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Abstract
In this work, poly(phenylene vinylene) (PPV) and TiO2 nanocomposites containing different amounts of TiO2 were prepared through PPV
precursor reaction in aqueous media. The TiO2 components were introduced into the systems by two methods, i.e. through in situ solegel re-
action or by mixing commercially available TiO2 nanoparticles with the PPV precursor before reaction. The composite prepared by mixing com-
mercially available TiO2 nanoparticles shows perfect crystal character of the anatase TiO2, but TiO2 particles severely agglomerate in the PPV
matrix. The composite prepared by introducing TiO2 nanoparticles through the solegel reaction shows uniform nanoscale dispersion of anatase
TiO2 in PPV matrix. The UVevis and FL spectroscopic analyses confirm the formation of the TiO2/PPV composites and reveal the enhanced PL
quenching effect as the TiO2 content increases. The PPV/TiO2 composites can show significant photovoltaic response. Better photovoltaic
performance is observed for the solar cells prepared by using the in situ solegel reaction method.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Recently, nanocomposites of conjugated polymers (CPs)
and inorganic compounds have been intensively investigated
for the applications in devices such as light emitting diodes,
photodiodes, sensors, smart microelectronic, and photovoltaic
cells [1e3]. The nanocomposites can show novel synergic
effects as well as enhanced optical and electronic properties.
Hybrid CPs�SN (semiconductor nanocrystal) solar cells can
combine interesting properties from CPs and bulk inorganic
materials. The nanocomposites can show processing benefits
of polymer-based materials such as the solution-processibility
and low-temperature chemical synthesis. These advantages
make them good candidate materials for clean, renewable
and low-cost energy resources. The nanocomposites for hybrid
solar cells have employed different SNs such as TiO2 [4e6],
ZnO [7e11], and CdSe [12e15].
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To obtain high efficiency, it is ideal to have a bicontinuous
interpenetrating network of electron-accepting and electron-
donating components within the devices. Generally, the active
layers of the polymer-based devices are prepared by using
their solutions or dispersions. Conjugated polymers such as
P3HT, P3OT, MEHePPV and MDMOePPV can be well
dissolved in organic solvents and have been widely applied
as the electron-donating and hole-transferring components in
the photovoltaic materials. On the other hand, due to the
increasing concern on environmental and safety problems re-
lated to the organic solvents, processing conjugated polymers
by using aqueous media is getting increased importance.
Recently, a water-soluble polythiophene (sodium poly(2-(3-
thienyl)ethoxy-4-butylsulfonate), PTEBS) has been investi-
gated for organic photovoltaics [16e19]. It is well known
that PPV precursor has good solubility in aqueous media and
can be converted into PPV by heating at high temperature (the
WesslingeZimmerman route) [20]. Therefore, PPV precursor
could be used for preparing electron-donating component in
aqueous media. To enhance the performance of PPV-based
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Table 2

The currentevoltage characteristics of the hybrid photovoltaic cells with

different TiO2 contents prepared by in situ solegel reaction

TiO2 (wt%) Thickness (mm) Isc (mA/cm2) Voc (V) FF h (%)

20 1.14 36.9 0.56 0.23 0.0048

40 1.16 139.7 0.46 0.26 0.018

60 1.18 118.5 0.35 0.22 0.009

1588 M. Wang, X. Wang / Polymer 49 (2008) 1587e1593
composites, studies have been carried out on composites made
of the polymers and nano-oxides recently [21,22].

In this work, PPV/TiO2 composites were prepared through
PPV precursor reaction in aqueous media. TiO2 was used as
the electron-accepting material because of its non-toxicity
and abundance availability [23]. The TiO2 components were
introduced into the composites through in situ solegel reac-
tion or by direct mixing of TiO2 nanoparticle dispersions
with the PPV precursor solutions. The PPV/TiO2 composites
were tested for photovoltaic device applications by sandwich-
ing the active layers between a thin PEDOT layer and an
aluminum top electrode. The preparation, characterization and
photovoltaic properties of the nanocomposite materials will
be presented in following sections in detail.
2. Experimental
2.1. Synthesis of PPV precursor
The PPV precursor was prepared according to the literature
[24]. The monomer p-xylene-bis(tetrahydrothiophenium chlo-
ride) was prepared by reaction of dichloro-p-xylene (0.25 M)
with excess tetrahydrothiophene (0.75 M) at 50 �C in metha-
nol for 12 h. The product was purified by concentrating the
reaction solution and then precipitating the condensed solution
in cold acetone (0 �C). The solid was collected by filtration
and dried thoroughly in vacuum oven. The PPV precursor
was prepared by addition of 30 mL of 0.1 M NaOH solution
into 30 mL of p-xylene-bis(tetrahydrothiophenium chloride)
aqueous solution (0.1 M). Both solutions were cooled to
0 �C in an ice bath before mixing. The reaction proceeded at
0 �C for 1 h and then was terminated by the addition of
0.1 M HCl aqueous solution to neutralize the reaction solution.
After the solution was concentrated, the PPV precursor aque-
ous solution was dialyzed against deionized water for several
days. The PPV precursor was then freeze-dried and dissolved
in water (20 mg/mL) for the following experiments.
2.2. Preparation of TiO2 and PPV precursor mixtures
Method 1: TiO2 dispersion with the solid content of 50 mg/
mL was prepared by ultrasonication of nanoparticles (Degussa
P25, average particle size 20 nm) in deionized water for 8 h.
PPV precursor (20 mg/mL) was mixed with the TiO2 disper-
sion in different ratios. The weight percentages of TiO2 in
PPV are given in Table 1. After mixing, the mixtures were
further sonicated for 4 h to disperse the TiO2 powder and
prevent the dispersed powder from aggregating.
Table 1

The currentevoltage characteristics of the hybrid photovoltaic cells with

different TiO2 contents prepared by direct mixing

TiO2 (wt%) Thickness (mm) Isc (mA/cm2) Voc (V) FF h (%)

20 1.22 17.55 1.15 0.21 0.004

40 1.26 35.1 1.18 0.21 0.009

60 1.32 58 0.86 0.2 0.010
Method 2: Ti(OC3H7)4 (20 mL) was slowly dropped into
120 mL aqueous nitric acid solution (0.1 M) with strong stir-
ring. The mixture was vigorously stirred at 80 �C for 8 h until
a translucent solution was obtained. The solution was filtrated
through a G4 filter to remove a small amount of yellow oil-like
liquid and insoluble conglomerate. The sol solution containing
TiO2 particles was concentrated to 100 mg/mL and mixed with
the PPV precursor solution (20 mg/mL) in different volume
ratios. The weight percentages of TiO2 in PPV are given in
Table 2.
2.3. Substrate preparation
ITO glass slides covered with 50 nm thick poly(3,4-ethyl-
enedioxythiophene) (PEDOT) were used as the solar cell
substrates. The PEDOT films were prepared by electrodeposi-
tion in a three-electrode system (CHI660A Electrochemical
Workstation). The ITO substrates were used as the electrode-
position working electrode and a saturated calomel electrode
(SCE) was used as a reference electrode. PEDOT was depos-
ited by the anodic deposition carried out in 50 mL boron
trifluoride ether complex solution containing 0.355 g EDOT
at 25 �C. Deposition current density and deposition time
were 0.1 mA/cm2 and 60 s, respectively.
2.4. Fabrication of solar cells
The mixtures prepared as above were cast-coated onto the
PEDOT-covered ITO glass slides. After drying in an oven at
80 �C for 2 h, the composite films were subsequently placed
in a vacuum oven at 200 �C for 6 h. In the process, PPV
precursor was converted to PPV. For the solegel approach,
the TiO2 nanoparticles were formed in situ at the same
time. The thickness of PPV/TiO2 layers were measured by
atomic force microscopy (AFM) and the results are given
in Tables 1 and 2. Aluminum counter electrodes were depos-
ited on the film surfaces by vacuum evaporation. The active
areas of the cells were controlled to be 0.09 cm2 with the
adhesive transparent tapes before the thermal evaporation of
aluminum.
2.5. Characterization
Composite films prepared by spin-coating on quartz sub-
strates were used for the XRD and spectroscopic characteriza-
tions. XRD was performed on a Bruker D8-Discover
instrument. Films for TEM observation were prepared by
spin-coating on a 400 mesh copper grid. The TEM images
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of the composite films were obtained by using a JEOL-JEM-
1200EX microscope with an accelerating voltage of 120 kV.
SEM measurement was performed on a field emission micro-
scope (JEOL JSM-6301F) with the accelerating voltage of
5 kV. UVevis spectra of the spin-coated films were recorded
on a PerkineElmer Lambda Bio-40 spectrophotometer. Photo-
luminescence measurements were performed by using a Hita-
chi F-4500 flourescence spectrophotometer. Currentevoltage
(IeV) measurements were carried out in air at room tempera-
ture using a Keithley 236 high current source power meter
under white light with intensity of 100 mW/cm2.

3. Results and discussion

The structure and schematic energy level diagram for the
photovoltaic device are illustrated in Fig. 1. In the design,
the PPV component was used as the electron donor and also
for hole-transport. The PPV/TiO2 composites were prepared
from the PPV precursor in aqueous media through the
WesslingeZimmerman approach. The TiO2 components
were introduced into the composites through two different
methods. In one of the methods, the composite was prepared
through a modified solegel technique. In typical solegel ap-
proaches, TiO2/polymer composites were prepared by using
organic solvents [25,26]. In the current study, TiO2 precursor
was first hydrolyzed in aqueous solution and then mixed with
PPV precursor in aqueous media. The applied method allows
the inorganic materials to be synthesized at low temperatures
without degrading the organic functional groups or polymers.
This in situ formation scheme is designed to better disperse
the nanostructured components. For comparison, PPV/TiO2

composite was also prepared by mixing TiO2 nanoparticle
dispersions with PPV precursor solutions and then the PPV
precursor was converted to PPV.
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Fig. 1. (a) Layout of the PPV/TiO2 photovoltaic devices, in which active layer

is sandwiched between a PEDOT layer and aluminum top electrode. (b) Sche-

matic energy level diagram for the device, where energy levels are given in eV

relative to the vacuum level. (c) Schematic structure of one piece of solar cell

device.
Fig. 2 shows the XRD patterns of the hybrid films with
60 wt% TiO2 prepared by the two methods. In the figure,
TiO2 diffraction peaks can be assigned to the diffraction planes
of the anatase phase according to the standard diffraction
index. The peak at 2q¼ 25.3� corresponds to the (101) crystal
plane of anatase, others peaks at 38.1�, 48.1�, and 54.2� corre-
spond to the anatase (112), (200), (211) crystal planes. As PPV
component has a low crystallization degree, a broad diffraction
peak related to the PPV component, which appears at
2q¼ 21.06� [27], can be seen in the XRD figures (Fig. 2(a)
and (b)). For the composite prepared by directly mixing
TiO2 nanoparticles with PPV precursor (Method 1), the crys-
tallization of TiO2 is perfect and the XRD curves is very sim-
ilar to that of the pristine nanoparticles. The average crystallite
size of TiO2 phase was calculated to be 22 nm from the (211)
reflection peak by the standard XRD software equipped on the
instrument. For the composite prepared by the modified sole
gel method (Method 2), XRD curve also shows characteristic
peaks of the anatase TiO2, but the peaks are broader. In this prep-
aration process, PPV precursor was blended with TiO2 particle
sol and the PPV/TiO2 composite films were obtained by heating
the mixture in a vacuum oven at 200 �C for 6 h. During the heat-
ing treatment, PPV precursor was converted to PPV and the
crystallized TiO2 was also formed at the same time.

In order to understand the XRD peak broadening of TiO2 in
the composites prepared by the solegel method, TiO2 powder
also was prepared by the solegel method under the similar
conditions without the PPV-precursor/PPV matrix. Fig. 2(c)
shows the XRD spectrum of the TiO2 powder. Except the dif-
fraction peak due to PPV, Fig. 2(b) and (c) shows very similar
characteristic peaks of the anatase crystal. It can be seen that
TiO2 powder also shows the broad peaks similar to those given
in Fig. 2(b). The result suggests that the PPV-precursor/PPV
matrix shows little influence on the crystal structure of the
TiO2. The peak broadening is mainly due to the smaller crys-
tallite domain and lower crystallization degree of TiO2, which
could be attributed to the low solegel reaction temperature
used here. The average crystallite domain size of TiO2 pre-
pared by solegel method was calculated to be 12 nm from
the (211) reflection peak by the standard XRD software.

The morphology and particle dispersion of the composites
were investigated by TEM. Since the TiO2 nanoparticles
have the higher electron density, contrast between TiO2-rich
domains (darker) and PPV domains (lighter) can be clearly
seen (Fig. 3). TEM images of the composites containing
40 wt% TiO2 are given here as typical examples. Fig. 3(a)
shows the PPV/TiO2 composite prepared by direct mixing
(Method 1). It can be seen that the TiO2 nanoparticles aggre-
gate severely to form clusters of ten to hundred nanometers.
On the contrary, for PPV/TiO2 composite prepared by in situ
solegel reaction (Method 2), the TiO2 particles are more uni-
formly dispersed in the PPV phase and show typical particle
sizes in range from 10 to 20 nm. The size is in good agreement
with the crystallite domain size estimated from XRD. It indi-
cates that the TiO2 nanoparticles are better dispersed in the
PPV matrix by the solegel method. Fig 4 shows SEM images
of PPV/TiO2 composites with different contents (20, 40, and



Fig. 3. TEM photographs of PPV/TiO2 hybrid composites with 40 wt% TiO2

prepared by (a) direct mixing and (b) in situ solegel reaction.
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Fig. 2. X-ray diffraction of PPV/TiO2 composites with 60 wt% TiO2 prepared by (a) direct mixing, (b) in situ solegel reaction and (c) X-ray diffraction of TiO2

nanoparticles prepared by solegel reaction.
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60 wt%) of TiO2 nanoparticles prepared by direct mixing
(Method 1). It can be seen that the TiO2 phase in the hybrid
materials are composed of the aggregates in significant
amount.

Different dispersion states of TiO2 nanoparticles in both
kinds of the composites are related with the structures at the
polymer/inorganics interface and the formation process of
the TiO2 nanoparticles. For the commercially available TiO2

nanoparticles, some active bonds of TiO2 on surfaces might
react with each other during the last annealing phase of the
TiO2 nanoparticle preparation. In the aqueous dispersions,
the nanoparticles will agglomerate to decrease the surface
area of the dispersed phase. This process is also favorable in
energy as the van der Waals interaction between the nanocrys-
tals is stronger compared to the weak interaction between TiO2

nanoparticle and PPV precursor. When TiO2 nanopartilces are
formed in the in situ solegel process, TiO2 precursor was par-
tially hydrolyzed in aqueous solution, which will have strong
interaction with PPV precursor in the media. This in situ for-
mation nature can efficiently prevent TiO2 nanoparticles from
agglomeration.

UVevis spectroscopy was used to investigate the effect of
the TiO2 amount and preparing method on the light absorption
of composite films. Fig. 5 shows the UVevis absorption spec-
tra of PPV, PPV precursor, and spin-coated films of a series of
PPV/TiO2 nanocomposites. The PPV component shows ab-
sorption band with lmax around 400 nm (Fig. 5(a)) and TiO2

absorbs light mainly in the wavelength range from 200 to
300 nm. As it can be seen from Fig. 5(b), the PPV/TiO2

composites prepared by both methods show the overlapping
absorption bands of PPV and TiO2. The absorption intensity
of TiO2 increases with the increase of the TiO2 content. By
comparing the spectra, some differences can be seen from
the UVevis spectra of the composites obtained through differ-
ent methods. For PPV/TiO2 composites obtained by Method 1,
the absorption band around 400 nm shows no difference as the



Fig. 4. SEM images of PPV/TiO2 composites with different contents of TiO2 nanoparticles prepared by direct mixing: (a) 20 wt%, (b) 40 wt%, (c) 60 wt%.
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Fig. 5. UVevis absorption spectra of PPV and PPV precursor (a), and PPV/TiO2 nanocomposites with different TiO2 contents prepared by direct mixing (b) and

in situ solegel reaction (c).
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TiO2 content increases. For PPV/TiO2 composites prepared by
solegel method (Method 2), UVevis absorption bands of PPV
are very similar when TiO2 contents are 20 wt% and 40 wt%
but it significantly alters when TiO2 content is increased to
60 wt% (Fig. 5(c)). The spectrum variation can be understood
by comparing with the UVevis spectrum of PPV precursor
(Fig. 5(a)). It indicates that the spectral variation is most likely
to be caused by the incomplete conversion from PPV precur-
sor to PPV when the amount of the inorganic component is
high.

Photoluminescence (PL) quenching can provide evidence
of photo-induced charge transfer in PPV/TiO2 composites.
Fig. 6 shows PL spectra of PPV/TiO2 composites with differ-
ent amounts of TiO2 prepared by the two methods. For the
PPV/TiO2 nanocomposites prepared by Method 1, the position
of the emission peaks shows little change with the increase of
the TiO2 concentration but its intensity decreased significantly
(Fig. 6(a)). For PPV/TiO2 composites prepared by solegel
method (Method 2), PL intensity of the composite films
decreases more significantly as the TiO2 content increases
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Fig. 6. Photoluminescence of PPV/TiO2 nanocomposites with different TiO2

contents prepared by direct mixing (a) and in situ solegel reaction (b).
(Fig. 6(b)). The enhanced PL quenching effect is mainly
related to the composite morphology. In this case, the in-
creased donor/acceptor interfacial areas and possible phase in-
terpenetration can result in much more efficient PL quenching.
On the other hand, this PL decrease could partially be due to
the incomplete conversion of PPV precursor to PPV when the
TiO2 concentration is high.

The current densityevoltage (IeV) characteristics of the
PPV/TiO2 composites devices are shown in Fig. 7. The short
circuit current (Isc) and open circuit voltage (Voc) can be cal-
culated from the intersection of the IeV curve on the ordinate
and the crossing point of the curve with the abscissa. The
fill factor, representing a measure of the quality of the IeV
characteristic, can be calculated by

FF¼ ðIVÞmax=Voc� Isc ð1Þ

where (IV)max is the maximum product of I and V that can be
calculated from the IeV curve. The energy conversion effi-
ciency, defined as the ratio of the electric power output of
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the cell at the maximum power point to the incident optical
power, can be obtained in terms of Isc, Voc, and FF by Eq. (2)

hðlÞ ¼ Voc � Isc� FF=Plight ð2Þ

Based on the equations given above, the parameters of the
photovoltaic devices were derived from Fig. 7 and are summa-
rized in Tables 1 and 2.

For the solar cells containing the active layers prepared by the
two methods, both Isc and Voc of the devices are related to the
TiO2 contents in the composites. The high TiO2 content can in-
crease the electron donor/acceptor interfacial area to enhance
exciton dissociation and form more percolation pathways for
electron transfer at the same time. For the PPV/TiO2 nanocom-
posites prepared by Method 1 (Fig. 7(a) and Table 1), Isc and Voc

of the devices increase from 17.55 mA/cm2 and 1.15 V to
35.1 mA/cm2 and 1.18 V when TiO2 content increases from
20 wt% to 40 wt%. But when the TiO2 content further increases
to 60 wt%, both Voc and FF decrease slightly. This can be attrib-
uted to the increase of the aggregation when the TiO2 content is
high, as indicated by TEM observation. The aggregates in the
photovoltaic active layer can trap the charge carriers and hinder
the flow of the current, which leads to decrease of Voc and FF. For
PPV/TiO2 composites prepared by solegel method (Fig. 7(b)
and Table 2), the best performance can be observed for the com-
posite with 40 wt% of TiO2. This device shows Voc of 0.46 V, Isc

of 139.7 mA/cm2, FF of 0.26, and the efficiency of 0.018%. The
higher efficiency compared to the composite prepared by direct
mixing (Method 1) can be attributed to the nanosized phase sep-
aration, bicontinuous network, and possible interpenetrating
phase structures. These factors can increase the interfacial areas
between the PPVand TiO2 and form more percolation pathways
for the charge carriers, which results in the increase in the pho-
toelectric conversion. However, when the TiO2 content in-
creases to 60 wt%, the photovoltaic cell performance becomes
worse. The exact reason for the deterioration is still unclear.
One possible reason is that the conversion from PPV precursor
to PPV might not be completed when the amount of the inor-
ganic component is high, which is implied by the UVevis spec-
troscopic analysis. As a general result, the efficiency of the solar
cells is low, which has also been reported for other photovoltaic
cells prepared by using aqueous media [16e19].

Although the tested cells in this study show lower power
conversion efficiencies in comparison with their counterparts
prepared by using organic solvents, the results indicate that
PPV/TiO2 composite prepared in aqueous media can show sig-
nificant photovoltaic response. Significant improvement on the
photoelectric efficiency can be expected after the optimization
at the compositions and the device structures. The preparation
method can be potentially used in solar cell fabrication as
a low-cost and environmentally friendly way.

4. Conclusion

In this work, PPV/TiO2 hybrids were prepared through PPV
precursor reaction in aqueous media. The TiO2 nanoparticles
were introduced into the composites through direct mixing
or a modified solegel method. The TiO2 phase in the compos-
ites prepared by both methods possesses the characters of the
anatase TiO2. For the composite prepared by direct mixing, the
severe aggregation of the TiO2 nanoparticles can be observed.
On the contrary, the composite prepared by the solegel
method shows a nanosized phase separation. In comparison
with those prepared by direct mixing, the devices containing
the PPV/TiO2 composites prepared by the solegel method
show the significantly improved photovoltaic performance.
The best performance can be observed for the device contain-
ing the composite with 40 wt% of TiO2. The device shows Voc

of 0.46 V, Isc of 139.7 mA/cm2, FF of 0.26, and the efficiency
of 0.018%.
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