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Polyaniline (PANI) nanostructures encapsulated in highly ordered TiO2 nanotubes (NTs) array was
obtained by formation of TiO2 NTs array in HF-H3PO4 solution using constant potential anodization
method; followed by electropolymerization of aniline to be encapsulated in the TiO2 NTs array, The
electrochemical , morphological and structural characteristics of PANI/TiO2 nanocomposite electrode
were examined by cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), scanning
electron microscope (SEM), X-ray diffraction (XRD) and infrared (IR) spectroscopy. Thermal
behavior of PANI film was studied by thermogravimetric analysis (TGA). Studies showed that anatase
phase of TiO2 prevailed and PANI-modified TiO2 composite did not change the crystalline structure of
neat TiO2. Dye sensitized photogalvanic cell based on PANI/TiO2 nanocomposite electrode was also
examined. Different metal phthalocyanine dyes were examined as the photosensitizer for composites
formed of PANI nanostructures encapsulated in TiO2 NTs array. The Photoelectrochemical properties
and the conversion efficiency of the modified CoPC dye sensitized PANI/TiO 2 nanocomposite were
enhanced compared to “neat” TiO2 NTs. The photogalvanic cell showed good stability for many
turnovers.
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1. INTRODUCTION
Dye sensitized solar cells (DSSCs) based on nanocrystalline TiO2 have attracted much attention
since their first description at the beginning of the 1990s by O’Reagan and Grätzel [1]. DSSCs are
currently attracting extensive academic and industrial interest envisioning this technology as a
powerful and promising way to generate electricity from the sun at low cost with high efficiency. TiO 2
is a widely used semiconductor due to its high stability, favorable bandgap energy, abundant
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availability, and inexpensive cost [2]. As compared with randomly distributed titania nanowires, the
well-aligned titania nanotubes arrays, especially the single crystalline one, enhanced the charge
collection and transport rate and in turn the light conversion efficiency [3]. Titania nanotube arrays
deposited either on transparent conducting oxide coated glass substrates [4] or metallic Ti substrates
[5] are also believed to be ideal candidates of photoanodes for high-efficiency DSSCs. The electron
produced at the surface of nanotube can be directly transported into a current collector without large
point contact resistance which occurred at the boundary between nanoparticles.
DSSCs have gained much attention in recent years because of their potential low cost, low
environmental impact, and power conversion efficiency comparable to conventional solar cells [6].
Nowadays, high efficiencies have been reported for DSSC using liquid electrolytes and a ruthenium
complex as sensitizer [7]. Several research groups have considered novel dyes, since the loss in
efficiency after a long period of solar exposition is attributed to the ruthenium complex (the most
common are the N3 and N719 dyes) unstability [8]. The main drawbacks of these sensitizers are the
lack of absorption in the red region of the visible spectrum and also relatively low molar extinction
coefficient above 600 nm. In addition, the high cost of the ruthenium complexes and the potential
unavailability of this noble metal have triggered the search for less expensive and stable sensitizers. In
contrast, phthalocyanines possess intense absorption bands in the near-IR region and are known for
their excellent chemical, photo and thermal stability; and have appropriate redox properties for
sensitization of wide bandgap semiconductors, e.g., TiO2, rendering them attractive for DSSC
applications [9].
Although DSSCs can show high conversion efficiency, there are remaining some significant
limitations, in particular the liquid redox electrolyte which leads to several technical disadvantages
[10]. Thus, there are practical benefits for replacing the liquid electrolyte system with solid conductive
materials. Conducting polymers are promising candidates that could be used as charge transport
materials. They have attracted much attention among both researchers and society since their
discovery. This has been driven by the exceptional electronic, optical and magnetic properties of these
materials that provide a vast range of potential applications [11, 12]. Polyaniline (PANI) is the most
extensively investigated conducting polymer because of its unique reversible protonic dopability,
excellent redox reversibility, environmental stability, variable electrical conductivity, low cost and
easy synthesis [13]. The ability of PANI to exist in various forms via acid/base treatment and oxidation
/reduction, either chemically or electrochemically, has made PANI the most tunable member of the
conducting polymer. K. Lim and co-workers [14] synthesized conducting PANI – titanium dioxide
(TiO2) composite micron-sized rods using an in situ gamma radiation-induced chemical
polymerization method. Polypyrrole encapsulated in highly ordered TiO 2 nanotubes array electrode
was prepared by L. Jin et al. [15]. Murakoshi et al. [16] reported a cell with photopolymerized pyrrole
on porous nanocrystalline TiO2 in which the polypyrrole acted as a hole transport layer. It showed an
improvement of the cell characteristics when polypyrrole was covalently bonded to the dye. The
overall efficiency was improved to 0.1% after LiClO4 was used to dope the resulting polypyrrole.
PANI has been used as electrode material based on its reversible electrochemical redox reaction. In
particular for TiO2 photoelectrode catalytic process in presence of PANI, TiO2 photoelectrode can be
excited with irradiation and the photogenerated electrons can be captured by PANI and quickly
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transferred to counter electrode. Thus, by incorporating PANI nanoparticles in TiO 2 NTs
photoelectrode, the enhanced photoelectrochemical performance is expected. The effect of changing
illumination intensity on the conversion efficiency and short circuit current (Jsc) was previously
studied [17].
In this paper, the highly ordered TiO2 NTs array prepared by constant potential anodization
method in HF-H3PO4 solution acted as a reactive photoelectrode material. PANI was used as a
chemical modifying reagent, as well as efficient electrons trapper. PANI/TiO2 nanocomposite
electrode was prepared by electropolymerization of aniline forming PANI nanostructures inside/over
TiO2 NTs in order to enhance the photoelectrochemical conversion efficiency. Characterization of
PANI/TiO2 nanocomposite electrode under different conditions was also reported. The applicability of
PANI/TiO2 nanocomposite electrode to photoelectrochemical energy conversion using different metal
phthalocyanine dyes was studied in dark and under illumination. The incorporation of conducting
PANI nanostructures into TiO2 NTs was found to enhance the photoelectrochemical response of the
composite. Cobalt phthalocyanine (CoPC) dye showed the best conversion efficiency compared to the
other studied phthalocyanine dyes.

2. EXPERIMENTAL
2.1. Preparation of a hybrid PANI/TiO2 nanocomposite electrode
Polyaniline encapsulated in highly ordered TiO2 nanotubes array (PANI/TiO2 NTs) electrode
was obtained via two steps: (1) electrosynthesis of TiO2 nanotubes array electrode by constant
potential anodization process as shown in our previous work [18]. Prior to anodization, the Ti rod
electrode was first mechanically polished with different abrasive papers and Alumina (2 μm) /water
slurry on BUEHLER pads and cleaned in ethanol (for 10 min.) and then in acetone (for 10 min.) and
then chemically polished in strong acidic solution of HF (3.3 mol L-1)-HNO3 (5.6 mol L-1) for 15
seconds to form a fresh smooth surface. Ti electrode was then rinsed with water and dried in air at
room temperature. The TiO2 NTs electrode was fabricated in a cylindrical Teflon cell equipped with a
regulated direct current (DC) power supply with a two-electrode configuration, in which the pretreated Ti electrode was used as the working electrode for an anode role and a platinum sheet acting as
the counter electrode. Anodization process was carried out at 20 V in 0.15 mol L-1 HF + 0.5 mol L-1
H3PO4 electrolyte for 40 minutes.
After anodization, the electrode was thoroughly rinsed with distilled water and subsequently in
acetone, and finally dried in air. Anodized Ti electrode was annealed in an oven at 105 ˚C for 12 hours.
Finally, the electrode was calcinated at 450 ˚C for 2 hours. A well-ordered TiO2 NTs array was
obtained under the aforementioned “optimized” conditions. (2) The electropolymerization of aniline
was carried out in a three-electrode/one-compartment glass cell in the 1 mol L-1 H2SO4 solution
containing 0.3 mol L-1 aniline monomer (aniline was distilled prior to use). The fabricated TiO2 NTs
electrode was used as the working electrode, a saturated Ag/AgCl electrode and a platinum sheet
served as reference and counter electrode, respectively. The PANI film was electropolymerized with a
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Cyclic Voltammetry (CV) method at the potential range from -0.1 V to 1.2 V with 100 mV s-1 scan
rate.
A second method was used to form PANI films ca. by applying a constant potential at the
fabricated TiO2 NTs (bulk electrolysis, BE). The color of PANI film formed was green. The electrode
was rinsed carefully with distilled water then PANI/TiO2 nanocomposite electrode was obtained.
2.2. Characterization of PANI/TiO2 nanocomposite electrode
Scanning electron microscope (SEM) with Philips XL 30 instrument was used to investigate
the morphology of TiO2 NTs array and modified PANI/TiO2 nanocomposite. Samples investigated by
SEM were prepared as previously mentioned in the experimental section (2.1). The SEM images were
processed with a personal computer connected to the SEM. The crystalline structure and the phase
purity of TiO2 and PANI modified TiO2 samples were analyzed by X-ray diffraction (PANalytical
X’pert PRo XRD instrument) with Cu Kα radiation operating at 45 kV and 40 mA. XRD patterns of
TiO2 and modified PANI/TiO2 films were collected at a scan rate of 4º /min in the 2θ range of 20º –
80º. The thermal properties and stability of PANI were investigated using thermal gravimetric analysis
(TGA). TGA was performed using a Schimadzu DTG-60H instrument. Heating rate was 10˚C/minute
and inert gas used was purified nitrogen.
The formation of the polymer film was ascertained by using IR spectroscopic technique. IR
transmission measurements were carried out by mixing samples with spectra-grade KBr. The IR
transmission spectra were obtained on a Brucker Vector 22, Germany. Sixty four scans were
performed at a resolution of 2 cm-1 and with accuracy of 0.004 cm-1 between 4000 and 400 cm-1.
Electrochemical polymerization and characterization experiments of PANI by CV were carried out
using a BAS-100B (BAS Inc., USA) at room temperature (25 °C  2 °C) in the monomer free solution
(1 mol L-1 H2SO4) between the two following potential limits: Ei= -0.1 V and Ef = 1.2 V, scan rate = 50
mV s-1.
Electrochemical impedance spectroscopy (EIS) has been widely employed to study the kinetics
of electrochemical and photoelectrochemical processes occurring in the dye sensitized solar cells. In
this study, impedance spectrum analysis had been applied to explore the electric conductivity of the
composite electrode [1] under open-circuit potential (OCP) over the frequency range of 0.1 Hz-100
kHz and ac-voltage amplitude of 10 mV. One of the factors affecting the photoelectrochemical and
chemical processes studied by EIS was the effect of illumination.
The EIS measurements for the PANI/TiO2 electrode prepared under optimized conditions were
performed at room temperature in 10-3 mol L-1 dye/1 mol L-1 H2SO4 solution in dark and under
illumination. The EIS measurements were carried out with Gamry-750 system and a lock-in-amplifier
that are connected to a personal computer.
The data analysis software was provided with the instrument and applied non-linear least
square fitting with Levenberg-Marquadt algorithm. The best fitting values calculated from the
equivalent circuit for the impedance data were reported.
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2.3. Photoelectrochemical measurements
I-V characteristics of the electrodes prepared at different conditions were recorded in a dye
electrolyte at room temperature using Gamry-750 system in dark and under illumination of 100 mW
cm-2. The conversion efficiency (η) and the fill factor (FF) of the prepared solar cell systems were
calculated from I-V parameters.

3. RESULTS AND DISCUSSION
3.1. Characterization of PANI/TiO2 nanocomposite electrode
3.1.1. Cyclic voltammetry (CV)
Figure 1 shows the repeated cyclic voltammograms (CVs) for 15 cycles during the
electropolymerization of ANI. The electrolyte solution contains 0.3 mol L-1 ANI monomer in 1 mol L-1
H2SO4 aqueous solution.

Figure 1. Repeated CVs for the formation of PANI on TiO2 NTs. Monomer solution: 0.3 mol L-1 ANI
in 1 mol L-1 H2SO4 solution, scan rate = 100 mV s-1, Ei = -0.1V, Ef = +1.2V for 15 cycles.
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The working electrode was TiO2 NTs electrode previously prepared as mentioned in the
experimental section. Ag/ AgCl and pt sheet serve as the reference and counter electrodes,
respectively.
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Figure 2. CVs obtained at PANI formed by: (A) repeated cycles (15, 18, 26, 35 and 40 cycles, scan
rate = 50 mV s-1, Ei = -0.1 V, Ef = +1.2 V), (B) applying constant potential (Eapplied = +1.2 V)
for different times (2, 3, 4, 5, 6, 7 minutes) in 1 mol L-1 H2SO4 aqueous solution. The inset
represents the relationship between anodic peak current and the number of cycles (A) or
polymerization time (B).
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Figure 3. Cyclic voltammograms obtained in 1M H2SO4 aqueous solution at scan rate 10, 30, 50, 70
and 100 mV s-1, Ei = -0.1V, Ef = +1.2V. The inset represents relation between anodic peak
current and square root of scan rate, ν1/2.

The electrode potential was continuously swept between -0.1 V and +1.2 V vs. Ag/AgCl
reference electrode at scan rate of 100 mV s-1.
Two major redox couples are observed in these CVs. In the positive sweep, the first redox peak
(at ca. 100-300 mV) is well-known as the formation of radical cations (polaronic emeraldine); and the
second redox couple at ca. 400 mV for reduction and beyond 400 mV for oxidation is due to the
formation of diradical dications (represented by the resonance structures: bipolaronic pernigraniline
and protonated quinonediimine) [19, 20] through the oxidation of PANI deposited on the electrode
surface. The first peak current increased continually with successive potential scans, indicating that the
electroactive and conductive PANI was deposited on the electrode surface [21]. The peak current rises
with successive potential scan illustrating the over-oxidation and further thickening of the film.
The electrochemical behavior of PANI is expected to differ according to the method of its
electropolymerization. Figure 2 shows the cyclic voltammetric response of PANI films formed with
different thicknesses using repeated cyclic voltammetry (15, 18, 26, 35 and 40 cycles) Figure 2A and
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constant applied potential of +1.2 V ( for 2,3,4,5,6 and 7 minutes) Figure 2B, respectively, in 1 mol L-1
H2SO4 solution. The potential limits used during cycling (ca. Ei = -0.1 V and Ef = +1.2 V) indicate that
the polymer film is cycled between its oxidized (doped) and reduced (undoped) states. The CV s of
Figure 2 show that the current response increases with thickness which may be attributed to the
increase in the number of active sites responsible for dopant exchange. Thus, the films were
conductive and also electroactive. Moreover, the amount of dopants exchanged during the oxidationreduction process increases. This is a logical consequence of the increased capacity of the film. The
sharpness of the anodic and cathodic peaks varies with thickness which indicates the distinct difference
in the mechanism of charge exchange for these films.
The effect of changing scan rate on anodic peak current is shown in Figure 3 for PANI film
formed by applying constant potential of +1.2V for 3 minutes. As could be noticed from the inset of
Figure 3, the relation between the anodic peak current (Ip,a) and square root of scan rate (ν1/2) is linear.
The observed linearity can be taken as an evidence for thin film formation and the diffusion controlled
the oxidation-reduction process.

3.1.2. SEM analysis
To investigate the surface morphology of TiO2 NTs and modified PANI/TiO2 electrodes,
scanning electron microscopy measurements were conducted. The pore size of TiO2 NTs can be tuned
as required by changing the synthesis parameters [18, 22, 23]. Thus, TiO2 NTs array was prepared
under optimized conditions by applying constant potential anodization at 20 V for 40 minutes in 0.15
mol L-1 HF + 0.5 mol L-1 H3PO4 aqueous solution at room temperature then annealed and calcinated at
450 ˚C for 2 hours. Figure 4A shows SEM image of TiO2 electrode, which reveals that highly ordered
and quite uniform TiO2 nanotubes array with an average pore diameter of 110 nm was fabricated by
the anodization technique. Figure 4B shows the SEM image of TiO2 NTs electrode encapsulating
PANI nanostructures which indicates the differences of the surface morphology between these two
electrodes.

A
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B

C

Figure 4. SEM images of TiO2 NTs electrode before (A) and after formation of PANI very thin film
(B) or PANI thick film (C).

Aniline is electropolymerized to form PANI nanostructures inside and over the TiO2 nanotubes.
Therefore, the PANI was encapsulated on the outer-wall and the inner-wall of the TiO2 NTs. Figure 4C
shows the SEM image of TiO2-NTs/PANI electrode in which PANI was formed as a thick film enough
to fill and cover all TiO2 NTs in which they did not appear from the top view of the electrode.
3.1.3. XRD analysis of TiO2 and modified PANI/TiO2 electrodes
To determine the crystal phases of TiO2 NTs and PANI/TiO2 nanocomposite electrodes, the
XRD measurements were carried out and the XRD patterns are shown in Figure 5. In the patterns,
anatase TiO2 diffraction peaks at 25.3°, 37.8° and 48.1° appeared which are attributed to the 101, 004
and 200 reflections, respectively. This indicates that only anatase phase of TiO2 can be indexed from
the patterns, and that the rutile and brookite phases of TiO2 are not observed. Ti peaks with hexagonal
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structure appear clearly-underlying matrix. Moreover, PANI modified TiO2 composite does not cause
any change in peak positions and shapes compared to neat TiO2. This shows that PANI-modified TiO2
composite does not change the crystalline structure of neat TiO2. It is also noticed that no new
diffraction peaks appear in the pattern of PANI-modified TiO2 composite. This suggests that PANI is
amorphous in the composite [24].
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Figure 5. XRD patterns of neat TiO2 and PANI/TiO2 modified electrodes.
3.1.4. IR spectroscopy
The current IR investigation was aimed to ascertain the formation of the PANI film. Figure 6
shows the FT-IR spectra, in the range of (400-4000 cm-1), of KBr pressed pellets of PANI. In the PANI
spectrum, there is a correlation with previously reported results [24, 25]. The bands at 1490 and 1559
cm-1 show the characteristic C=N and C=C stretching of the quinoid and benzoid rings, respectively.
The peaks at 1288 and 850 cm-1 can be assigned to the C-N stretching of the secondary aromatic amine
and an aromatic C-H out-of-plane bending vibration on 1,4-ring, respectively. The peak at 3417 cm-1
can be attributed to the N-H stretching mode. The in-plane bending vibration of the C-H on 1, 4-ring is
observed at about 1172 cm-1 which was formed during protonation. This means that the PANI formed
in and over TiO2-NTs is 1, 4-disubstituted [26].
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Figure 6. FT-IR spectrum for PANI prepared from 0.3 mol L-1 ANI in 1 mol L-1 H2SO4 aqueous
solution by applying +1.2 V vs. Ag/AgCl reference electrode.

3.1.5. Thermogravimetric analysis (TGA)
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Figure 7. TGA data for PANI prepared from 0.3 mol L-1 ANI in 1 mol L-1 H2SO4 aqueous solution by
applying +1.2 V vs. Ag/AgCl reference electrode.
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3.2. Photoelectrochemical properties of the electrodes
3.2.1. Effect of PANI formation on the performance of PANI/TiO2 electrode
The photoelectrochemical response of the PANI/TiO2 NTs electrode and TiO2 NTs electrode
were investigated using I-V characteristic curve in 10-3 mol L-1 CoPC dye solution. The
photovoltammetry can be used to evaluate both the electrochemical behavior with light off and the
photoelectrochemical behavior with light on under the same experimental conditions [28]. The results
of the photoelectrochemical response of PANI/TiO2 NTs electrode and TiO2 NTs electrode are given in
Figure 8. The higher photoelectrochemical conversion efficiency of PANI/TiO 2 NTs electrode (0.26%)
compared to that of TiO2 NTs electrode (0.18%) under illumination of 100 mW cm-2 is explained in
terms of the close matching of the band-gap energies of TiO2 (3.2 eV) and PANI (2.8 eV) which
enhances the charge separation and the electron transfer processes under illumination. Therefore, the
photogenerated electrons on TiO2 surface under illumination can be transferred fast through PANI film
since it is a conductive film, thus the recombination of photogenerated holes and electrons can be
restrained. It is concluded that the photoelectrochemical response enhanced by the formation of
conducting PANI film inside/over TiO2 NTs.
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Figure 8. I-V curves of neat TiO2 and PANI/TiO2 electrodes tested in CoPC dye solution under
illumination.

3.2.2. Effect of PANI thickness
I-V measurements were used as a guide to show the effect of changing the polymer thickness
on the photoelectrochemical response of the modified PANI/TiO2 electrode. Moreover, the results
prove the synergetic effect on the photoelectrochemical process due to the PANI film. Different PANI
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film thicknesses were prepared by CV by varying the number of repeated cycles for preparation of
PANI over TiO2 NTs electrode. The prepared electrodes were tested in 10-3 mol L-1 CoPC dye solution
under illumination of 100 mW cm-2. I-V performance characteristics obtained from the curves are
reported in table 1. By changing the thickness of PANI film over TiO2 NTs, the conversion efficiency
of the modified electrodes changes. The conversion efficiency increases as the thickness increases up
to a given thickness corresponding to films formed up to 25-30 cycles (that corresponds to a polymer
film thickness 175-200 nm). This is attributed to the fact that PANI has a band-gap which matches that
of TiO2. Therefore, PANI enhances the electron transfer process but when the PANI film becomes
very compact and thick, the electron transfer process might become difficult and the conversion
efficiency decreases. Better conversion efficiency (0.26%) obtained when slightly thick film formed
(around 25-30 repeated cycles).

Table 1. I-V characteristics of PANI (prepared by CV with different number of cycles)/TiO 2 (prepared
by anodization at 20 V in: 0.15 mol L-1 HF + 0.5 mol L-1 H3PO4 for 40 minutes and then
annealed at 105 C for 12 hours and calcinated at 450 C for 2 hours) tested in CoPC dye
electrolyte under illumination of 100 mW cm-2.
Number of cycles

Isc/ A

Voc/ V

FF

%η

13
18
20
30
40

4.47 × 10-4
6.15 × 10-4
8.24 × 10-4
9.40 × 10-4
7.39 × 10-4

0.22
0.18
0.27
0.26
0.25

0.95
0.96
0.63
1.0
0.99

0.09
0.11
0.14
0.26
0.18

3.2.3. Effect of illumination
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Figure 9. I-V curves of PANI (prepared by 25 repeated CVs)/TiO2 tested in CoPC dye electrolyte in
dark and under illumination.
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The effect of illumination on the enhancement of the conversion efficiency of PANI/TiO2 NTs
solar cell appears clearly in Figure 9 where PANI/TiO2 electrode was prepared under the optimized
conditions and then tested in 10-3 mol L-1 CoPC dye in dark and under illumination of 100 mW cm-2.
From the results, we noticed that the photoelectrochemical response of the electrode tested under
illumination is higher than that tested in dark which illustrates that the cell performance is better under
illumination conditions. This might be attributed to excitation of more electrons from the ground state
to the excited state in the dye which leads to the enhancement of charge separation and electron
transfer processes under illumination.

3.2.4. Effect of dye type
Phthalocyanine (PC) dyes are a promising class of dyes for their interesting photophysical
properties, which are dependent on the type and dimension of the metal ion incorporated at the center
of the 18π-electron aromatic macroring and on the peripheral groups bound to the molecular skeleton.
The large potential of these compounds has been highlighted by several technological applications
[29]. In order to extend the photo-response of inorganic semiconductors to the visible region and, thus,
to improve the overall energy conversion process, PC dye sensitizers appear promising owing to their
large adsorption coefficient in the red and to their thermal and photochemical stability [30]. PC dyes
have energy levels matching that of TiO2. These properties of phthalocyanines make them attractive in
the recent research concerning DSSCs. I-V performance parameters of PANI/TiO2 modified electrode
tested in different phthalocyanine dyes under illumination of 100 mW cm-2 and PANI films formed
with 25 cycles are shown in table 2. CoPC dye sensitized PANI/TiO2 solar cell showed better
conversion compared to CuPC or NiPC dye sensitized PANI/TiO2 solar cells under 100 mW cm-2
illuminations.

Table 2. I-V characteristics of PANI (prepared by 25 repeated cycles)/TiO2 (prepared by anodization
at 20 V in: 0.15 mol L-1 HF + 0.5 mol L-1 H3PO4 for 40 minutes and then annealed at 105 °C
for 12 hours and calcinated at 450 °C for 2 hours) tested in different PC dyes solution under
illumination of 100 mW cm-2.
Type of dye
CoPC
CuPC
NiPC

Isc/ A
-4

9.66 × 10
8.74 × 10-4
6.99 × 10-4

Voc/ V

FF

%η

0.22
0.24
0.16

1.0
0.88
0.99

0.22
0.18
0.11

3.3. Electrochemical impedance spectroscopy (EIS)
EIS is also used for studying the photoelectrochemical properties of PANI/TiO2 electrodes. The
effect of illumination was confirmed by EIS technique. Figure 10 represents the Nyquist plots for
PANI/TiO2 electrode obtained in the dark and under illumination in the presence of 10-3 mol L-1 CoPC
dye solution.
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Figure 10. Nyquist plots obtained at open circuit potential for PANI/TiO2 electrode tested in CoPC
dye solution in dark and under illumination. The inset is the equivalent circuit applied for
fitting of experimental data.

Table 3 lists the best fitting values calculated from the equivalent circuit shown in Figure 10
(the inset). The model fitted the experimental data well is shown in Figure 10 (points represent
experimental data and lines represent fitted data) and provided a reliable description for the
electrochemical system. From the circuit, Rs represents the electrolyte resistance, Rf and Cf represent
the resistance and capacitance of PANI/TiO2 film, Rct and Cdl represent the charge transfer resistance
and double layer capacitance, respectively.

Table 3. The electrochemical parameters, corresponding to Figure 10, estimated from the fitting of
experimental data to the equivalent circuit shown as the inset of Figure 10.
PANI/ TiO2
electrode
In dark

Rs /
Ω cm-2
6.65

Cf /
F cm-2
2.65 × 10-3

Rct/
Ω cm-2
2.54× 103

Cdl /
F cm-2
1.75× 10-4

Rf/
Ω cm-2
1.29× 104

Under illumination

12.91

2.53× 10-3

8.53× 102

1.88× 10-4

1.64× 104
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As shown in the Nyquist plots, two resistance-capacitance semicircles were observed. The
semicircle at high frequencies was characteristic of the charge transfer process and the diameter of the
semicircle equals to the charge transfer resistance (Rct) through PANI/TiO2 composite. The semicircles
shrank remarkably, the diameter of the semicircle was decreased and Rct was decreased under
illumination compared with those in dark implying that illumination increased the capacitance and
decreased the resistance to Faraday current. This is attributed to the different distribution and density
of the electrons under illumination and non-illumination [31]. Thus, the photogenerated electrons
excited by illumination enhance the conductivity and consequently improve the photoelectrochemical
response and conversion efficiency. This result agrees with the data obtained from I-V curves. It is
interesting that two semicircles were seen for PANI/TiO2 under the conditions of illumination and nonilluminaiton, implying that the reaction at the interface was controlled by two time constants [31]. The
natural passive film on the titanium surface was semi-conductive. Thus, the semicircle in the lower
frequency could be related to the inner dense passive layer, and the semicircle in the higher frequency
range reflected outer less dense TiO2 layer.

4. CONCLUSIONS
PANI/TiO2 nanocomposite electrode was prepared via two electrochemical steps: fabrication of
TiO2 NTs array electrode by constant potential anodization method in HF-H3PO4 solution; followed by
formation of PANI nanoparticles inside/over TiO2 NTs by electropolymerization method.
Characterization of PANI/TiO2 electrode was also reported. XRD analysis showed that anatase phase
of TiO2 prevailed and PANI-modified TiO2 composite electrode did not change the crystalline
structure of neat TiO2. IR spectroscopy ascertained the formation of PANI film. The applicability of
PANI/TiO2 nanocomposite electrode to DSSCs using different metal phthalocyanine dyes was studied
in dark and under illumination. CoPC dye sensitized solar cell based on PANI/TiO 2 composite
electrode showed better photoelectrochemical conversion efficiency (0.26%) compared to neat TiO2
electrode (0.18%) under illumination of 100 mW cm-2 with good stability. CoPC dye sensitized
PANI/TiO2 solar cell showed better conversion efficiency under illumination compared to dark
conditions (0.11%).
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