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In this study, nanocomposite materials composed of titanium dioxide (TiO2) nanotubes and polymethylene naphthylene sulfonate (PMNS)
were successfully synthesized and extensively characterized. TiO2 nanotubes were fabricated via electrochemical anodization in an
ethylene glycol-based electrolyte containing ammonium fluoride, under varying voltage and time conditions. Scanning electron
microscopy (SEM) and Fourier-transform infrared spectroscopy (FTIR) analyses confirmed the formation of well-aligned, porous
nanotube structures with diverse lengths and morphologies. A detailed investigation was carried out to evaluate the influence of
anodization voltage (ranging from 20 to 80 V) and electrolyte composition on the height and surface uniformity of the nanotubes. PMNS
was synthesized through the sulfonation and subsequent polycondensation of B-naphthalene sulfonic acid with formaldehyde under precisely
controlled thermal and stoichiometric conditions. The structural characteristics of the resulting polymer were examined using IR
spectroscopy, complemented by quantum chemical calculations, including HOMO-LUMO energy gap analysis and charge distribution
profiling. The TiOz nanotubes were then combined with PMNS through an electrochemical polymerization technique to create the final
nanocomposites. Their electrochemical behaviour was studied using voltammetric techniques, revealing that both the electrolyte
composition and nanotube architecture significantly affect the electrical conductivity. These composites exhibited distinctive p-type and
n-type semiconducting behavior, which is strongly influenced by the polymer/oxide interface. Overall, the TiO2-PMNS nanocomposites
demonstrated promising electrical performance, suggesting their potential application in smart electrochemical devices, supercapacitors,
and sensor technologies. This work contributes to the development of advanced nanomaterials based on semiconducting polymers and
provides valuable insights into the structure-property relationships critical for next-generation electronic systems.
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INTRODUCTION

Electrochemical synthesis and anodization techniques have
garnered more interest in the past ten years [1-3]. Since the
nanomaterials made from porous anodic oxides [4], like porous
aluminum and titanium nanotubes [5], have enormous poten-
tial in a variety of fields [6], particularly anode side of TiO;
nanotubes (ATO) for conversion of solar energy, photocatalytic
decomposition sensors supercapacitors and solar energy con-

version to hydrogen fuel [7-10], they have garnered a lot of
scientific attention. Numerous factors, such as electrolyte con-
centration, anode voltage, current density and electrolyte tem-
perature, influence the formation of pores and nanotubes [11,
12]. For instance, different works of literature have varying
measurements for the height of nanotubes [13-15].
According to previous studies [16,17], significant differ-
ences have been observed in the elevation of nanotubes syn-
thesized using ethylene glycol-based electrolytes with a con-
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sistent ammonium fluoride concentration (0.3% NH,4F). For
instance, anodization carried out at a current density of 10
mA-cm-2? for 45 min resulted in nanotubes with a height of
15.3 pm, whereas a lower current density of 7.5 mA-cm pro-
duced nanotubes measuring only 4.7 um in height [18,19].
Moreover, anodization at a constant voltage of 50 V for 60
min yielded nanotubes with a height of approximately 8.5 um
[20].

The influence of the titanium substrate on the growth and
dimensions of nanotubes was also examined using an elect-
rolyte containing 0.3% NHsF. Nanotubes formed under a
constant anodizing voltage of 60 V for 360 minutes exhibited
heights ranging from 32 to 50 um [21-24]. These results high-
light that nanotube height is significantly influenced by the
multiple parameters including anodizing current, substrate type,
applied voltage and anodizing duration even within the same
NH4F-based electrolyte. This indicates that the nanotube height
is not solely governed by the electrochemical dissolution
reaction involving fluoride ions (TiO, + 6F + 4H* — [TiFe]>
+ 2H,0) [25,26].

For example, nanotubes with a height of 29.8 um were
synthesized using an ethylene glycol electrolyte containing
0.3% NH4F and 0.2% water at 60 V for 180 min. In contrast,
anodization in an electrolyte with 0.5% NH4F and 2% water
at the same voltage for just 10 min resulted in nanotubes with
a height of 9.0 um [27-30]. Furthermore, a height of 10 um
was obtained using an electrolyte with 0.83% NH,F and 8%
water at 60 V for 360 min [31-33]. These variations confirm
that water content significantly affects nanotube height, as it
alters the dissolution kinetics in conjunction with the fluoride
ion concentration [34,35].

The investigation of the kinetics and mechanisms invo-
Ived in the synthesis of semiconducting polymers [36], along
with the development of new compositions and the analysis
of their physical, chemical and physico-chemical properties,
holds significant scientific relevance in light of the rapid
advancement of global electronic technologies [37-40].

EXPERIMENTAL

Strips of 0.1 mm thick titanium foil (10 mm x 40 mm)
with 99.8% purity (Sigma Aldrich) were polished. To get rid
of roughness and contaminants, the foil surface was cleaned
for 15 min using an HF:HNO3:H,O (1:1:2) solution (GT
Sonic-D 6, 220-240V AC). After 15 more min of washing in
distilled water, it was left outside to dry for 1 h. Following
that, an electrolyte was made with 0.1 and 0.2% NH.F, 2%
water and 98% ethylene glycol solution.

A graphite electrode served as electrode in the opposite
direction, while titanium foil was acted as anode. The
titanium foil had a 4 cm? surface area when submerged in the
electrolyte (2 cm x 1 cm x 2 sides). From 30 V to 70 V, the
voltages were applied in various sequences (potentiostat:
Model SS-350 M, S/N 21121062). Constant anodizing process
voltages were supplied to the two-electrodes in two distinct
electrolytes for the purpose of having anodizing periods of 2,
3, 4 and 6 h. Every procedure was carried out three times.

Polycondensation of B-naphthalenesulfonic acid with
formaldehyde (35%6): The polycondensation process was carried

out in a sealed, hermetically closed reactor equipped with a
mechanical stirrer to ensure the uniform mixing. 3-Naphth-
alenesulfonic acid and aqueous formaldehyde solution (35%)
were combined in a molar ratio of 1:0.8. The reaction mixture
was maintained at 90-100 °C and stirred continuously for 5 h
under controlled thermal conditions to promote effective polymer
chain formation (Scheme-1). As a result of this process, poly-
methylenenaphthalenesulfonic acid was obtained with a yield
of 82.4%, indicating efficient condensation.

.
+ mewo — o
90-100 °C

HO;S n
Scheme-1

Synthesis of nanocomposites: Nanocomposites compri-
sing TiO2 nanotubes and copolymer, polymethylene naphtha-
ylene sulfonate were synthesized using an electrochemical
polymerization method. In this setup, graphite served as the
counter electrode, titanium dioxide (TiO2) nanotubes acted as
the working electrode (anode) and the electrolyte consisted
of 15 g of polymer dissolved in 100 g of DMSO. Nanocom-
posites were synthesized using electrolytes containing varying
water contents (45%, 10% and 2%, labeled as samples a, b
and c, respectively). The exposed surface area of the TiO2 nano-
tubes in the electrolyte was approximately 4 cm?. Sequential
voltages of 50 V and 60 V were applied during the process.
Electro-chemical polymerization was carried out over a period
of 4 h, with voltage continuously applied across both electrodes
in five different electrolyte systems. Each anodization experi-
ment was repeated three times to ensure reproducibility.

RESULTS AND DISCUSSION

The formation of TiO, nanotubes from nanoporous struc-
tures requires the dissolution of titanium oxofluorides gene-
rated between the tube walls. Among the key factors influen-
cing this process is the chemical aggressiveness of the surro-
unding environment. During nanotube formation, fluoride ions
(F) in the electrolyte react with Ti** ions released from the
metal surface, forming soluble [TiFs]?> salt. The presence of
fluorine within the nanotubes was confirmed through infrared
spectroscopy. The key vibrational bands observed include the
~Ti-OH stretching at 3489.54 cm, the Ti-O-C stretching at
989.69 cm™ and the O-Ti-O stretching at 750 cm', all within
the spectral range of 4000-500 cm™. The presence of —Ti-
OH groups in the sample indicates an alkaline medium, as
evidenced in Fig. la. The Ti-O-C stretching vibration is
observed at 989.69 cm?, while the O-Ti—O stretching vibra-
tion appears at 750 cm. In contrast, the spectrum in Fig. 1b
corresponds to a sample formed in a neutral medium. In
another sample (Fig. 1c), the stretching vibration of the C-H
group appears at 3121.15 cm?, Ti-OH at 3489.54 cm™ and
O-Ti-O at 750 cm™. The presence of Ti-OH once again
confirms the alkaline nature of the medium.

Morphological studies: The formation of nanotubes is
shown in Fig. 2a-b, which shows the development of highly
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Fig. 1. IR spectra (a-c) of titanium dioxide (TiO2) nanotubes obtained after anodization
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Fig. 2. SEM-EDS (a-b) micrographs of nanotubes obtained at 20 °C, 60 V with 0.2% NH4F

ordered, uniform double-layered nanotubes with smooth, flat
surfaces. Elemental analysis reveals a composition of 65.55%
titanium (Ti), 31.5% oxygen (O) and 3% carbon (C).

In this study, nanotubes were fabricated using a poten-
tiostat at various applied voltages ranging from 20 to 80 V.
The oxidation and reduction behaviour of fluoride and
oxygen anions in the electrolyte solution is illustrated in Fig.
3a. The current-time curve reveals that at 20 V, the oxidation
process began at 57 mA after 5 sec and produced an analy-
tical signal at 36.8 mA after 8.7 sec, indicating the onset of pore
transformation into nanotubes. During a 300 sec anodization,
the current ranged between 0-65 mA. Following the forma-
tion of an oxide layer at 49.7 mA after 18 sec, the process was
repeated under similar current density conditions. At 40 V, the
oxidation initiated at 42.4 mA after 4 sec and generated an

analytical signal at 31.2 mA at 9.1 sec. The oxidation ceased
at 45.3 mA after 25.9 sec, with the current density stabilizing.
This confirmed the formation of an oxide layer, as the final
oxidation current was lower than the initial value.

At 60 V, oxidation started at 32.7 mA and lasted 4 sec. An
analytical signal was recorded at 24.6 mA after 5.6 sec and
the process concluded at 45.3 mA after 52.9 sec. Again, the
development of the oxide layer was indicated by the final current
being higher than the starting current. At 80 V, oxidation
began at 25.3 mA at 2.8 sec and the analytical signal appeared
at 17.6 mA at 2.6 sec. The current density then stabilized as
the oxidation process ended at 41.3 mA after 98.9 sec.

The formation of highly ordered nanotubes is indicated
when the oxide layer formation current exceeds the initial set
current. Although higher voltages such as 100 V, 120 V and
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Fig. 3. Time-dependent volt-ampere characteristics of current at (a) voltage (20-80 V) and (b) 1% H20 (100-150 V)

150 V also resulted in significant oxide layer formation, the
resulting nanotubes were irregular and lacked smoothness.
This is evidenced by the fact that the oxidation current exce-
eded the initial current, while the oxide layers formed were
disordered (Fig. 1a).

Copolymer: The synthesis of the polymethylene naph-
thylene sulfonate copolymer follows a single-step process
(Scheme-1). Under the optimal conditions, with a naphthalene
-to-sulfuric acid molar ratio of 1:1.08 and an incubation
period of 6 h at 160 °C, a yield of 82.4% for 2-naphthalene-
sulfonic acid was achieved. However, extending the reaction
time leads to a reduction in yield due to the occurrence of the
secondary side reactions that degrade the desired sulfonic acid
products. Infrared spectral analysis of the copolymer reve-
aled characteristic absorption bands: C—H group vibrations at
3061.54 cm, C=C stretching at 1596.59 cm™, ~SOsH group
at 1106.18 cm* and C=0 stretching at 1190.57 cm™.

The morphology, surface texture, and elemental compo-
sition of the spatially organized polymethylene naphthalene
sulfonic acid were thoroughly examined using SEM, as shown
in Fig. 4. Specifically, Fig. 4(c-d) presents high-resolution
images that highlight the surface architecture and structural
integrity of the synthesized polymer.

DFT computations: To ascertain the route of the afore-
mentioned chemical processes, the Gaussian 09 W software
through B3LYP/6-311G*(d,p) program was utilized to inves-
tigate the outcomes of quantum chemical computations [41].
The naphthalene molecule’s charge distribution, bond lengths,
HOMO, LUMO and electrostatic charge distribution values
were first determined. Upon examining these quantum chemical
calculations, we observe a redistribution of charge in the active
sulfo group of the naphthalene molecule (Fig. 5). Here, it can
also be seen that the active sulfonic groups in the disulfona-
phthalene molecule have excess electrons distributed and react
through this active group (Fig. 6).

Physico-chemical characteristics of TiO2 based nano-
composites: In the IR spectra of TiO2 nanotubes and TiO2/

polymethylene naphthalene sulfonate (PMNS) nanocomposites,
the characteristic peaks corresponding to Ti-O, Ti—-OH and
—SOsH groups were clearly observed in both materials. The
emergence of new vibrational bands in the range of 1106-989
cm? upon the incorporation of PMNS confirms the success-
ful formation of the nanocomposite. This also indicates the
development of a strong interfacial interaction between the
organic polymer (PMNS) and the inorganic TiO, matrix.

Water content in the electrolyte was found to significan-
tly influence both the morphology and electrical conductivity
of the nanotubes. As the water content of the nanotubes incre-
ases, it is evident that irregular, short-diameter states emerge,
but the conductivity stays high (0-1.5 V) (Fig. 7a-b). This is
mostly due to the current’s vertical flow direction, which
causes short, wide-diameter nanotubes to develop. Both long
and short-diameter nanotubes exhibit low conductivity in the
absence of sufficient water. For instance, at 45% water content,
rapid dissolution occurred, resulting in nanotubes with large
diameters, though they were irregular and uneven in structure.
In 10% water, conductivity and stability were in balance,
which was considered the optimal result. In 2% water, the
nanotubes are long, but conductivity was lower because ion-
exchange was slowed down.

Conclusion

This study successfully demonstrated the synthesis and
characterization of TiO, nanotube-based nanocomposites
incorporating polymethylene naphthalene sulfonate (PMNS).
TiO, nanotubes were fabricated through controlled electro-
chemical anodization, with their morphology significantly
influenced by anodization voltage, time and electrolyte comp-
osition. The polymer PMNS was efficiently synthesized and
structurally confirmed through FTIR and supported by DFT
calculations, highlighting its active sulfonic functional groups.
Electrochemical polymerization enabled the integration of
PMNS with TiO,, forming nanocomposites with enhanced
electrical behaviour. The interfacial bonding between the oxide
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Fig. 4. SEM images of titanium dioxide nanotubes (TiO2) and TiO2/PMNS (polymethylene naphthalene sulfonate) nanocomposites
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Fig. 6. Distribution of charge, bond lengths of the disulfonaphthalene molecule
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and polymer matrix was evidenced by distinct IR spectral fea-
tures. Water content in the ethylene glycol-based electrolyte
containing ammonium fluoride also played a critical role in
tuning both the nanotube morphology and conductivity. Over-
all, the TiO2-PMNS nanocomposites exhibited promising semi-
conducting properties, making them suitable for future appli-
cations in sensors, supercapacitors and electrochemical devices.
Further optimization and long-term performance studies could
pave the way for their practical utility in the advanced tech-
nologies.
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