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ABSTRACT

The synthesis of polythionine (PTN)/cobalt-doped titanate nanotubes (CoTNTSs) hybrid conducting films
with distinct layouts, using electropolimerization, is reported. The CoTNTs nanocrystalline elongated
particles were obtained by a hydrothermal treatment, using an amorphous Co-doped material as pre-
cursor. The adsorption ability of the prepared CoTNTs to remove organic dyes from aqueous media was
investigated, using thionine (Th). The total amount of Th removed by the nanocrystalline COTNTs powder
was 340.06 mgg~!. During this process, and due to the CoTNTs structural properties, the combination
of dye adsorption and intercalation was considered. After dye sensitization, the Th/CoTNTs were char-
acterized and used for Th electropolymerization studies, in order to produce hybrid polythionine (PTN)
electroactive films. The electroactivity of the Th molecules after immobilization in the CoTNTSs surface is
maintained. After electropolymerization, stable and electroactive nanostructured CoTNTs-PTN modified
electrodes were obtained. The influence of the experimental parameters in the final electrical and mor-
phological properties of the obtained hybrid films was studied, mainly the presence of the monomer in

solution, adsorbed or intercalated in COTNTSs.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Although considering that the titanium oxide (TiO,) or titania
(anatase and rutile) are the titanium compound most com-
monly used, the nanostructured titanates have gained considerable
research interest [1,2], either protonated or doped with sodium
ions, with the general formula Na,_,HxTi307-nH,0, with 0 <x <2.
The application of nanostructured titanates for photosensitive
materials, replacing TiO,, has been envisaged. They are very attrac-
tive for new photosensitive, adsorbing and catalytic materials
platforms development [7,3], essentially due to three reasons:
their high specific surface area, in the order of ca. 177-400 m2 g~!
[1,4], when compared with the one typically observed for titania
(20-50m?2 g~ 1); their band gap energy close to that of TiO, anatase
(~3.2eV) [5]; and the possibility of being doped with different
cationic ions, e.g. Li*, Cs*, Na*, K* and dyes [6-8].

The titanate nanostructures may present distinct shapes,
namely nanorods, nanotubes, nanosheets, and nanofibres [ 1,4]. The
titanate nanotubes (TNTs) usually present internal and external
diameters of about 2.5 and 5 nm, respectively. The walls of the TNTs
have a characteristic multilayered structure consisting of edge- and
corner-sharing TiOg octahedra, building up zigzag structures with
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the sodium ions located between the TiOg layers, with an interlayer
distance of ca. 0.8 nm [9]. The sodium ions can be exchanged and
arrangements and adjustments of the interlayer distance are pre-
dictable, depending on the inserted cation/molecule dimensions.

The TNTs have been used in the development of electrodes for
Dye Sensitized Solar Cells (DSSCs) [1]. Its elongated shape, visible-
light absorption efficiency and negatively charged surface (which
increases its capability to adsorb cationic dyes) enhances the elec-
tron transport and storage in DSSCs.

Small sized Co-doped TNTs (with Na* ions in the interlayers)
have also shown excellent ability to remove dye molecules, such
as methylene blue, from aqueous solutions [10,11]. This feature
is very interesting, especially for wastewaters pollutants removal.
The existence in the structure of a metal ion, e.g. cobalt, with
remarkable electro-catalytic properties make CoTNTs-based mate-
rials very attractive and their technological applicability can be
extended.

The nanoparticles immobilization on electrode surfaces is an
important goal to be achieved, namely if new electrochemical
applications are intended for such materials. In order to improve
the attachment of active particles to electrode surfaces, sev-
eral methodologies have been used, e.g. self-assembling, nafion
matrices, and conducting polymer films [12-17]. Conducting
polymer films have been intensively used for the immobiliza-
tion of nanotubular materials (e.g. carbon nanotubes) [14,18],
noble metal nanoparticles (M-NPs) [15,16] and other inorganic
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nanoparticles (nanodiamonds, CdS and TiO,) [17,19,20]. The use
of conducting matrices, such as polyaniline (PAni), poly(3,4-
ethylenedioxythiophene) (PEDOTh) and polypyrrole (PPy), have
beenreported [14-20]. One of the most used approaches, with good
control over the amount and distribution of the pre-synthesized
particles, is the immobilization through entrapment, during the
electro-polymerization process.

Moreover, several cationic dye molecules, frequently related
with serious environmental pollution problems, such as thionine
(Th), neutral red and methylene blue [21-24], can be electrochem-
ically polymerized from aqueous solutions, resulting in modified
electrodes stable in a wide pH range [21,22].

In the present work, CoTNTs nanocrystalline elongated particles
were synthesized and their interaction with thionine (Th), used
as a model organic molecule, was studied. In order to make this
process more sustainable from the environmental and economical
points of view, after immobilizing Th over the CoTNTs, the possi-
bility of Th to be electrochemically polymerized was systematically
analyzed. Polythionine/CoTNTs modified electrodes, with distinct
layouts, were successfully prepared. Then they were evaluated,
regarding the effect of the modification approach on the morphol-
ogy and electrochemical response of the prepared nanostructured
conducting films.

2. Experimental

All reagents were of analytical grade (Aldrich and Fluka) and
were used as received, without further purification. The solutions
were prepared with Millipore Milli-Q ultra-pure water.

2.1. Materials and methods

2.1.1. CoTNTs precursor synthesis

The CoTNTs precursor was prepared using a procedure pre-
viously reported [25]. The used titanium source was a titanium
trichloride solution (10 wt.% in 20-30 wt.% HCl) diluted in a ratio
of 1:2 in standard HCl solution (37%). Then, the required amount to
have 5% (molar) of cobalt was added: 0.170 g of metallic cobalt pow-
der was carefully dissolved in ca. 1 mL of concentrated HNO3. The
deep purple solution was heated to evaporate the solvent and ca.
2 mL of HCI (37%) solution was added to evaporate residual nitrates
(yellow steam is formed). After no yellowish steam was observed,
the solution was diluted with 2 M HCI to 100 mL. This solution was
added to 50 mL of the titanium trichloride solution. 4 M ammonia
aqueous solution was added dropwise to this solution, under vig-
orous stirring, until complete precipitation of greenish grey solid
(CoTNTs precursor). The resulting suspension was kept overnight
at room temperature and then filtered and washed with deionised
water.

2.1.2. CoTNTs synthesis

The CoTNTs samples were prepared in an autoclave system
using ~6 g of the precursor, in ca. 60 ml of NaOH 10M aqueous
solution [26]. The samples were prepared at 175 °C using an auto-
clave dwell time of 24 h. After cooling, the suspensions were filtered
and the grey solid was washed systematically: the sample was dis-
persed in ~150 mL of water and magnetically stirred for 1 h. Then,
the suspension was filtered and the pH of the filtrate was measured
for reference. This procedure was repeated until the filtrate solu-
tion has reached pH=7. Afterwards, the solid (CoOTNTs) was dried
and stored.

2.1.3. CoTNTs dye sensitization

The thionine (Th) adsorption was performed in suspension;
10mg of dry CoTNTs were added to 10 mL of the dye solution
(500mgL-1) and allowed to adsorb for 2h under stirring. After

equilibrium adsorption, the suspensions were centrifuged and the
sensitized solids were washed with ultra-pure water, until remov-
ing all the un-adsorbed dye. The amount of adsorbed Th was
obtained through UV-vis absorption measurements.

2.1.4. Electrochemical polymerization

The electrochemical experiments were carried out with a
computer-controlled CHI620A electrochemical workstation in a
conventional three-electrode system, using a platinum foil counter
electrode and a saturated calomel electrode (SCE) as reference elec-
trode. All potentials are reported with respect to the SCE. The redox
potential of the SCE is +0.244V vs. SHE at 25 °C. The used working
electrode was glassy carbon (GC, geometric area Agc =0.196 cm?).
When required, the GC electrodes were previously modified with
CoTNTs or Th-CoTNTs samples. The immobilization was performed
by a drop-cast methodology, typically 5 or 30 wL of a 1 mgmL~!
suspension, overnight.

The Th electrochemical polymerization was performed by cyclic
voltammetry, between 0 and 1.05V (unless otherwise stated) at a
scan rate of 50mVs~!. The used electrolyte was a 0.1 M NaClO,4
aqueous solution. All the solutions were prepared with ultra-pure
water and were deoxygenated for ca. 20 min with a nitrogen flow,
before use.

For the sake of clarity, the prepared polymeric films were
labelled with PTN no. of growth cycles/scan rate (method). For
example: the PTN80/50 is the polythionine (PTN) film prepared
using 80 cycles and a scan rate of 50 mV s~! over the GC electrode;
the PTN80/50(i) film was prepared using identical conditions (80
cycles and a scan rate of 50mVs~!) using the method (i) that is
described later.

2.2. Characterization

X-ray powder diffraction was performed using a Philips X-ray
diffractometer (PW 1730) with automatic data acquisition (APD
Philips v3.6B), using Cu Ka radiation (A =0.15406 nm) and work-
ing at 40 kV/30 mA. The diffraction patterns were collected in the
range 20 =7 — 60° with a 0.02° step size and an acquisition time of
2.0 s/step. Transmission electron microscopy (TEM) and high res-
olution transmission electron microscopy (HRTEM) were carried
out using a JEOL 200CX microscope operating at 200kV. Scan-
ning electron microscopy was performed in a field emission gun
- scanning electron microscope JEOL-7001F (FEG-SEM), operating
at 10-15kV. Specific surface areas were obtained with the method
developed by Brunauer, Emmett, and Teller (B.E.T. method), using
nitrogen adsorption data at —196°C, with a volumetric appara-
tus from Quantachrome mod NOVA 2200e. The samples, weighing
between 40 and 60 mg, were previously degassed for 2.5hat 150°C
at a pressure lower than 0.133 Pa. The amount of adsorbed dye was
measured by UV-vis spectroscopy (Jasco V-560).

3. Results and discussion
3.1. Samples identification and morphology

The CoTNTs samples prepared at 175 °C during 24 h were char-
acterized by XRD. The XRD pattern (Fig. 1a) is in agreement with
the existence of a NayH,_,Ti3O- titanate layered structure. The
diffraction peak at 260 ~ 10° is related with the interlayer distance
between the TiOg sheets, while the peaks at 24.5°, 28.6° and 48.6°
are characteristic of tri-titanate 1D nanomaterials [27].

The CoTNTs morphology was analyzed by transmission elec-
tron microscopy and a homogeneous sample was observed
(Fig. 1b). The particles were elongated, presenting a narrow
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Fig. 1. XRD pattern (a), TEM image (b) and particle size distribution (c) of the COTNTs sample.

particle size distribution (Fig. 1c). The CoTNTs particle size
was calculated and a value of 7.1 £+ 0.8 nm was obtained.

3.2. Dye sensitization

The ability of CoTNTs to remove organic pollutants from aque-
ous solution was studied, using thionine (Th) as a model dye (Fig. 2).
Prior to the adsorption experiments, the BET surface area of the CoT-
NTs sample was measured and the found value was 226.20m?2 g~ 1.
The amount of adsorbed Th, at the equilibrium conditions, was
340.06 mgg~! of COTNTSs.

This result was predictable, since TNTs based materials, when
prepared by alkaline hydrothermal synthesis in aqueous media, are
negatively charged and are expected to attract cationic species due
to the presence of cation binding sites, which have been formed
during the synthesis by Na* incorporation [27].

Considering the high amount of immobilized Th and the CoTNTs
surface area available for the dye adsorption, the occurrence of a
dye intercalation process, between the TiOg layers, cannot be com-
pletely ruled out. On the other hand, the existence of sodium ions
in the CoTNTs structure (in the interlayer space) and the reduced
dye molecule dimensions can also support this process occurrence.
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Fig. 2. Schematic representation of the of thionine (Th) chemical structure.
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It is reasonable to assume that the cationic dye molecules are
adsorbed over the surface through electrostatic interactions and,
therefore, oriented with the positive charge towards the nanotubes
surface. In this case, the area occupied by each Th molecule will be
about 0.12 nm? (value estimated using the software ChemSketch).
On the other hand, due to the delocalized 7 system in the aro-
matic rings of the dye molecule, the flat lying adsorption in the
surface is also a possibility, resulting in an area per molecule of ca.
0.59 nm2. Considering these two limit situations, the area occu-
pied by the total amount of adsorbed dye can vary from 85.52
to 419.06 m2 g~ 1, respectively. This latter value is superior to the
surface area available for adsorption (226.20 m2 g~1), suggesting
that the intercalation of the dye molecules between the TiOg lay-
ers, together with surface adsorption, should also takes place. In
fact, it has been reported that cationic dyes can be intercalated in
the interlayer spacing of layered materials such as clays [28] and
nanostructured titanates [8].

3.3. Th electropolymerization routes

The combination of cobalt containing titanate nanotubes with
conducting polymers to construct new hybrid electrochemical-
based architectures is an interesting research subject. Based on this
fact and the possibility of producing conducting polymeric hybrid
films, through electropolymerization of organic molecules, such as
thionine (Th) [21], a systematic study was performed using the
prepared Th—-CoTNTs particles.

In order to study the influence of the experimental parame-
ters in the final properties of the nanocomposite films, distinct
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methodologies were used for the production of polythionine
(PTN)-CoTNTs hybrid films:

(i) Th electropolymerization using the cleaned GC electrode
and a freshly prepared suspension containing CoTNTs
(2.84mgmL-1), Th(10mgL-1)and 0.1 M of NaClOy4 (electrolyte
solution);

Film label: COTNTs-PTN80/50(i)

(ii) CoTNTs immobilization in the GC electrode surface, by drop-
casting, and subsequent electropolymerization in electrolyte
solution containing 10mgL~! of Th;

Film label: COTNTs-PTN80/50(ii)

(iii) Drop-cast deposition of CoTNTs into the GC surface and
overnight drying; immersion in 250 mgL~! Th solution for 2 h
(in situ dye adsorption) and posterior electropolymerization in
monomer free electrolyte solution;

Film label: COTNTs-PTN31/50(iii)

(iv) Drop-cast deposition of the Th-CoTNTs in the GC surface (CoT-
NTs were previously saturated with Th, ex situ adsorption) and
electropolymerization in a monomer free electrolyte solution;

Film label: CoTNTs-PTN80/50(iv)

(v) Drop-cast deposition of Th—-CoTNTs in the GC surface (CoTNTs
were previously saturated, ex situ adsorption) and electropoly-
merization in an electrolyte solution containing 10mgL-! of
Th;

Film label: COTNTs-PTN80/50(v)

It is worth to note that the Th concentration in the electrolyte
solution was limited by the monomer solubility in the media used.

3.3.1. PTN80/50 film growth and characterization

The cyclic voltammograms obtained during the growth of a
polythionine film (PTN80/50), prepared directly in the bare GC
electrode, using an anodic limit potential, E;;=1.05V are shown
in Fig. 3. In the first anodic scan, the oxidation peak at about
—175mV corresponds to the reversible Th oxidation in solu-
tion, with the corresponding reduction peak at ca. —350mV. The
monomer irreversible oxidation occurs at high potential values
(>0.8 V) and the polymer growth is clearly evidenced through a cur-
rent increase of the oxidation (ca. 35 mV) and reduction (ca. 10 mV)
peaks, with the increase of the potential cycles (at least until the
80th cycle). The increase in the oxidation and reduction currents,
related with the monomer, has been previously discussed in the
literature [21,29,30]. The redox process, at less positive potential
values in the polymerization voltammograms, indicates a strong
contribution from the free monomer, since its redox conversion
occurs in the same potential range, as observed for the Th monomer
response on the GC electrode, observed in Table 1. This was fur-
ther confirmed by comparing the cyclic voltametric response of the
PTN80/50 modified electrode (Fig. 3b) in electrolyte solution with
and without monomer.

The redox process at less positive potential values decreases
and almost completely disappears upon rinsing the polymer film
with a monomer free electrolyte solution (Fig. 3b). Moreover, the
difference of the oxidation and reduction charges in the presence
and absence of Th in solution is close to that involved in the oxi-
dation (0.043 mC) and the reduction (0.027 mC) obtained in the
potential interval corresponding to the Th monomer redox con-
version (E, = —0.1V, dashed curve). However the broad reduction
peak of the PTN80/50 film, observed after washing it with monomer
free solution, indicates the presence of more than one redox pro-
cess. This has been previously observed in phenothiazine polymer
films (e.g. PTN [21,30] and poly(methylene blue) [31]). It has been
assigned to the monomer-type redox response and it can be due to
monomer units attached to the polymer film through S-S interac-
tions. A lower reversibility of the Th oxidation/reduction process
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Fig. 3. Cyclic voltammograms of (a) Th electropolymerization on a GC electrode:
PTN80/50 film (10mgL~" of Th in 0.1 M NaClO4, E; =1.05V, 80 cycles) and (b)
PTN80/50 film characterization in (— and ---) 10mgL~! monomer and (m—)
monomer free solution, and (— — —) GC electrode in monomer solution.

was observed for the PTN80/50 modified surface (AE=132mV)
than the one observed for the GC electrode (AE=75mV), shown
in Table 1.

3.3.2. CoTNTs-PTN80/50(i) film growth and characterization

The simultaneous deposition of COTNTs and PTN film according
to method (i), from a suspension containing 2.84 mg mL~! of CoT-
NTs and 10mgL-! of Th, was not completed successfully since a
poor electroactive film (Qox. =0.01 mC) was obtained (results not
shown). This is probably due to the low Th concentration in solu-
tion and the increased diffusion of oligomers to the bulk solution
(and therefore low polymerization efficiency), which was induced
by the stirring process during film deposition. Furthermore, due to
the extremely high capability of the COTNTs to adsorb Th molecules,
only 2-5 min were needed, after suspension preparation, to elimi-
nate all the Th molecules from the electrolyte solution. As a direct
consequence, the monomer availability in solution, for electropoly-
merization, drastically decreases.

3.3.3. CoTNTs-PTN80/50(ii) film growth and characterization

The drop-cast approach has proved to be the most effective way
for the nanotubes deposition on the GC surface, either using Th-
modified or pristine CoTNTs. However, low curing times (e.g. 4h)
has leaded to a weak interaction of CoTNTs with the GC surface
(high detachment to the solution). High amounts of deposited CoT-
NTs (30 wL of a 1 mg mL~! CoTNTs suspension; overnight) resulted
in the hindrance of the monomer access and/or of the electron
transfer to the electrode surface (films with poor electroactivity).

Fig. 4 shows the cyclic voltammograms obtained during
Th electropolymerization in the GC electrode previously mod-
ified with different amounts of CoTNTs, mentioned as film
CoTNTs-PTN80/50(ii).



V.C. Ferreira, O.C. Monteiro / Electrochimica Acta 113 (2013) 817-824 821

=

[&)

<C

£

— Lmme N30

N
-0.11 -
10 05 00 05 10
Evs SCE/V

0.1{ P

=

(&)

<« 0.0

£
0.1

10 -05 00 05 10
Evs SCE/V

Fig. 4. Cyclic voltammograms of (a) Th electropolymerization on GC electrodes
modified with: (® ) 30l and (M) 5uL of CoTNTs suspension (1mgmL-1),
cycles (---) 1, (=) 30 and (--) 80 (10mgL-! of Th in 0.1 M NaClO4 aqueous solu-
tion, E;; =1.05V) and (b) CoOTNTs—PTN80/50(ii) film () and GC electrode ()
characterization in monomer free electrolyte solution.

The lower amount of deposited CoTNTs (5wL) enabled the
PTN80/50 film growth from a Th solution, according to method (ii);
the nanocomposite film CoTNTs-PTN80/50(ii) displays good elec-
troactivity and lower overpotential for the oxidation and reduction,
as compared with the PTN80/50 film directly formed on the GC
electrode surface, as can be observed in Fig. 4 and Table 1.

A similar electroactivity has been obtained for the
CoTNTs-PTN80/50(ii) film and for the pristine polymer prepared
directly on the GC surface, 0.117 mC and 0.139 mC, respectively. In
addition, enhanced reversibility of the redox conversion has been
achieved for the CoTNTs-PTN80/50(ii) modified electrode when

compared with the one obtained over the GC surface (PTN80/50):
respectively AE=130 and 68 mV.

It must be stated that under these experimental conditions, the
possibility of Th uptake from solution, by the deposited CoTNTs,
has not been considered, since the electropolymerization process
started immediately after immersion of the CoTNTs-modified elec-
trode in the monomer solution.

3.3.4. CoTNTs-PTN31/50(iii) film growth and characterization

With the in situ adsorption method (iii) it is possible to obtain
Th-saturated CoTNTs, with monomer molecules available for elec-
tropolymerization, as can be seen from the voltammograms in
Fig. 5a. The GC electrode, previously modified with 5uL of a

10 -05 00 05 10

EvsSCE/V

10 -05 00 05
EvsSCE/V

Fig. 5. Cyclic voltammograms of (a) electropolymerization of Th previously
adsorbed in 5 wL of COTNTSs deposited on GC electrode, by immersion in a 250 mgL~!
Thsolution for 2 h,and (b) CoTNTs-PTN31/50(iii) film characterization in a monomer
free electrolyte solution.

Table 1
Oxidation and reduction potential peaks, E, and charge, Q, of the redox conversion of Th in solution and PTN deposited films.
Modified electrode ID VcoNarnts /L Eox./mV Eieq./mV AE/mV Qox./mC Qyeq./mC
Th10mgL! - —245 -310 75 0.015 0.011
PTN80/50
a - -270 —402 132 0.163 0.143
- -283 -
147 (68-280)* 64
b - - ~—134 - 0.139 0.128
125 58 68
CoTNTs-PTN80/50(ii) 5 -7 —-137 130 0.117 0.093
5 -78 —-278 200 0.210 0.142
5 e
CoTNTs-PTN31/50(iii) 34 123 157
CoTNTs-PTN80/50(iv)¢ 30 109 44 65 0.055 0.050
30 100 42 58 0.055 0.051
CoTNTs-PTN31/50(iv)° 5 -276 —400 124 0.036 0.023
-83 -158 75
CoTNTs-PTN80/50(v) 30 ~ —2? - :528 174_1 0.200 0.159

Characterization medium: a: Th 10 mgL~'/NaClO4 0.1 moldm~2 and b: NaClO4 0.1 moldm~3; c: E; =1.05V (6 cycles), 1.10V (12 cycles) and 1.13 V (13 cycles); d: E; =1.05V.

*Shoulder; peak not well-defined.
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1 mgmL~1 CoTNTs suspension, has been immersed in a 250 mg L~!
Th solution for 2h. After being washed it has been transferred
to a blank electrolyte solution for polymer growth, at 50mVs~!
with different E;: 1.05V (6 cycles), 1.10V (12 cycles) and 1.13V
(13 cycles). During polymerization, the anodic limit potential was
increased in order to improve polymer grow, since a significant
decrease of the irreversible Th oxidation at E,; was observed. The
electrochemical profiles obtained during the film growth show an
increase of the oxidation and reduction currents at about 35 and
—13 mV, respectively, which correspond to the polymer formed
from the adsorbed Th monomer. A concomitant shift of the peak
position towards more positive potential values and the decrease
of the monomer oxidation and reduction peaks current, at respec-
tively ca. —119 and —161 mV, was observed, since its concentration
in the surface decreases with polymer formation. In this case, the
signal corresponding to the reversible redox conversion of the
monomer is observed at lower potential values than that for the Th
in solution, observed in Table 1. Apart from a potential shift of the
oxidation process of ca. 30 mV, these results agree with the peak
potential values obtained for Th molecules adsorbed on CoTNTs;
Eox. ~—150mV and E;¢q ~ —267 mV.

40 -05 00 05 10
Evs SCE/V

10 -05 00 05 10

Evs SCE/V
o}
0.054
‘s
(3]
« 0.00
£
-0.05- ——filmin (a)
—— film in (b)
-0.5 0.0 0.5
EvsSCE/V

Fig. 6. Cyclic voltammograms of the Th electropolymerization on GC electrodes
previously modified with 30 wL of CoTNTs (suspension with 1mgmL-1): (a)
E.=1.05V; 80 cycles, (—) 80th cycle and (b) (=) Ej;=1.05V; 6 cycles, ()
Ej,=1.10V; 12 cycles, ( ) Ela=1.13V; 13 cycles and (w=) cycle 31, and (c)
CoTNTs-PTN80/50(iv) films characterization in monomer free electrolyte solution.

Fig. 5b displays the cyclic voltamogram obtained for the char-
acterization of the modified electrode after polymerization. This
approach enabled the formation of PTN films with 31 poten-
tial cycles (CoTNTs—PTN31/50(iii)) with higher electroactivity than
those grown with 80 sweep cycles on CoTNTs (5 L) modified elec-
trodes from 10 mg L~ Th solutions (COTNTs-PTN80/50(ii)), as seen
in Table 1.

In spite of the lower reversibility of the redox conversion, when
compared with the other modified electrodes, an enhanced elec-
troactivity of this film was observed, when compared with that of
PTN80/50 deposited on GC. This suggests that the dye molecules
adsorbed in situ are more accessible for the electrochemical reac-
tion, most probably due to its lower depth of penetration inside the
titanate interlayer. This is probably due to the absence of stirring
during the adsorption step.

3.3.5. CoTNTs-PTN80/50(iv) film growth and characterization

The voltammograms of the Th electropolymerization in the
modified electrodes, prepared according to method (iv), are rep-
resented in Fig. 6(a and b), using 30 wL of 1 mgmL~! Th-CoTNTs
suspension and with/without constant E,;. Under these conditions,
the anodic limit potential outline did not influence the electroactiv-
ity of the formed polymers, Table 1. On the other hand, using 5 L
of Th-CoTNTs for the electrode modification (results not shown),
a PTN film (CoTNTs-PTN80/50(iv)) with poor electroactivity was
obtained (Table 1). This is most probably due to the smaller amount
and lower accessibility of the Th, previously adsorbed (ex situ) on
the CoTNTs surface, for the electrochemical reaction, when com-
pared with the results obtained with higher amounts of Th-CoTNTs.

Furthermore, the monomer oxidation and reduction currents
increase and are shifted towards more positive potential values in
the initial polymerization cycles, due to the polymer growth; the
polymer signal occurs overlapped with that of the monomer.

v
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Fig. 7. Cyclic voltammograms of (a) Th electropolymerization (30 wL of 1 mgmL~!
Th-TNTs suspension (ex situ adsorption), in 10mgL~! Th solution with 0.1 M of
NaClOy, E; =1.05V, 80 cycles, and (b) CoTNTs-PTN80/50(v) film characterization
in monomer free electrolyte solution.
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This approach did not enable the formation of high elec-
troactive PTN-CoTNTs modified electrodes, because they have a
lower electroactivity than those prepared under the method (iii),
Table 1. Nevertheless, this methodology has revealed that the
adsorbed/intercalated Th molecules can be electrochemically poly-
merized and that the formed films do not detach from the electrode
surface.

3.3.6. CoTNTs-PTN80/50(v) film growth and characterization

The electrodes modified under the method (v) have enabled the
formation of films with increasing electroactivity, with potential
E;=1.05V at least until 80 cycles, as illustrated in Fig. 7a.

In spite of the reversibility of the CoTNTs-PTN80/50(v) film
redox conversion (AE=174mV) being lower than that of the
polythionine film deposited directly on the GC surface, PTN80/50
(AE=68 mV), the electroactivity of the resulting modified electrode
is comparable to the one of COTNTs-PTN80/50(iii) film.

3.4. CoTNTs-PTN films morphological characterization

The morphology of the modified electrodes was analyzed
by FEG-SEM. Fig. 8 shows the morphology of the GC electrode
surface after hybrid films preparation; a smooth and compact
morphology, related with the polymer existence, can be visu-
alized after PTN80/50 film deposition. The morphology of the
CoTNTs-PTN80/50(ii) and CoTNTs-PTN80/50(iii) films is identi-
cal: a homogeneous distribution of the elongated CoTNTs particles
over the electrode surface is visualized in these two films. No

PTN 80/50

CoTNTs-PTN80/50(ii)

* CoTNTs-PTN31/50(iii)

Fig. 8. SEM images of the PTN80/50, CoTNTs-PTN80/50(ii) and CoTNTs-PTN31/
50(iii) hybrid films.

special morphological features directly related with the PTN pres-
ence (when compared with the PTN80/50 film) were observed.

Moreover, CoTNTs-PTN80/50(ii) and CoTNTs-PTN80/50(iii)
films are very similar. It is then possible to conclude that there
are no significant differences in the morphology of a film prepared
using the monomer in solution and the CoTNTs attached to the elec-
trode surface, and a film obtained with the Th adsorbed in situ in
the CoTNTs after immobilization on the GC electrode.

The morphology of the electrodes surface, after
CoTNTs-PTN80/50 modifications, was distinct from those shown
in Fig. 8. In this case, on the top of the smooth layer deposited
on the surface, heterogeneously sized and shaped bundles of
CoTNTs were clearly detected with average sizes of 0.6+ 0.3 um
and larger aggregates with ca. 2.0-4.2 pm spread throughout the
surface (image not shown). By increasing the amount of deposited
CoTNTs to 30 L, the average size of the bundles increased to
0.7+04pm and 3.5-6.8 wm. This effect may be related with
interactions amongst CoTNTs, due to the presence of adsorbed
Th molecules, which induces aggregation in solution. In fact the
Th-modified CoTNTs were more hardly dispersed in solution than
the corresponding pristine COTNTSs.

4. Conclusions

New nanostructured hybrid thionine-TNTs electroactive mate-
rials were successfully synthesized, by using an adsorption
and electrochemical polymerization steps combination approach.
Materials with different properties were obtained depending
on the used sequential procedure. Under the tested exper-
imental conditions, the CoTNTs-PTN films that achieved the
best electroactivity were the CoTNTs-PTN80/50(v) and the
CoTNTs-PTN31/50(iii). No considerable morphological alterations
were visualized for the films prepared using the monomer in solu-
tion, COTNTs-PTN80/50(ii), or adsorbed in situ in the CoTNTSs sur-
face, CoTNTs-PTN31/50(iii). The nanocomposite film with the high-
est redox reversibility (AE=58 mV) was CoTNTs-PTN31/50(iv),
synthesized by electropolymerization using 30 L of a 1 mgmL-!
suspension of Th—-CoTNTs previously immobilized on the GC sur-
face and a monomer free solution.

The main conclusions of this work are the following: (1) the
small size cobalt-doped TNTs nanoparticles retain their capability
to remove thionine from an aqueous solution, after deposition on
electrode surfaces; (2) the Th molecules preserve their electroac-
tivity after adsorption/intercalation on the CoTNTs surface; (3) the
adsorbed Th can be electrochemically polymerized, resulting in
an electroactive and stable nanostructured CoTNTs-PTN modified
electrode; (4) the methodology described can be successfully used
for the removal of cationic dyes from aqueous solutions directly
to CoTNTs (un)supported in solid surfaces and establishes an ade-
quate and environmental friendly approach for composite modified
electrodes development.
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