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Abstract: The fabrication of nanostructured composite materials is an active field of materials chem-
istry. However, the ensembles of nanostructured titanium monoxide and suboxide species decorated
with polyaniline (PANI) species have not been deeply investigated up to now. In this study, such
composites were formed on both hydrothermally oxidized and anodized Ti substrates via oxidative
polymerization of aniline. In this way, highly porous nanotube-shaped titanium dioxide (TiO;) and
nano leaflet-shaped titanium monoxide (TiOx) species films loaded with electrically conductive PANI
in an emeraldine salt form were designed. Apart from compositional and structural characterization
with Field Emission Scanning Electron Microscopy (FESEM) and Raman techniques, the electrochemi-
cal properties were identified for each layer using cyclic voltammetry and electrochemical impedance
spectroscopy (EIS). Based on the experimentally determined EIS parameters, it is envisaged that
TiO-based nanomaterials decorated with PANI could find prospective applications in supercapacitors
and biosensing.

Keywords: polyaniline; titanium; monoxide; titanium dioxide; oxidative polymerization; anodizing;
electrochemical impedance spectroscopy

1. Introduction

Electrically conducting polymers are promising alternative materials for technological
applications in many areas, including chemistry, material sciences, and engineering [1,2].
Conducting polymers-based nanocomposites also have outstanding potential applications
in biomedical fields [3], such as antimicrobial therapy [4], drug delivery [5], wearable energy
harvesting devices [6], nerve regeneration [7], and tissue engineering [8]. Conducting poly-
mers are also frequently applied in the design of supercapacitors [9]. Modification of metal
oxides by conducting polymers significantly improves electrochemical capacitance [10].
Capacity variations of conducting polymer-based structures can be well applied in various
conducting—polymer-based sensors [11] and biosensors [12]. Due to its high electrical
conductivity, biocompatibility, low toxicity, and good environmental stability, polyaniline
(PANTI) is one of the most studied conducting polymers [13]. Three redox forms of polyani-
line are usually distinguished: leucoemeraldine (reduced), emeraldine (half-oxidized), and
pernigraniline (fully oxidized), differing in color and electrical conductivity [14,15]. Tradi-
tionally, PANI layers are designed onto various substrates by electrochemical treatment in
acidic solutions containing aniline. PANI can also be synthesized by chemical oxidative
polymerization (COP) of aniline monomer using ammonium persulfate as a redox initia-
tor [16]. However, to the extent of the authors” knowledge, only a few reports have covered
titanium monoxide and suboxide structures with PANI at the time of this writing [17,18],
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whereas none of them investigated nanostructures or nanostructured surfaces as it is done
in this study.

There is a variety of applications for titania [19], but for titanium suboxides, despite
their advantageous properties such as high electrical conductivity and low bandgap [20],
application areas are still not clear. Up to now, several publications have reported on
titanium-suboxides-based gas sensors [21,22], microbial fuel cells [18], substrates for elec-
trocatalysts [23], solar cells [24], optoelectronic devices [25], batteries [26], etc. While many
common synthesis methods exist for TiO,, such as anodization [27], microwave synthe-
sis [28], laser beam treating [29] and chemical oxidation [30], these methods are not suitable
for the formation of nonstoichiometric titanium oxide structures. One of the well-known
approaches for the formation of titanium suboxide materials is the reduction of TiO, by
heating in an H, atmosphere, with TiHs, NaBHy, Al, Mg, either with Zn powder [31-33].
Note that the presence of oxygen vacancy, Ti>* and Ti-OH in titanium monoxides and
suboxides contributed to their high photocatalytic efficiency and significantly lower band
gaps [20]. However, these processes require lengthy processing at high temperatures in
a vacuum, and both structure size and surface morphology are difficult to control [34].
Therefore, in this study, we designed the chemical oxidation of the Ti surface into titanium
suboxide thin films by hydrothermal treatment under appropriate oxidation/dissolution re-
activity with a controllable thickness and surface morphology. For this, an alkaline solution
of 0.4 mol L~! H,SeO3, already reported by us [35], has been slightly modified and used in
this study. In this way, highly porous nanostructured films composed of titanium monoxide,
TiOy, species possessing a low band gap (1.29 eV) value and hierarchical morphology have
been prepared.

The aim of this study is the formation of nanoplatelet titanium monoxide films dec-
orated with polyaniline (PANI) for application as a supercapacitor. Decorated titanium
monoxide film surface morphology was investigated by FESEM, the formation of PANI in
Emeraldine form was proved by Raman spectroscopy, whereas cyclic voltammetry and
electrochemical impedance spectroscopy were applied for the investigation of capacitive
properties. Moreover, for purposes of comparison, PANI deposited onto anodized Ti
substrates was investigated in this study.

2. Materials and Methods
2.1. Synthesis and Characterization

Analytical grade ammonium fluoride, sodium hydroxide, potassium peroxydisulfate,
K,5,0s, acids: HC1, H3POy4, HCIO4, HySeOs3, and aniline purchased from Sigma-Aldrich
were used for the preparation of aqueous solutions. The 99.7% purity Ti working samples
in dimensions of 10 x 10 mm? were cut from a Ti foil, 0.127 mm thick (Sigma-Aldrich,
Taufkirchen, Germany). The samples were ultrasonically cleaned by sonication in acetone,
ethanol and water baths, 6 min each. An aqueous solution containing 2 mol L~! H3PO,
and 0.3 mol L~ NH,F was applied for Ti nanoporous anodizing at 20 V for 2 h., whereas
chemical oxidation of Ti foil was performed by hydrothermal treatment in an alkaline
solution of 0.3 mol L~ H,SeO3 and NaOH at 150-200 °C for 15 h., as previously reported
by us [35], followed by rigorous rinsing. To obtain a denser and thicker layer compared
to the previous study, the pH of the solution was increased to 10.0 and the temperature
of autoclaving to 200 °C. Prior to further depositions, all samples were annealed in argon
at 350 °C for 2 h. Similar to the methodology reported by Rahman et al. [36], an aqueous
solution of HCI, aniline and potassium peroxydisulfate (K,5,0g) was used for the chemical
deposition of polyaniline. For this purpose, 0.02 mL aniline was dissolved under vigorous
stirring in 22 mL 1.0 mol L~! HCl solution at the ice temperature. Then, 2 mL of a solution
containing 25 mg mL~! K,S,0s salt also kept at ice temperature was added dropwise under
intense stirring, then the Ti sample was inserted in the mixture and kept from 12 to 48 h.
Finally, the sample was washed with water several times, dried at 60 °C, and stored in
a desiccator for characterization. SEM images were obtained using the Helios Nanolab
650 field emission scanning electron microscope (FEI Eindhoven, The Netherlands).
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2.2. Raman Spectroscopy

A Renishaw InVia spectrometer (Wotton-under-Edge, UK) equipped with a thermo-
electrically cooled (—70 °C) CCD camera and a microscope was used for Raman spec-
troscopy measurements. Raman spectra were excited with 632.8 nm radiation from a
He-Ne gas laser. The 20 /0.40 NA objective lens and 1800 lines/mm grating was used,
where the accumulation time of Raman spectra was 400 s. The power of the laser was
decreased to 0.3 mW to avoid possible destruction of the samples. The polystyrene standard
spectrum was used to calibrate the Raman scattering wavenumber axis. Experimental data
were fitted with Gaussian-Lorentzian shape components using GRAMS/A1 8.0 (Thermo
Scientific, Waltham, MA, USA) software to determine the parameters of the bands.

2.3. Electrochemical Measurements

Electrochemical measurements of cyclic voltammetry and electrochemical impedance
spectroscopy were carried out using an electrochemical workstation Zahner Zennium (Kro-
nach, Germany) in a standard three-electrode cell with the working electrode, Ag/AgClsat
reference electrode, and platinum (99.99% purity, Aldrich) wire as a counter electrode. As
a working electrode, pristine substrates and PANI-decorated substrates (12 h incubation
time) were selected. Electrochemical impedance spectroscopy (EIS) was conducted in a
frequency range of 0.1 Hz-10° Hz with 10 mV amplitude. The data were normalized to the
surface area of the electrodes (0.16 cm?). Multiple experiments (up to 5) were carried out to
account for data discrepancy.

3. Results
3.1. Structural Characterization

Hydrothermal treatment of titanium in strongly alkaline solutions at 150-200 °C
results in its surface etching and oxidation covering by densely packed crystallite grains
(Figure 1A). The average size of titanium hydrate species varied from several to several
tens of nanometers, depending on the processing conditions, such as the solution pH,
temperature, and treatment duration. The subsequent calcination of this ensemble at
300-350 °C in air results in titanium hydrate crystallization to TiO, [37,38].

Figure 1. Top-side SEM images of the Ti surface after hydrothermal treatment in the solution of
NaOH (pH = 11.0) at 150 °C for 15 h (A) and 0.3 mol L1 H,SeO3 + NaOH solution (pH =10.0) at
150 °C (B).

However, variations in the hydrothermal treatment conditions and pH did not allow
us to form nanostructured titanium monoxide or suboxide films. Therefore, in this study,
we applied the hydrothermal processing in an aqueous alkaline solution containing SeO32~,
which upon a slow hydrolysis reaction at high temperature and pressure produces reactive
OH"™ species and TiOH [35]. Long-time hydrothermal treatment of a Ti substrate in this
solution even at 150 °C resulted in the formation of a thin (=1.0 um) layer comprising a
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leaflet-type species array (Figure 1B). The rise in the autoclave temperature to 200 °C results
in the formation of thicker films of the more densely packed and needle-shaped leaflets
with lateral dimensions of 8-13 nm x 0.5-1.1 um (Figure 2A). The SEM images shown in
the Figure 2B-D panels imply that the entire surface of all TiOy needle-shaped leaflets is
decorated with frost-type precipitates after prolonged sonication of the TiOx in the cold
aniline solution with potassium persulfate. Upon vigorous mixing for 12, 24, and 48 h,
the initial thickness of TiOy needles increased to 50-60 nm, 150-170 nm, and 200-250 nm,
respectively, although the porous morphology of the film was preserved even after 48 h
of processing. From the previous research, after calcination in an oxygen-free atmosphere,
these leaflets comprise titanium monoxide [35].

Figure 2. Top-side FESEM images of TiOy film before (A) and after (B-D) covering with polyaniline
by chemical oxidation of aniline with potassium persulfate at 2—4 °C for 12 (B), 24 (C), and 48 h. (D).
The inset shows the film thickness of film grown at 200 °C for 15 h: pH = 10; 0.3 M SeO3%~.

For purposes of comparison, we also prepared Ti samples covered with porous an-
odic oxide film sandwiched with PANI, focusing on the relation between structure and
electrochemical properties between these layers. The Ti surface was prepared by anodizing
in an aqueous solution containing 2.0 mol L~ H3PO, and 0.2 mol L~! NH,F at 20 V for
3 h and subsequent oxidation of aniline with K;5,0s at ice temperature for 12 h. The
aniline-K;,5,0g solution was found to greatly influence the microstructure of PANI species
deposited on the nanotubed anatase TiO, surface (Figure 3). We established that formation
of polymer species on the TiO, substrate by chemical oxidation of aniline proceeds easily
and required no surface pretreatment, as reported previously [39]. Furthermore, the mor-
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phology of as-formed species onto the TiO, surface differs significantly from the frost-type
precipitates decorated on the TiOy leaflets (Figure 3).

Figure 3. Panoramic (A) and top-side [inset in (A)] SEM image of TiO, film before and after polyani-
line chemical deposition (B) from an aqueous solution of 1 mol L~! HCI containing 0.9 mL L~!
aniline and 90 mL L~ K,S,0g solution (2.5 wt.%) at ice temperature for 12 h.

3.2. Raman Spectroscopy

Resonance Raman spectroscopy provides rich molecular level information on the
structure, oxidation and protonation states of polyaniline (PANI) [14,40-44]. Figure 4 com-
pares 632.8-nm excited Raman spectra of Ti/TiOx/PANI and Ti/TiO, /PANI samples. Two
strong bands at 1169 and 1589 cm ! belong to C—H bending and C=C stretching vibrations
of quinone rings, respectively, whereas the broad feature at 1487 cm ™! is associated with
C=N stretching vibration of an emeraldine base (imine sites) [14,40]. The shoulder near
1618 cm ™! is related to the stretching vibration of the benzene ring. Both samples exhibit
a strong band near 1339 cm~! which was assigned to stretching vibration of polaronic
structures C~N" possessing a bond intermediate between the single and double bonds [43].
These structures are responsible for the conductivity of the film. The middle-intensity
feature near 812 cm ! is related to C—N—C bending motion [14], whereas well-defined
bands at 521 and 428 cm ™! are associated with amine group in-plane deformation and ring
deformation modes [14,40]. The sharp band at 579 cm~! was previously assigned to the
presence of phenazine-like crosslinked structures in the film [44,45]. Such structures are
usually synthesized during the annealing procedure at higher temperatures. The amount
of such structures is higher in the case of TiOy/PANI film. The low-intensity band at
1223 cm ™! is characteristic of the C—N stretching mode of emeraldine (amine sites) [14].

In general, the spectral pattern shown in Figure 4 indicates that the polyaniline films
are in the emeraldine structure. A relatively intense polaron band at 1339 cm ! evidences
the presence of conductive emeraldine salt form in the films. However, because the relative
intensity of the polaronic band is higher for the sample Ti/TiOx/PANI, this sample should
possess higher conductivity. In addition, it should be noted that sample Ti/TiOx/PANI
contains a higher number of phenazine-like structures.
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Figure 4. Raman spectrum of (A)-Ti/TiOx/PANI sample and (B) Ti/TiO,-/PANI sample. Excitation
wavelength 632.8 nm (0.1 mW).

3.3. Electrochemical Analysis

Cyclic voltammetry and electrochemical impedance spectroscopy techniques were used
to elucidate the electrochemical properties of Ti/TiOy and Ti/TiO, electrodes before and after
samples were decorated with PANI. Both Ti/TiO, and Ti/TiO,/PANI samples exhibited
oxidation and reduction peaks upon injection of a redox probe (Figure 5A,C). However,
different redox reaction responses were observed among Ti/TiO; and Ti/TiO, /PANI samples.
First, the peak-to-peak potential separation value (AEp) of the [Fe(CN)]?~ /[Fe(CN)g]*~ redox
pair (Figure 5A,C) on the Ti/ TiO, sample decreased from 1020 mV to 100 mV when nanotubed
TiO, film was decorated with PAN]I, a tenfold difference, implying a significant acceleration of
the electron-transfer process. Secondly, in the presence of a redox probe, the PANI-decorated
Ti/TiO, specimens also exhibited significantly higher anodic and cathodic peak currents.

Contrary to Ti/TiO, samples, no distinct oxidation and reduction peaks were observed
in the presence of a redox probe for the Ti/TiOx sample (Figure 5B). Furthermore, the peak-
to-peak potential separation value for Ti/TiOx was estimated to be AE, ~ 1500 mV, which
is significantly higher than the value observed for the Ti/TiO; electrode, indicating that
electron-transfer kinetics are much slower due to the presence of a titanium monoxide
barrier. After decoration of TiOy leaflets with PANI, an obvious enhancement of redox
reaction was observed (Figure 5D). The Ti/TiOy electrode decorated with PANI displayed
significantly lower AE;, value of 150 mV compared to AE;, of 1500 mV obtained for Ti/TiOx
electrodes. Notably, both electrodes, i.e., Ti/TiOx/PANI and Ti/ TiO, /PANI, display redox
reaction peaks, which are located at the potential associated with the transition of PANI
forms between leucoemeraldine and emeraldine (A; and A;) and of by-products, namely,
hydroquinine /benzoquinone redox reaction (B; and B;) [46,47].
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Figure 5. Nyquist plots of Ti/TiOy, Ti/TiO, /PANI (A) and TiOy, TiOx/PANI (B) with and without
(C,D) 5 mM [Fe(CN)g]>~ /[Fe(CN)s]*~ in 0.5 M HCI (pH = 3) solution. Scan rate: 10 mV s~ 1.

Electrochemical properties of PANI-decorated Ti/TiOx and Ti/TiO, electrodes were
also investigated by electrochemical impedance spectroscopy. From the cyclic voltam-
metry data (Figure 5), it was determined that [Fe(CN)g]*~ /[Fe(CN)g]*~ redox reaction
potential depends on the film nature. For this reason, for EIS measurements, cathodic
peak potential obtained for the film in the presence of a redox probe was chosen and
compared with the same film without a redox probe. The obtained data are presented
in Nyquist plots (Figure 6). In most cases, two distinct parts can be observed in Nyquist
plots—a semicircle in the high-frequency region and the tail in a lower-frequency region.
The high-frequency region is related to the overall charge transfer resistance, R, between
the electrode-electrolyte interface. It was observed that the Nyquist plots of unmodified
Ti/TiO, and Ti/TiOx samples do not display a semicircular shape (Figure 6A—filled rhom-
bus and open rhombus; Figure 6B—blue circles), producing a straight line approaching
90 degrees, meaning that impedance at the high and low frequency region is dominated by
capacitive behavior of the films. However, TiOx films in the presence of a redox probe in a
high-frequency region exhibit a semicircular shape (Figure 6B orange circles), indicating
that the process is limited to charge transfer. Unlike the TiO films, an inclined line at 45° in
a lower-frequency region was observed on Ti/TiO, films in the presence of a redox probe
(Figure 6A, open rhombus), showing that the redox reaction displays diffusion limitations,
which is referred as a Warburg impedance.
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Figure 6. Nyquist plots of Ti/TiOy, Ti/TiO, /PANI (A) and TiOy, TiOx/PANI (B) with and without
5 mM [Fe(CN)¢]>~ /[Fe(CN)g]*~. Insets: magnification of the spectra.

PANI-decorated films exhibit semi-circular shape in the high frequency range, dis-
playing charge transfer resistance (Figure 6A—open red triangles and filled dark yellow
triangles, Figure 6B—red open and filled squares) and different conductive properties.
Interestingly, smaller diameters of semicircle were obtained on both films in an absence of a
redox probe (Figure 6A—filled dark yellow triangles and Figure 6B—filled green squares),
exhibiting smaller charge transfer resistance. Another important characteristic of PANI-
decorated film spectra with or without a redox probe is a tail in a lower-frequency region
that is vertical and almost parallel to the imaginary impedance axis. Usually, the inclined
line in the lower frequency region is related to the porous structure of the electrode [48].
However, the morphology of flowered PANI species deposited onto the nanotubed TiO,
(Figure 3) differs significantly from the frost-type PANI species (Figure 2) deposited onto
the leaflets of TiOx (Figure 2). Clearly, observed similarities of the inclined line in a lower
frequency region of Ti/TiOx/PANI and Ti/TiO, /PANI derive from the PANI itself, which
indicates capacitive behavior. Such capacitive-like behavior represents an accumulation of
diffusion ions in the PANI structure [49,50].

All in all, PANI-decorated substrates exhibited significant difference from unmodified
films in electrochemical properties: enhanced conductivity together with electron-transfer
kinetics and near-ideal supercapacitive properties.

4. Conclusions

In this research, nanotubed TiO; and nano leaflet-shaped TiOy films possessing dif-
ferent surface morphology were designed and decorated with PANI species by chemical
deposition. Based on SEM images, it was established that the surface morphology of titania
films greatly affects the morphology of PANI species. The frost-type PANI precipitates
were observed on TiOx nanoleaflets, and flower-like PANI fragments on a nanotubed TiO,
substrate. Raman spectroscopy suggested that in both cases, PANI films are in the emaral-
dine base state. We also determined the electrochemical properties of nanotubed TiO; and
TiOy films, based on cyclic voltammetry and electrochemical impedance spectroscopy. As
expected, both films displayed capacitive behavior and impaired electron-transfer kinetics
due to the presence of the oxide layer on the Ti surface. However, samples decorated with
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PANI in all cases displayed different electrochemical properties: enhanced conductivity
and electron-transfer kinetics, and near-ideal supercapacitive properties.

We suppose that these substrates have an indispensable potential for the develop-
ment of novel supercapacitors. Nanotubed TiO,, TiOx, and PANI are considered to be
biocompatible; therefore, the findings in this study could find potential use in bio-organic
semiconductors for the detection of relevant biological material. Moreover, based on
the low-band gap of TiOx film, together with PANI decoration, possible applications for
supercapacitors or biosensors may be considered.
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