3mA/cm” applied constant current
densities. As can be seen from Fig. 3, deposition of
nanocomposite films (POPDA+NTC,

POPDA+NTCH+SDS, POPDA+DETCB and
POPDA+DMPH) is characterized by a sharp rise up
to a maximum positive value, after which the
potential remains to a constant value. Regarding the
galvanostatic electropolymerization of
nanocomposite films from conducting polymers
(OPD) and functionalized carbon nanotubes
(CNTs/SWCNTsF) and different additives on Pt
electrode at 3mA/cm?, potential immediately reached
the value corresponding to the polymerization
process. It is formed a uniform, dense and compact
thin film.
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Fig. 2 — Cyclic voltammetric (a) and galvanostatic (b) deposition of OPD +CNTS
on the platinum substrate in aqueous solution of 7.4 pH.
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Fig. 3 — Galvanostatic deposition of POPD, POPDA+NTC, POPDA+NTC+SDS, POPDA+DETCB
and POPDA+DMPH layers at current densities of 0.3 mA/cm™.
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Fig. 4 — Cyclic voltammograms of POPD film in cycling solution (monomer free) of 7.4 pH at 25°C.
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In Figs. 4-8 are presented the cyclic voltametry
(CV) of POPD, POPDA+NTC, POPDA+NTC+SDS,
POPDA+DETCB and POPDA+DMPH electrodes
in aqueous solution of 7.4 pH in a wide potential
range to explore all possible electrochemical
properties of these films in aqueous electrolytes.
The comparison between the behaviour of the
presented types of electrodes shows some major
difference.

POPD is of great interest because of its
potential use in various fields technology. Two
interesting properties of POPD, different from
those, characteristic for usual conducting polymers
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like polyaniline or polypyrrole make it promising
for applications in  electrochemical and
bioelectrochemical sensors. Further, we studied the
electrochemical characteristics of obtained POPD
films in cycling solutions such as: an aqueous
solution of 7.4 The electrode potential was cycled
on the potential range from -100 up to +1000 mV
with a sweep rate of 50mV/s and for a cycle’s
number of 50. Once the OPDA film is formed it
can be that the current density decreases with the
increasing number of cycles. The clearly decreased
current density evidentiates the nonconducting
form of the film.
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Fig. 5 — Cyclic voltammograms of POPD with NTC film
in cycling solution (monomer free) of 7.4 pH at a scan rate 50mV/s 25°C.
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Fig. 6 — Cyclic voltammograms of POPD with NTC and SDS film
in cycling solution (monomer free) of 7.4pH at a scan rate 50mV/s 25°C.
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Fig. 7 — Cyclic voltammograms of POPD+DMPH film in cycling solution (monomer free) of 7.4 pH at a scan rate S0mV/s 25°C.
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Nanocomposite of POPD-NTC shows the peak
current to be greater than POPD film. This indicates a
faster kinetics of the film nanocomposite, a feature
that can be attributed to higher conductivity of carbon
nanotubes network. When cycling occurs the current
density decreases with each cycle and finally reaches
to stable value. By comparing the CVs for POPD-
NTC and POPD-NTC-SDS film it can be seen that
the shape of the voltamograms is similar, but the
composites exhibit higher currents than the pure
polymeric ones, which can be translated into larger
capacitance of the composites. Composite film
POPD/CNTs shows redox activity in neutral media
(applications in biosensors).

Figs. 4, 7 and 8 present the cyclic voltametry
shape for POPD, POPD+DMPH and POPD

T
0.4

T T T T T
0.6 0.8 1.0

E(V)
Fig. 8 — Cyclic voltammograms of POPD +DETCB film in cycling solution (monomer free) of 7.4 pH at a scan rate S0mV/s 25°C.

+DETCB, and by comparing these CVs (for POPD,
POPD+DMPH and POPD +DETCB) it can be seen
that the shape of the voltamograms is similar, but the
composites exhibit low currents than the pure
polymeric ones, which exhibited non-conductivity
form of the film. Also, in this case the composite film
(POPD-NTC) revealed larger currents than
POPD+DMPH and POPD +DETCB film,
particularly at the peak potentials, this being an
indication of faster kinetics in the composite, which
can be attributed to the higher electronic conductivity
of the CNTs network. When cycling occurs the
current density decreases with each cycle and finally
reaches to stable value.
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Table 1

Kinetics parameters of POPD/Pt, POPD+NTC/Pt and POPD+NTC+SDS/Pt modified electrode determined

from cyclic voltammograms in aqueous solution at 7.4 pH (monomer free) at 25°C

OPD OPD+NTC OPD+NTC+SDS

i =241.4puA/cm? ipea =111 pA/cm? ipea =64.8A/cm?

cycle io4 i pA/cm’ i04 Ting g4 ing

uA/cm? pA/cm? pA/cm’ uA/cm’ pA/cm?

1 82.08 267 56.25 195 24.69 139

2 41.65 172.4 42.97 141 22.07 105
3 33.99 147.3 36.12 121.4 21.29 92.25
10 24.86 89.08 29.28 86.26 18.13 63.71
20 21.23 69.28 26.49 76.06 17.05 52.91
30 19.06 61.29 25.85 70.74 16.17 48.12
40 18.76 59.16 24.72 66.35 16.39 44.61
50 16.92 54.76 23.44 65.11 15.5 42.45

Table 2

Kinetics parameters of POPD/Pt, POPD+DETCB/Pt and POPD+DMPH/Pt modified electrode determined
from cyclic voltammograms in aqueous solution at 7.4 pH (monomer free) at 25°C

OPD OPD+NTC +DETCB OPD+NTC+DMPH
ipea =241.4uA/cm? e =72.05pA/cm? ipeat =88.73pA/cm’
cycle io4 i A/cm’ 104 ing 194 ing
uA/ecm? pA/cn’ uA/ecm? pA/cn’ uA/ecm?
1 82.08 267 56.25 195 27 112
2 41.65 172.4 42.97 141 19.62 78.49
3 33.99 147.3 36.12 121.4 17.17 66.41
10 24.86 89.08 29.28 86.26 13.7 44.79
20 21.23 69.28 26.49 76.06 11.73 37.44
30 19.06 61.29 25.85 70.74 10.8 329
40 18.76 59.16 24.72 66.35 9.84 32.23
50 16.92 54.76 10.06 38.72 9.33 31.12
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11:38:57 AM | 30.00 kv| 100 000 X‘ 9.9 mm|ETD |0

Fig. 9 — SEM images of the film surface of (A) POPD and (B) POPD/CNTs .

It can be observed that, once with the increase of
the cycle’s number, the shape of
cyclovoltammograms drastically changes. Analyzing
Figs. 4-8 and Tables 1, 2 one can see that, together
with the increase of the cycles 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
and the cathodic peaks are missing.
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When the thickness of the polymer film
increases, charge transport kinetics in the polymer
becomes slow. These difficulties are all addressed
by the addition of carbon nanotubes.

From the electrochemical deposition of
POPDA, POPDA+NTC, POPDA+NTC+SDS,
POPDA+DETCB and POPDA+DMPH electrodes
in aqueous solution of 7.4 pH at 0.3mA/cm’ is
observed insulating character increases in the



Polymeric and composite films 745

order: POPD/CNTS>POPD>POPD/CNTS/SDS>
POPD+DETCB>POPD+DMPH.

The SEM images of the pure POPD polymeric
films and POPD/CNTs composites prepared by
electrodeposition are shown in Fig. 9. As can be
seen, the POPD/CNTs composite displays also a
three-dimensional nanoporous structure.””* This
results in a larger specific surface area and a better
electronic and ionic transport capacity than in the
case of POPD electrodes. However, it can be seen
that the POPD/CNTs film is more compact than
other nanocoposite films. This morphology
suggests that a more resistive access of the
electrolyte within the composite films that can lead
to an improved permselectivity.

EIS measurements

As a steady state technique with small potential
variation, electrochemical impedance spectroscopy
(EIS) is more reliable than cyclic voltammetry for
measuring the capacitance with minimized effect
from non-capacitive Faradaic contributions.”*?
Therefore, the composite and pure polymer films
were studied by EIS. The resulting Nyquist and
Bode plots for PoPD, PoPD/CNTs/SDS and
PoPD/CNTs systems and are shown in Figs. 10,11.
The impedance plot for PoPD/CNTs system is
featured by a diffusion trend at all frequencies in
Nyquist format (Fig. 10), indicating noncapacitive

= POPD+NTS
604 © POPD
e POPD+NTS+SDS
50
40 .
=
S 304 .
£
<
N
E 20 4
N

10 1

behaviour according to the equivalent circuit
theory. In the case of the plots for PoPD and
PoPD/CNTs/SDS  system, the noncapacitive
behaviour was indicated by the more inclined
diffusion line.

In Figs. 10 and 11 are presented the Nyquist
and Bode diagrams of the PoPD, PoPD/CNTs/SDS
and PoPD/CNTs composite films at open circuit
potential condition. No matter what potential was
applied to the film electrodes, Nyquist plots are
featured by a diffusion line in all frequencies
domain, indicating a diffusive behaviour. This is in
agreement with the SEM results presented above
that illustrated a smaller porosity in the POPD
composites.

CONCLUSIONS

Were obtained POPD polymeric films and
POPD/CNTsF composite films and different
additives: sodium dodecyl sulphate (SDS), 2,9-
dimethyl 1,10-phenanthrolin (DMPH), and sodium
diethyldithiocarbamat (DETBC) by galvanostatic
and cyclic voltammetry from a synthesis solution.

Electrochemically synthesized composite films
of conducting polymers (POPD) and CNTs have in
common a porous structure at nano-meter scales.
They have better mechanical integrity and a higher
conductivity than the similarly prepared pure
polymer.

T T T T 1
30 40 50

Zr(Kohm Cm2)

Fig. 10 — Nyquist diagram obtained at current densities of 0.3 mA/cm™ in aqueous solution of 7.4 pH
for nanocomposite POPD/CNTs and POPD/CNTs/SDS films and pure polymeric ones.
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Fig. 11 — Bode diagrams obtained at current densities of 0.3 mA/cm™ in aqueous solution of 7.4 pH
for nanocomposite POPD/CNTs and POPD/CNTs/SDS films and pure polymeric ones.
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