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Abstract Novel PVA/TiO, polymer nanocomposites have been prepared at low
temperature via sol-gel route. XRD analysis showed the particles to be elongated
along a- and b-direction but contracted along c-direction. PVA-assisted TiO,
nanocomposite samples dried at a temperature of 35 °C were found to have
~12 nm particle size. It was found that the composite nanoparticles had an
increased degree of crystallinity in comparison to pure TiO, dried at 80 °C. TEM
analysis depicted the formation of highly dense nanorods (and prism)-like structure
of increasing length and diameter depending on PVA concentration. Our studies
revealed that by increasing the concentration of PVA in TiO, the band gap was
lowered from 3.55 to 1.65 eV. The photoluminescence studies showed that emission
shifts towards higher wavelength (417-457 nm) accompanied by a reduction in
impurity centres with increasing concentration of PVA in TiO,.

Keywords Polymeric-matrix composites (PMCs) - Sol-gel methods - Structural
characterization - Optical characterization

Introduction

Recently, organic—inorganic hybrid materials have been extensively investigated.
One obtains new kind of composite materials with synergetic or complementary
behaviours, which can be used in electronic or nanoelectronic devices [1-4]. Hybrid
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materials have become the main focus in the material science because of their
specific electronic properties, which can be tailored via synthetic organic chemistry.
TiO, is an important functional material, widely used for various applications
including photo-electrochemical activity [S], solar energy conversion [6], photoca-
talysis [7], UV detectors, ultrasonic sensors, etc. Environmental compatibility, non-
toxicity and low price are some practical advantages of TiO,. As a catalyst and/or
catalyst support, it is employed in the process of photo-degradation. It is one of the
typical n-type semiconductor, while polyvinyl alcohol (PVA) is one of the typical
conducting polymer. Because PVA has excellent film forming, emulsifying and
adhesive properties, it has potential application in many fields such as in the food
industries as a binding and coating agent, in the immobilization of activated sludge[8],
in controlled release of drug [9], in electrochemical cells [10], etc. Among the entire
conducting polymers, PVA has a special status due to the presence of reactive -OH
groups in polymer chain. Tetragonal structure of titanium dioxide (TiO,) and that of
polymer PVA are shown below in Fig. 1. TiO,/polymer nanocomposites show a
special property such as capability of intense absorbing UV radiation as well as
excellent transparency for the visible light. Such organic—inorganic hybrid composite
membranes have potential applications in optical and cosmetic fields as well as food
packaging materials [12].Although a large number of studies on composite materials
of polyvinyl alcohol and TiO, have been reported, most of the researches on these
polymers are still focusing on the preparation of materials and morphology
characterization, such as size and shape of the oxide particles, degree of dispersion,
kind of interaction and interface between organic and inorganic phase, and so on.
Yang [11] have prepared PVA/TiO, composite by solution casting method and
characterized it for the application of direct methanol fuel cell. Sairam et al. [12] have
prepared PVA/TiO, mixed matrix membranes by incorporating nano-sized titanium
dioxide and titanium dioxide surface modified with polyaniline into PVA and
crosslinked with glutaraldehyde for pervaporation separation of water—isopropanol
mixtures. Recently a controlled crystallization of titanium dioxide particles from
peroxytitanic acid in the presence of PVA has been reported by Wang et al. [13]. But
their result appears to be highly dependent on the pH condition. A very few reports
touched upon the PVA assisted change in structural and optical property of TiO,.
In this study, efforts have been made to enhance the structural and optical
stability of TiO, with the help of polyvinyl alcohol without the use of any pH

(b)

Fig. 1 a Tetragonal unit cell structure of rutile titanium dioxide (TiO,): the grey and white spheres
represent Ti and O atoms, and b that of polymer polyvinyl alcohol (PVA)
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adjusting precursor. A strong effect on the nanostructured feature and optical
properties of TiO, has been observed when it was mixed with PVA. The correlation
between polyvinyl alcohol and TiO, is also discussed by UV-Vis and PL spectra.
By the use of organic—inorganic approach, we have tried to improve the structural
and optical performance of TiO,.

Experimental section
Materials

Titanium (IV) chloride (anhydrous), MW = 189.71, density d7®) = 1.729-1.730
and Min. Assay (Argentometric) of 99% and PVA (Merck), M.W. = 145,000 and
degree of hydrolysis > 98 were used as starting materials. Ethanol (Merck), density
(d 20/20 °C) = 0.790-0.793 and purity of 99.9% was commercially available.
Double distilled water was used for all studies.

Preparation of pure TiO,

Titanium tetrachloride was used as the starting material to prepare pure TiO, by sol—-
gel method. 3 mL of TiCl, was added in drops to 100 mL of double distilled chilled
water (0 °C) at constant stirring to prepare TiO, nanoparticles. A colourless solution
was obtained which was further stirred for 2 h in order to complete the reaction and
after leaving the solution for 24 h we obtained a white precipitate. The white
precipitate has been washed with ethanol and double distilled water and then dried it
at a temperature of 80 °C.

Preparation of PVA/TiO, nanocomposites

PVA polymer matrix (2 and 4 wt%, respectively) was dispersed in 100 mL of double
distilled water and stirred for 2 h at temperature of 80 °C until a viscous transparent
solution was obtained. After that the solution was cooled at a temperature of 0 °C and
then 3 mL of TiCl, was added dropwised to the PV A solution and stirred for 2 h in order
to complete the reaction. Thus, formed PVA/TiO, composite was isolated by
centrifugation and washed with ethanol and double distilled water to remove any by-
product. The composite was dried at 35 °C for four hours. We have noticed that the
precipitation time increased with increasing PVA concentration (3 days when
PVA = 2 wt% and 7 days when PVA = 4 wt%). We have not used any precursor to
adjust the pH value of the solution. In all the cases, precipitation occurs at pH less than 1.

Characterization
The structural characterization of the nanoparticles was carried out by analysis of
the XRD pattern using a RIGAKU X-ray diffractometer with Cu Ko (1.54 A)

radiation in the 26 range 20°-60°. Transmission electron microscopy (TEM), high
resolution TEM (HRTEM) were performed by using Tecnai 30 G2 S-Twin electron
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microscope operating at 300 kV accelerating voltage. The band gaps of the
nanoparticles were investigated by optical absorption studies carried out using a
UV-Vis spectrophotometer (Lambda 35 Perkin Elmer in the range 200-800 nm).
Photoluminescence (PL) studies of the samples have also been carried out using LS
55 Perkin Elmer spectrophotometer with 340 and 375 nm excitation line of xenon
discharge lamp.

Result and discussion

The X-ray diffraction measurements were performed to examine the nanostructured
feature and crystallinity of the pure TiO, and PVA/TiO, polymer nanocomposites.
Figure 2a and b shows the X-ray diffraction patterns of TiO, and PVA, respectively.
Whereas, Fig. 2c and d shows the X-ray diffraction patterns of PVA/TiO,
composite having 2 and 4 wt% of PVA, respectively. It has been observed that
XRD patterns for all the samples correspond to a rutile phase of TiO,. The XRD
patterns for the composite samples prepared under the same experimental condition
but dried at 35 °C were not so different from those of pure TiO, sample except for a
slight increase in overall peak intensity. PVA is a well known crystalline polymer,
and the diffraction peaks at 26 = 19.58° and 23.38° correspond to the crystalline
phase of PVA in the as prepared nanocomposite samples. Further, diffraction peaks
at 20 = 27.43°, 36.09°, 41.15°, 54.31° and 56.41° corresponds to (110), (101),
(111), (211) and (220) plane reflection of tetragonal rutile TiO, while a peak at
43.80° corresponds to (231) plane reflection of tetragonal rutile phase of TiO. From
the XRD studies, unit cell of the prepared samples was arrived at as tetragonal with
lattice parameter a = b = 4.62 Aand ¢ = 2.94 A. However, according to JCPDS
no. 21-1276 lattice parameters for tetragonal rutile was a = b = 4.59 A and
c =296 A. Thus, in our case, an elongation along a- and b-axis whereas a
contraction towards c-axis has been observed showing that TiO, nanocrystals
growth occurs along a- and b-axis direction. The average grain size of all the
samples was estimated from X-ray line broadening analysis by the Scherrer
equation [14] and it was found that grain size lies between 3-8 nm for pure TiO,,
5-6 nm for pure PVA, 5-11 nm for PVA/TiO, (PVA = 2 wt%) and 7-12 nm for
PVA/TiO, (PVA = 4 wt%). From XRD curves, it has also been found that the
intensity of PVA/TiO, diffraction peak got increased. This increase can be
attributed due to the interaction between PVA and TiO, nanoparticles. Since PVA
contains a large number of hydroxyl groups so it can effectively inhibit the
aggregation of TiO, nanoparticles by the organic surface modification and help to
keep the TiO, particles well dispersed in the aqueous PV A solution at the nanoscale.
Also, from the Gaussian fitting as far as full width half maxima (FWHM) value was
considered for the peak at 27.32°, we have found that its value comes out to be
1.3668 for pure TiO,, 1.1240 for the sample having PVA 2 wt% and 1.0231 for the
sample with PVA 4 wt%. It is a well-known fact that a decrease in FWHM value
corresponds to the subsequent increase in crystallinity. These results indicate that
the crystallinity of PVA/TiO, powder becomes much more perfect with the
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increasing amount of PVA which resulted from the hydrolysis and polymerization
of the precursor. When PV A chain segments are absorbed onto the surfaces of TiO,
nanoparticles, Ti—~OH groups on the surface of TiO, nanoparticles will react with the
hydroxyl groups linking to the PVA chains. One can thus expect that strong
interfacial bond, viz. Ti-O-C (Fig. 3) be formed on the surface of TiO,
nanoparticles such that surfaces of TiO, nanoparticles will be wrapped with the
layer of PVA polymer.

Detailed information about the microstructure and morphology has been
provided by TEM examination of the sample. The TEM image morphology of
the pure TiO, and PVA/TiO, nanocomposite with PVA = 2 wt% are shown in
Fig. 4a and b, respectively. The image showed the formation of nanorods and prism-
like structure which are dense and randomly oriented throughout the sample. The
samples are highly crystalline in nature as is also confirmed by XRD. The outer
diameter of ~4 nm and the longest rod length of ~36 nm were obtained for the
case of pure TiO, sample. However, an outer diameter of ~20 nm and longest rod
length of ~96 nm has been obtained for PVA/TiO, nanocomposite sample. The
result reveals that adding of PVA in TiO, increases the rod width and length.
Further details of the structure can be resolved by considering higher magnification
HRTEM image of the samples. Figure 5a and b represents the high resolution TEM
(HRTEM) image of the same samples. The observed lattice spacing of 0.34 nm
corresponds to the (110) plane of rutile TiO, showing that the wall of the nanotubes
grows along (110) plane for both the samples.

Figure 6 shows the optical absorption (o) feature for the as prepared four
samples. As can be seen from the figure, the absorption for pure TiO, occurs at
~348 nm (Egy343) = 3.55 €V) while pure PVA solution exhibit absorption nearly at

(a)—— pure TiO,

1350 (ho)
1200 - (b)—— pure PVA
] (c)—— PVAITIO, (PVA = 2wt %)
1050 - (d—— PVAITIO, (PVA = 4wt %)
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Fig. 2 Powder XRD patterns of: (a) pure TiO,, (b) pure PVA, (¢) PVA/TiO, (2 wt%) nanocomposite,
and (d) PVA/TiO, (4 wt%) nanocomposite. Planes (hkl) corresponding to the reflections of rutile phase
are marked in the diffraction pattern. Additional phases due to PVA and TiO are marked with cross and
asterisk, respectively
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Fig. 4 Transmission electron micrograph (TEM) of the a pure TiO, sample and b PVA/TiO,
nanocomposite sample with PVA (2 wt%)

~373 nm (Eg373 = 3.31 eV) in the selected region. However, samples corre-
sponding to PVA (2 and 4 wt%) showed absorption edges at about ~ 690
(Eg00) = 1.79 €V) and ~749 nm (Eg749) = 1.65 €V), respectively. Thus, it
follows from the absorption results that for pure TiO, the absorption edge blue
shifted for more than 61 nm corresponding to bulk TiO,(Eg09) = 3.02 €V). On the
other hand, if considering PVA/Ti0O, nanocomposite samples, the case seemed to be
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Fig. 5 HRTEM image of a pure TiO,, and b PVA/TiO, nanocomposite with PVA (2 wt%)

completely different to that of pure TiO,. For such a case, a red shift in absorption
edges rather than blue shift is observed. Since in the UV-Vis absorption spectra, the
absorption edge provides information about the index of particle size, i.e., smaller
particles have larger band gaps and absorbs at shorter wavelength, a blue shift
towards higher band gap attribute a smaller particle size, whereas a red shift
corresponds to comparatively a larger particle size in the as prepared composite
samples.

About the nature of the band gap for TiO, (direct or indirect transition), Meng
et al. [15] and Madhu et al. [16] showed that the transition for nanophase TiO, was
direct, but Mardare et al.[17] found that the transition for TiO, was indirect. Now, in
order to determine the nature of the band gap, either indirect or direct, the following
relation is often used [18]:

(ohv) = A (hv — E,)"
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Fig. 6 The UV-Vis absorption spectra of (a) pure TiO,, (b) pure PVA, (¢) PVA/TiO, nanocomposite
with PVA (2 wt%), and (d) PVA/TiO, nanocomposite with PVA (4 wt%)

where (hv) is the photon energy, E, is the optical band gap, « is absorption
coefficient and ‘A’ is a constant which does not depend on (hv). The value of n is 2
for indirect transition and Y for direct transition. Thus, the curve of (ohv)® and
(hv)"? versus photon energy (hv) determines the nature of the transition. Figures 7
and 8 represent the direct and indirect transition for all the four samples,
respectively. A band gap calculation has been done considering these two graphs
and the corresponding band gap values are shown in Table 1. From the Table 1, it
can be seen that the band gap value goes on decreasing with increasing the amount
PVA in TiO,. A comparison between direct band gap and indirect band gap value
reveals that direct transitions dominate over indirect transitions for all the cases.
Thus, it may be concluded here that adding of PVA in TiO, make the nature of TiO,
as direct one instead of indirect one. PVA that is usually crystalline in nature
resulted from the strong intermolecular interaction among PVA chain through
intermolecular hydrogen bonding. Hence, presence of PVA in the reaction mixture
modified the nature of bands. Also, in our case a decrease in indirect band gap value
implies that the process of non-radiative recombination has become slow with the
removal of point defect and grain boundaries. Hence with the help of PVA in TiO,,
we can prevent the excited electrons to reach the recombination places. The
confirmation of these results has also been done with the help of PL spectra.
Figure 9 represent the PL spectrum of pure TiO, and PVA doped TiO, with
different amount of PVA and different excitation wavelengths (340 and 375 nm).
As can be seen from the graphs that when the samples are excited at a wavelength of
340 nm, which nearly corresponds to the wavelength at maximum absorption, we
get PL maxima at a wavelength ~417 nm with some minor peaks at 478 and
521 nm for the case of pure TiO, and with PVA (2 wt%) added TiO,. However,
when we further excited the sample at 375 nm, i.e., at excitation energy less than
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Fig. 7 The UV-Vis absorption spectra of (a) pure TiO,, (b) pure PVA, (¢) PVA/TiO, nanocomposite
with PVA (2 wt%), and (d) PVA/TiO, nanocomposite with PVA (4 wt%) for the case of direct allowed
transitions
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Fig. 8 The UV-Vis absorption spectra of (a) pure TiO,, (b) pure PVA, (¢) PVA/TiO, nanocomposite
with PVA (2 wt%), and (d) PVA/TiO, nanocomposite with PVA (4 wt%) for the case of indirect allowed
transitions

band gap energy then we get band maxima at 441 nm, which shifts to higher
wavelength. However, it can also be seen from the graph that the case is somewhat
different when amount of PVA in TiO, increased. For this case PL maxima occurs
at a wavelength of 457 nm when the sample is excited at /., = 340 nm and further
when /., = 375 nm PL peak maxima appears at 488 nm. A shift towards higher
wavelength is found when quantity of PVA matrix in TiO, increases. We may

@ Springer



970

Polym. Bull. (2012) 68:961-972

Table 1 Band gap analysis of pure TiO, and PVA/TiO, nanocomposite at different concentration of

PVA

Samples (@) (eV) (ohv)? (eV) (ahv)'? (eV)
Pure TiO, 3.55 3.66 3.39

Pure PVA 3.31 5.38 431
PVA/TIO, (PVA = 2 wt%) 1.79 3.11 2.00
PVA/TIO, (PVA = 4 wt%) 1.65 3.17 1.12

conclude that decreasing the excitation energy for PL causes a decrease in energy of
the corresponding emission band. It is already noted by other workers that in the
nanoclusters of semiconductors associated with defect centres, emission for both
bound and free excitons would appear when /.y is equivalent to E, and emission for
only free excitons in the case Aex > E, or <E,. Also a strong PL spectrum for TiO,
indicates that the PL is absolutely related to impurity or oxygen vacancies related
centres. Thus, we may conclude here that the peaks at A, = E, occur due to
emission from both bound and free excitons and the minor peaks in the low energy
side are attributed to transition assisted by one, two or three phonon replicas of
impurity-related centres. The band for A.x < E, may be ascribed to the free excitons
and the shift with variation of excitation energy is due to the change in nanoclusters
size. The particle size has a great effect on the intensities of the PL peak due to
interaction of TiO, nanoparticles with PVA matrix. In addition, the PL peak became
sharper with increasing PVA conc., which is an indication of reduction in impurity
related centres in the PVA/TiO, nanocomposite samples.

12
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{2y=>—Pure Tlﬂk{a_“= 375 nm)
10 - (3)—>— PVAITIO (PVA=2wt %)(, = 340 nm)
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Fig. 9 Photoluminescence Spectra of pure TiO, and PVA (2 and 4 wt%)/TiO, nanocomposites at room
temperature using 340 and 375 nm excitation line of xenon discharge lamp
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Conclusion

From above discussion, we conclude that addition of small amount of PVA in TiO,
increases its crystallinity. Also, we know that particle size as well as crystallinity
increases with increase in temperature. But here we have seen that at only drying
temperature of 35 °C (instead of 80 °C) in case of PVA/TiO, nanocomposites, we
get larger particle size and high crystallinity in comparison to pure TiO,. These
effects occur due to PVA addition. TEM measurement showed the formation of
nanorods which were highly dense. We increase the rod length and width of TiO, by
doping it with PVA. Our studies revealed that by increasing the concentration of
PVA in TiO, the band gap was lowered from 3.55 to 1.65 eV. Also, from the band
gap analysis, we see that adding of PVA can make TiO, as a direct band gap
semiconductor instead of indirect one. PL measurement suggested that addition of
PVA in TiO, causes a reduction in impurity related centres and further increasing
the amount of PVA can assist the emission towards visible region. In addition, since
for the composite samples direct transitions dominate over indirect one, i.e., the
nature of PVA/TiO, nanocomposite goes towards direct one so the sample can be
useful for applications such as polymeric light emitting diodes, remote plasma
treatment and large area flat panel display devices.
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