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The Comprehensive study of Titanium oxide doped Conducting polymers 
nanocomposites for Photovoltaic applications
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aDepartment of Chemistry, Bajaj College of Science, Wardha, India; bDepartment of Physics, Indira Mahavidyalaya, Kalamb, India

ABSTRACT
To make the effective use of renewable energy, high performance, low-cost, and eco-friendly energy 
conversion devices are topic of intense research. Effect of addition of TiO2 on photovoltaic performance 
of polymers was studied. The significant enhancement in % η was observed after addition of TiO2 in 
Polyaniline. The Titanium dioxide (TiO2) is n-type semiconductor with mechanical flexibility, and its 
conductivity can be modified by doping with PANi (p-type) to obtain high current by exciton separation 
at TiO2/PANi interface. The value of % η (10.47%) for TiO2-Polyaniline composite is found to be highest.
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1. Introduction

The energy requirement of world is rising day by day 
and it is estimated that energy requirement will be 
double by 2050.[1] A photovoltaic or solar cell is used 
to convert the light energy into electrical energy. The 
electric power generation from renewable energy 
sources is the need of time. Among renewable energy 
resources used for generation of electricity, solar photo-
voltaic technology is rapidly growing.[2,3]

The interesting characteristics for the replacement of 
traditional energy sources by photovoltaic technology are

● Fossil fuels are limited and their cost is 
increasing day by day on the other hand solar 
energy is abundant & free.

● Fossil-fuels pollute the environment & solar PV’s 
does not release pollutants.

● Fossil-fuels create global warming & solar PV’s does 
not.

● As compared to other renewable energy sources, 
solar PV’s provide the highest power density.

● Solar PV’s has low operational costs & 
maintenance.

● There are more than 100 countries in the world 
where the work on solar PV technology is topic of 
intense research.[4–10]

1.1. Metal oxide/polymer composites

Polymer solar cells work in the following four stages for 
photocurrent generation:

(1) Excitons formation by absorption of light by the 
activated layer.

(2) Free charges formation by excitons at electron 
donor/acceptor interface.

(3) Transfer of the charged species in presence of 
electric field.

(4) Collection of charge by electrodes.[11]

One of the popular methods for charge separation in 
organic films is the addition of electron acceptors like 
TiO2nanomaterial.[12,13]Polymer/inorganic composite is 
topic of interest in research due to the synergetic effects 
which lead to better electrical properties. The direct 
interfacial interaction of the polymers &inorganic com-
ponent in composite improves electronic properties. In 
composite, the polymeric material acts as donors and 
inorganic component are acceptors.

In this study, Titanium dioxide (TiO2) is n-type semi-
conductor with mechanical flexibility, and its conduc-
tivity can be modified by doping with PANi (p-type) to 
obtain high current by exciton separation at TiO2 

/PANiinterface.[14–17] Polyaniline is one of the most 
studied material because of its eco-friendliness, good 
electrical conductivity, low cost, rigidity, unique rever-
sible protonic dupability etc. PANI is widely used in 
nanoelectronic devices.

The high efficiency of composites of PANi&TiO2in 
photovoltaic devices can be explained on the basis of 
following:

1. The band-gap energies of PANI (2.8 eV) &TiO2 

(3.2 eV) are nearly same which facilitates the separation 
of charges and the transfer of electrons.
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2. The photo-generated electrons get excited by light 
which increases the conductivity as well as photoelec-
trochemical response.

Another reason for enhanced photosensitivity of 
PANI/TiO2 film depends on energy level. When 
PANI/TiO2film irradiates withlight, boththeTiO2 and 
PANI shows absorption of photons & charge separation. 
As the conduction band of TiO2 and the LUMO level of 
the PANI are nearer to each other, it facilitates the 
charge transfer.[18,19]

2. Experimental

In present work, Polyaniline (PANi) was prepared by 
Chemical oxidative method by Ammonium persulfate as 
oxidant. Both aniline and oxidant in stoichiometric ratio 
were dissolved in aqueous medium. The greenish black 
ppt was obtained and it was kept for 24 hours at room 
temperature to achieve complete polymerization. The 
product was washed with distilled water and then dried 
in an oven.[20] For preparation of Polypyrrole(PPy), 
FeCl3 was used as oxidizing agent. The suspension was 
kept at room temperature for 24 hours to get complete 
polymerization. Finally, the black ppt. of polypyrrole 
was washed with Acetone and dried in an oven.[21]

Polyindole(PIn) was synthesized by Chemical oxida-
tive method using FeCl3 as an oxidizing agent and 0.1 M 
Hydrogen peroxide was added to enhance the rate of 
reaction. The reaction mixture was stirred for 12 hours 
at 30°C.[22] Polythiophene (PTh) was obtained by mix-
ing thiophene with ferric chloride. Hydrogen peroxide 
was added to increase the rate of reaction. The complete 
polymerization was obtained by constant stirring for 
24 hours at 30°C. Then, concentrated sodium hydroxide 
solution was added to get the product. The product was 
washed with distilled water and dried in oven.[23]

The Titanium dioxide (TiO2) was obtained using 10% 
titanium chloride (TiCl3), 15% HCl and ammonia solu-
tion in aqueous solution at alkaline pH. 3% H2O2was 
added to increase oxidation rate. The resulting solution 
was kept at room temperature for 24 hours and probe 
sonicated. The product was washed with distilled water 
and dried in oven.[24]The Polymer/Metal oxide compo-
sites were prepared by ex-situ approach. During pre-
paration of composite, Polymer (1 g) and Metal oxide 
(0.1 g) were added to the organic media.

The X-ray diffraction (XRD) patterns of as prepared 
materials were recorded on Rigaku Miniflex-II X-Ray 
Diffractometer. The morphology of samples was inves-
tigated using scanning electron microscope (SEM) 
images obtained from JEOL JSM-7500 F. The ultravio-
let–visible (UV–VIS) absorption spectra of composites 
were acquired using Agilent Cary 60 UV–VIS 

spectrophotometer. The Bruker RFS 27 Raman spectro-
meter was used for Raman analysis. Electrochemical 
study of prepared samples was carried out using three- 
electrode cell systems (CHI 660 D, CH Instruments). 
As-prepared materials were used as the working elec-
trode, platinum wire as counter electrode and Ag/AgCl 
as the reference electrode. Photoluminescence (PL) 
spectra recorded using fluorescence spectroscopy (FL 
spectrophotometer model F-7000; Hitachi).

2.1. Fabrication of photovoltaic cell

The PV cells were prepared by doctor blade technique. 
The composite material was present as sandwich 
between ITO layer of plate and aluminum (Figure 1). 
The foil of aluminum acts as metallic electrode. The 
temporary binder was used to deposit the composite 
material on ITO coated plate and on that layer alumi-
num foil was kept. Then, it was dried at 40°C in order to 
remove the volatile organic components. The thickness 
of deposited layer was controlled by using transparency 
in doctor blade technique.

The current-voltage, that is, I–Vstudy of Photovoltaic 
cell was done by using an incandescent light bulb having 
power 0.2956 Watt/m2. The parameters like short circuit 
current (ISC), fill factor (FF), power conversion efficiency 
(η) & open-circuit voltage (VOC) were measured using 
these conditions. The Fill Factor of Photovoltaic cell was 
measured using following equation, 

FF ¼
IMAX � VMAX

ISC � VOC 

The power conversion efficiency, that is, %η of 
Photovoltaic cell was calculated by following relation, 

%η ¼
ISC � VOC � FF

Pin

� �

� 100 

The FF and %η are the very important parameters for 
study of any PV cell. By using these parameters, it is 
possible to study any photovoltaic cell and its 
performance.

Glass Substrate

ITO

PV Material

Aluminum

Figure 1. Side face of fabricated PV cell.
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3. Result & discussion

3.1. XRD

Figure 2 indicates XRD pattern of (a) TiO2, (b) 
Polyaniline (PANi), (c) Polythiophene (PTh), (d) 
Polypyrrole (PPy), (e) Polyindole (Pin), (f) TiO2- 
Polyaniline composite (Ti-PANi), (g) TiO2- 
Polythiophene composite (Ti-PTh), (h) TiO2- 
Polypyrrole composite (Ti-PPy) and (i) TiO2- 
Polyindole composite (Ti-Pin).

The experimental XRD pattern of TiO2matches with 
the JCPDS card no. 21–1272 (anatase TiO2). Strong 
diffraction peaks at 25°,38°, 48°, and 54° indicates TiO2 

in the anatase phase. The intensity of XRDpeaks indi-
cates that the formed nanoparticles are crystalline.[25,26] 

X-ray diffraction of PANI shows peaks in the 2θ range 
15° to 30°. The sharp and well-defined peaks indicate 
semi-crystalline nature of PANI. The crystalline nature 
of PANI is because of its nano fibrous nature and pla-
narity of Benzenoid and Quinoid functional groups.[27]

XRD spectra of Polythiophene with only one broad 
peak centered at near 2θ value of 35°. This diffraction 
peak is due to π-π stacking structure in polythiophene 
chains. Thus, spectrum indicates the semi-crystalline 
nature of polythiophene.[28] The XRD pattern of 
Polyindole (PIn) shows a broad hump which indicates 
an amorphous structure which is the characteristic of 
Polyindole.[22] It is observed from the XRD of polypyr-
role indicates its amorphous nature, as there is no sharp 
peak in the diffraction pattern. But a broad peak at about 
24° of 2θ value is the characteristics peak of amorphous 
PPy polymer.[29]

Further the absence of broad diffraction peak of PANi 
at 2θ = 25◦ in the PANi/TiO2 composite is due to the 
presence of PANi in the polymerization system which 
strongly affects the degree of crystallinity of TiO2.[30] 

Similarly, crystalline behavior is found to be decrease 
with composite formation. Thus, the XRD pattern of 
TiO2-Polyaniline composite (Ti-PANi), TiO2- 
Polyindole composite(Ti-PIn), TiO2-Polypyrrole 
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Figure 2. XRD pattern of (a) TiO2, (b) Polyaniline (PANi), (c) Polythiophene (PTh), (d) Polypyrrole (PPy), (e) Polyindole (Pin), (f) TiO2- 
Polyaniline composite (Ti-PANi), (g) TiO2-Polythiophene composite (Ti-PTh), (h) TiO2-Polypyrrole composite (Ti-PPy) and (i) TiO2- 
Polyindole composite (Ti-Pin).
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composite(Ti-PPy) and TiO2-Polythiophene composite 
(Ti-PTh) indicates amorphous nature as there is no 
sharp peak.

Particle size of TiO2, Polymers and their composites 
calculated by Scherrer equation are shown in Table 1.

3.2. SEM

SEM images of (a) TiO2, (b) Polyaniline (PANi), (c) 
Polythiophene (PTh), (d) Polypyrrole (PPy), (e) 

Polyindole (Pin), (f) TiO2-Polyaniline composite (Ti- 
PANi), (g) TiO2-Polythiophene composite (Ti-PTh), (h) 
TiO2-Polypyrrole composite (Ti-PPy) and (i) TiO2- 
Polyindole composite (Ti-Pin) are shown in Figure 3.

3.3. Raman spectroscopy

Raman Spectra of(a) TiO2, (b) Polyaniline (PANi), (c) 
Polythiophene (PTh), (d) Polypyrrole (PPy), (e) 
Polyindole (Pin), (f) TiO2-Polyaniline composite (Ti- 
PANi), (g) TiO2-Polythiophene composite (Ti-PTh), (h) 
TiO2-Polypyrrole composite (Ti-PPy) and (i) TiO2- 
Polyindole composite (Ti-PIn) are shown in Figure 4.

TiO2 peak at 235 is due to rutile phase.[32,33] Raman 
spectra of Polyaniline indicates signal at 1140, 1230,1500 
and 1582 cm−1. 1100–1210 cm−1 region is due to C–H 
bending vibrations of benzene or quinone type rings. 
1210–1520 cm−1 region indicates C-N stretching vibra-
tions and 1520–1650 cm−1 region denotes C–C stretch-
ing vibration of benzene and quinone type rings.[34]

Polythiophene shows sharp signal at 1209,1379 and 
1651 cm−1. Peak near 1600 cm−1 indicates unquestionably 
frequency dispersion with increasing chain length. Signal 

Table 1. Particle size of TiO2, polymers and their composites.

Compound
Observed particle size calculated by Scherrer 

equation D(nm) = Kλ/βCosθ[31]

1. TiO2, 92.74
2. Polyaniline(PANi), 84
3. Polythiophene(PTh), 108.51
4. Polypyrrole (PPy), 108.13
5. Polyindole(Pin), 10.28
6. TiO2-Polyaniline 

composite(Ti-PANi),
165

7. TiO2-Polythiophene 
composite(Ti-PTh),

90.67

8. TiO2-Polypyrrole 
composite(Ti-PPy) and

50.67

9. TiO2-Polyindole 
composite(Ti-Pin).

8

Figure 3. SEM images of(a) TiO2, (b) Polyaniline(PANi), (c) Polythiophene (PTh), (d) Polypyrrole (PPy), (e) Polyindole (Pin), (f) TiO2- 
Polyaniline composite (Ti-PANi), (g) TiO2-Polythiophene composite (Ti-PTh), (h) TiO2-Polypyrrole composite (Ti-PPy) and (i) TiO2- 
Polyindole composite (Ti-Pin).
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near 1500 cm−1 is a characteristic feature of the Raman 
spectra of aromatic and heteroaromatic systems. It is 
reported as very strong and dominating in the whole 
Raman spectrum. While it shifts toward lower frequencies 
with an increase in chain length. It shows somewhat varia-
tion in frequencies from one chemical series to another 
within the class of oligo and polythiophenes, but within 
individual class it is almost invariably strong and unshifted. 
Some signals appearing at the lower frequency side shows 
intensity enhancement with increase in chain length.[35]

Polypyrrole signal at 1330 cm−1 corresponds to C–C 
stretching in ring and antisymmetric C–N stretching.[36] 

Polyindole signal 1102 is due to out-of-plane as well as in- 
plane deformation of N-H, peak near 1594 is because of 
C = C backbone stretching and peak at 1414 correspond 
to ring stretching.[37,38] Ti-PANi and Ti-PPy composites 
show the same peak as polymer. Ti-PIn and Ti-PTh show 
shifting of peaks. Peaks observed in composites indicate 
strong interaction between TiO2 and polymers.

3.4. UV spectroscopy

Figure 5 shows UV-Visible spectra of (a) TiO2, (b) 
Polyaniline (PANi), (c) Polythiophene (PTh), (d) 
Polypyrrole (PPy), (e) Polyindole (Pin), (f) TiO2- 
Polyaniline composite (Ti-PANi), (g) TiO2- 

Polythiophene composite (Ti-PTh), (h) TiO2-Polypyrrole 
composite (Ti-PPy) and (i) TiO2-Polyindole composite 
(Ti-Pin). Band gap and absorption peak values for TiO2, 
Polymers and their composites are shown in Table 2.

In the present work, UV-VIS technique was used to 
study the absorption wavelengths of materials and band 
gap. The absorption study of samples under study was 
recorded using Agilent Cary 60 UV–VIS 
spectrophotometer.

The energy band gap of sample can be calculated 
using relations: E = hc/λ[39]

Where Energy (E) = Band gap, Planks constant 
(h) = 6.626 × 10−34 Joules sec,

Velocity of Light (c) = 2.99 × 108 meter/sec and 
Wavelength (λ) = Absorption peak value. Also, 
1 eV = 1.6 × 10−19 Joules (Conversion factor)

3.5. Photo luminescence

Figure 6 shows Photoluminescence (PL) spectra of (a) 
TiO2, (b) Polyaniline(PANi), (c) Polythiophene (PTh), 
(d) Polypyrrole (PPy), (e) Polyindole (Pin), (f) TiO2- 
Polyaniline composite (Ti-PANi), (g) TiO2- 
Polythiophene composite (Ti-PTh), (h) TiO2- 
Polypyrrole composite (Ti-PPy) and (i) TiO2- 
Polyindole composite (Ti-Pin).
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Figure 4. Raman Spectra of (a) TiO2, (b) Polyaniline(PANi), (c) Polythiophene (PTh), (d) Polypyrrole (PPy), (e) Polyindole (Pin), (f) TiO2- 
Polyaniline composite (Ti-PANi), (g) TiO2-Polythiophene composite (Ti-PTh), (h) TiO2-Polypyrrole composite (Ti-PPy) and (i) TiO2- 
Polyindole composite (Ti-PIn).
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TiO2 shows PL signal near 490 nm.[40–42] Polyaniline 
shows peak at 367 nm, due to π → π* transition.[43] 

Polythiophene shows absorption peak near excitation 
wavelength 325 nm.[44] PL signal for polyindole comes 
from the recombination of electron in singly occupied 
oxygen vacancies with photo excited holes.[45,46] 

Polypyrrole shows PL emission peaks near 400 nm. 
However, agglomeration affects the PL intensity of the 
polymer.[47] This PL emission characteristics indicate the 
promise of the synthesized materials for practical appli-
cations in ultraviolet and visible light emission devices.
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Figure 5. UV-Visible spectra of (a) TiO2, (b) Polyaniline(PANi), (c) Polythiophene (PTh), (d) Polypyrrole (PPy), (e) Polyindole (Pin), (f) TiO2-Polyaniline 
composite (Ti-PANi), (g) TiO2-Polythiophene composite (Ti-PTh), (h) TiO2-Polypyrrole composite (Ti-PPy) and (i) TiO2-Polyindole composite (Ti-Pin).

Table 2. Band gap and absorption peak values for TiO2, polymers 
and their composites.

Compound

Absorption peak 
value 

(Wavelength in nm)
Band gap 

(eV)

1. TiO2 350 3.54
2. Polyaniline(PANi) 310 3.99
4. Polythiophene(PTh) 265 4.67
3. Polypyrrole (PPy) 440 2.82
5. Polyindole(Pin) 249 4.98
6. TiO2-Polyaniline composite(Ti- 

PANi)
450 2.8

8. TiO2-Polythiophene composite(Ti- 
PTh)

400 3.1

7. TiO2-Polypyrrole composite(Ti- 
PPy)

450 2.8

9. TiO2-Polyindole composite(Ti-Pin) 400 3.1
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Figure 6. Photoluminescence(PL) spectra of (a) TiO2, (b) Polyaniline(PANi), (c) Polythiophene (PTh), (d) Polypyrrole (PPy), (e) Polyindole 
(Pin), (f) TiO2-Polyaniline composite (Ti-PANi), (g) TiO2-Polythiophene composite (Ti-PTh), (h) TiO2-Polypyrrole composite (Ti-PPy) and 
(i) TiO2-Polyindole composite (Ti-Pin).
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3.6. Measurements of photovoltaic characteristics

Figure 7a–i represents Current-Voltage (IV) characteristics 
of fabricated photovoltaic cell (a) TiO2, (b) 
Polyaniline(PANi), (c) Polythiophene (PTh), (d) 
Polypyrrole (PPy), (e) Polyindole (PIn), (f) TiO2 

Polyaniline composite (Ti-PANi), (g) TiO2- 
Polythiophene composite (Ti-PTh), (h) TiO2-Polypyrrole 
composite (Ti-PPy) and (i) TiO2-Polyindole composite 
(Ti-PIn) respectively. The photovoltaic parameters of 
these materials are listed in Table 3. It is observed that 
TiO2-Polyaniline composite (Ti-PANi) shows higher short 

Table 3. PV parameters (where Pin = 0.25 W/m2).

Compound
Imax 
(mA)

Vmax 
(V)

Isc 
(mA)

Voc 
(V) FF ¼ IMAX�VMAX

ISC�VOC
%η ¼ ISC�VOC�FF

Pin

� �
� 100

(a) TiO2 30 0.2 30 0.8 0.25 2.4
(b) Polyaniline(PANi) 40 0.2 40 0.8 0.25 3.2
(c) Polythiophene (PTh) 35 0.2 35 0.8 0.25 2.8
(d) Polypyrrole (PPy) 29 0.2 29 0.8 0.25 2.32
(e) Polyindole (PIn) 32 0.2 32 0.8 0.25 2.56
(f) TiO2-Polyaniline composite (Ti-PANi) 129 0.2 129 0.7 0.29 10.47
(g) TiO2-Polythiophene composite (Ti-PTh) 60 0.2 60 0.7 0.29 4.872
(h) TiO2-Polypyrrole composite (Ti-PPy) 75 0.2 75 0.7 0.29 6.09
(i) TiO2-Polyindole composite (Ti-PIn) 98 0.2 98 0.7 0.29 7.957
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Figure 7. PV response of (a) TiO2, (b) Polyaniline(PANi), (c) Polythiophene (PTh), (d) Polypyrrole (PPy), (e) Polyindole (PIn), (f) TiO2- 
Polyaniline composite (Ti-PANi), (g) TiO2-Polythiophene composite (Ti-PTh), (h) TiO2-Polypyrrole composite (Ti-PPy) and (i) TiO2- 
Polyindole composite (Ti-PIn).
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circuit current (Isc) ascompared to all other mentioned 
materials.

The Current-Voltage (I–V) characteristics of PANI- 
TiO2 heterostructure diode show a nonlinear behavior. It

indicates that a p–n heterostructure at PANI-TiO2 
interface has been generated. The doping of TiO2 nano-
particles which facilitates the formation of a more effi-
cient network for charge transport. Consequently, the 
conductivity of nanocomposites also increases with the 
addition of TiO2. It also facilitates interchain conduc-
tion due to the formation of conducting pathways 
between the chains. Thus, by the addition of TiO2, 
there becomes a more efficient network for charge trans-
port in the PANI matrix which leads to higher conduc-
tivities. As a result, dispersion capacity of TiO2- 
Polyaniline composite (Ti-PANi) and charge transfer 
phenomenon are significantly enhancing due to syner-
gistic effects in composite which leads to higher values of 
Isc.[48–51] The significant enhancement in the value of % 
η is due to the addition of TiO2 in PANi in composite. 
The maximum value of % η is found to be 10.47% for 
TiO2-Polyaniline composite (Ti-PANi).

4. Conclusion

In summary, TiO2, four Polymers (Polyaniline, 
Polythiophene, Polypyrrole, Polyindole) and their four 
composites (TiO2-Polyaniline composite, TiO2- 
Polythiophene composite, TiO2-Polypyrrole composite, 
TiO2-Polyindole composite) were prepared. PV perfor-
mance of all above compounds were studied. The sig-
nificant enhancement in value of % η takes place by the 
addition of TiO2 in PANi during preparation of compo-
site. The value of % η is found to be highest for TiO2- 
Polyaniline composite (Ti-PANi)i.e.10.47%.
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