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This investigation explores the impact of the electroactive phase of a well-known tribonegative polymer,
polyvinylidene fluoride (PVDF), on its triboelectric behaviour by compositing it with anatase, rutile, and
mixed-phase TiO, nanoparticles. PVDF-TiO, polymer composite films with TiO, having different crystal-
line phases were prepared by spin coating. TENG specimens were fabricated using the prepared films
and tested for their TENG properties in contact separation mode by pairing them with ITO-coated PET
substrates. The XRD and FT-IR results show that the TiO, nanoparticles with rutile phase imparted the
highest percentage of B crystalline phase in PVDF compared to that of the anatase and mixed phase.
The difference in surface roughness of PVDF-TiO, composites was also observed with the change in
the crystalline phase of the incorporated TiO, nanoparticles in the polymer matrix. The TENG studies
suggest that the PVDF incorporated with rutile TiO, shows the highest output voltage (peak—peak
~105 V at 60 N force) compared to all the other PVDF-TiO, composites at specified contact forces
and frequencies, whereas PVDF incorporated with anatase TiO, and a mix of anatase and rutile TiO,
showed peak—peak voltages of ~82 V and ~ 33V respectively. These results offer insights into the crys-
talline phase-dependent triboelectric behaviour of polymers and the enhancement of their TENG perfor-
mance through the tuning of polymer crystalline phases using fillers.

1. Introduction

The advancements in renewable energy technologies and the
proliferation of sensor networks during recent years have laid
the foundation for the steady progress of the internet of things
(IoTs) and for achieving the sustainable development of man-
kind. Consequently, the number of so-called small and smart
electronic devices such as sensors, wireless transmitters, actua-
tors etc. installed across the globe and even wearable smart
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electronics has increased tremendously in the order of billions
and trillions."™ However, the limited life spans and environ-
mental concerns associated with the energy-storing units for
powering these electronics are still far from being addressed
and indicate the need for self-powered electronics. Since their
discovery in 2012 triboelectric nanogenerators (TENGs) have
been an emerging area of research focused on self-powered
electronics for diverse applications. TENGs can harvest the
otherwise wasted energy from various forms of mechanical
motion, such as human body movements and large-scale wind
and ocean waves.” The mechanism of working of TENGs is
based on a combination of contact electrification and electromag-
netic induction. TENGs have shown distinctiveness compared to
other energy harvesting systems owing to their straightforward
fabrication methods,®® high power density”' and feasibility of
hybridization with other energy technologies™ ™ etc. Recent
research has validated TENG’s capabilities as a reliable technology
for next-generation electronics by demonstrating TENG-based elec-
tronic skin, flexible and touch-screen displays, electronic watches,
biomechanical monitoring sensors, etc.'*">

Current research is more focused on new designs and
strategies for generating higher power output from TENGs
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and on experimenting with new materials for higher efficiency.
However, further investigation is required to gain a deeper
understanding of the factors contributing to TENG properties,
beyond just the magnitude of the output produced. Polymer
composites have been extensively studied as a promising
material for TENGs.'® Among them, polyvinylidene fluoride
(PVDF) and its composites have been extensively studied in
recent times to explore its excellent tribonegative behaviour. It
has been demonstrated to be a promising material for
TENGs.'®'” Several factors such as the dipole moment, beta
crystalline phase and the presence of highly electro-negative
fluorine, etc. are being pointed out as the reason for this."®"°
Also, among the various PVDF-based polymer composite films
that have been explored so far for TENGSs, reinforcing PVDF
with TiO, has been shown to have a considerable enhancement
in the output.”>*' Various dielectric nanoparticles have been
composited with PVDF to enhance the triboelectric properties
of this polymer to be used in TENGs. PVDF-CoFe,0,,'” PVDF-
active carbon (AC@PVDF),'® PVDF-graphene nanosheets'® etc.
are some of the PVDF-based composites explored recently other
than TiO, incorporated PVDF. It has been proven that the
incorporation of TiO, enhances the tribonegative property of
the PVDF matrix by increasing the percentage of electroactive
phase present in PVDF. Even though many studies on PVDF-
TiO,-based TENGs have already been reported, to the best of
our knowledge there are no reports on the impact of crystal-
linity and the crystalline phases of TiO, on the TENG perfor-
mance of PVDF-TiO, composites. The increase in the dielectric
constant of PVDF-TiO, composites with the crystallinity of TiO,
is reported.”” Moreover, the TiO, when subjected to heat
treatment undergoes a phase change and change in crystalline
size, which eventually leads to a phase transformation in the
polymer matrix to which it is incorporated.”>>* Considering
these factors, it is worthwhile to investigate how the crystalline
phase of TiO, impacts the crystalline phases present in a
semicrystalline polymer like PVDF which is highly sensitive to
phase changes assisted by nanoparticles or fillers and how it is
reflected in the TENG performance of the composite material.
Moreover, the difference in crystallinity of TiO, may also have an
influence on the surface topography of the PVDF-TiO, composite
films, which would affect their triboelectric property.

Herein, we have investigated the change in the triboelectric
behaviour of PVDF in response to modifications in their crystal-
line phase and electroactive phase content, assisted by TiO,
nanoparticles with different crystalline phases. TiO, was cho-
sen as the filler for this study as it exhibits a change in
crystalline phase subjected to high-temperature calcination.
Synthesized TiO, nanoparticles were calcined at different tem-
peratures ranging from 400 °C to 900 °C. This yielded TiO,
samples with a range of different crystalline natures, which
were then incorporated into the PVDF matrix and thin films
were prepared by spin coating. The change in crystalline phases
and crystallite size in TiO, nanoparticles with calcination
temperature was analysed using XRD. FT-IR analysis of the
composite films rendered information on the percentage of
different electro-active phases of PVDF present in these
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composites. Furthermore, the composite films showed the
difference in percentage crystallinity in PVDF by incorporating
TiO, with different crystalline phases. The SEM images and 3D
profilometry data of the composite films showed the difference
in surface topography of the films mainly focusing on the
surface roughness. TENG specimens were fabricated from these
films by attaching Cu tape as back electrodes. The TENG
studies of the fabricated specimens were carried out by con-
tacting them with a commercially purchased ITO-coated PET
substrate at different forces and frequencies. The results indi-
cated that the crystalline phase of TiO, has a significant
influence on modulating the phase characteristics of PVDF.
This has a profound role in enhancing the triboelectric proper-
ties of the TENG. This work is expected to deliver direction to
tune up the TENG performance of polymers based on the
crystalline phase of the fillers incorporated in them.

2. Experimental section

2.1. Chemicals and reagents

Titanium tetraisopropoxide (97%) and 2-propanol (>99.5%)
were purchased from Sigma Aldrich. Polyvinylidene fluoride
(PVDF) was purchased from Fisher Scientific. Acetone was
purchased from Merck and dimethyl formamide (DMF) was
purchased from Fisher Scientific. All chemicals and reagents
were used without further treatment or purification.

2.2. Synthesis of TiO, nanoparticles

A typical sol-gel process was utilized to synthesize TiO,
nanoparticles.”>>” The precursor solution consisting of tita-
nium tetraisopropoxide (Ti(OPr),) and 2-propanol ((CHjz),
CHOH) was prepared first. For this, 46.8 mL Ti(OPr), was
added to 400 mL of 2-propanol and vigorously stirred at room
temperature for 10 minutes. To this, 70 mL of deionized (DI)
water was added, and the reaction mixture was allowed to stir
vigorously for 2 h to improve the homogeneity and stability of
the slurry. The sol formed was transferred into an oven set and
heat treated at 80 °C for 24 h for ageing. The powder obtained
was calcined at target temperatures of 400 °C, 500 °C, 600 °C,
700 °C, 800 °C, and 900 °C for 2 h at a heating ramp rate of
5 °C min~" in a muffle furnace to obtain TiO, nanoparticles with
different crystallinity. Samples were designated as TiO, 400, TiO,
500, TiO, 600, TiO, 700, TiO, 800, and TiO, 900. The calcination of
synthesized TiO, nanoparticles at different temperatures was car-
ried out at identical heating conditions by placing them in crucibles
having the same dimensions and placing them in crucibles with
the same dimensions and the same quantity of samples. This was
important to make sure the samples were in a good position for
comparison as the dimensions of the crucible and the quantity of
the samples taken, affect the crystallinity of the calcined samples.

2.3. Preparation of PVDF-TiO, polymer composite films by
spin coating

TiO,-incorporated PVDF nanocomposite films were prepared
by spin-coating as shown schematically in Fig. 1(a). The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of (a) the preparation of PVDF-TiO, nanocomposite films by spin coating and (b) the design of the fabricated TENG

device.

TiO,-PVDF films with TiO, nanoparticles calcined at different
temperatures were prepared by first dispersing a required
concentration of TiO, in 1:1 dimethyl formamide (DMF) and
acetone solution. The particles were allowed to disperse uni-
formly for 24 h. Then PVDF (16.5 wt%) was added to this
solution slowly over 30 minutes under constant stirring at
60 °C to avoid viscosity buildup and ensure homogeneity
during the polymer dissolution in the solvent. The solution
was stirred for 5 h to obtain a homogeneous polymer filler
solution. After that, the solution was coated on a glass substrate
by spin coating. For this ~1 mL of the homogeneous solution
was added onto a 5 cm?® clean and flat glass plate placed on the
spinning chuck of the spin coater. All the film samples were
prepared by coating at a spin speed of 1000 rpm for 35 s at
room temperature (RT). The solution was uniformly coated over
the glass plate after spinning. The films were then placed in a
hot air oven at 120 °C for 4 h for complete drying. Freestanding
films with approximately uniform thickness and smooth sur-
faces were obtained and stored for other characterizations and
testing. PVDF film with no TiO, was also prepared using the same
method. The PVDF film with no TiO, was designated as sPVDF and
films containing TiO, were designated as PVT500, PVT600, PVT700,
PVT800 and PVT900 based on the type of TiO, added. The solution
preparation and spin coating parameters of the films were opti-
mized through several trial-and-error experiments keeping the
content of PVDF constant at 16.5 wt%. However, the viscosity
build-up observed when adding 16.5 wt% of PVDF to the TiO,
dispersed solution with TiO, content higher than 3 wt% indicates
an important practical limitation in selecting the optimum TiO,
percentage to get the best TENG output.

2.4. Fabrication of specimens for TENG testing

Spin-coated PVDF and PVDF-TiO, films (tribonegative layers)
were cut into pieces with dimensions of 2.5 cm x 2.5 cm. Care
was taken to eliminate any raised edges in the spin-coated films

© 2025 The Author(s). Published by the Royal Society of Chemistry

to avoid the possibility of restricting the contact between the
surface of materials during TENG testing. Conductive copper
tape was attached as the back electrode to one side of all the
films. The electrodes were then insulated using Kapton tape.
Thin conductive copper lead wires were drawn out from the
copper electrode to capture the output signals from the TENG
during testing. ITO-coated polyethylene terephthalate (PET)
(tribopositive layer) was used as the second contact layer. A
schematic representation of the TENG is shown in Fig. 1(b).

2.5. Material characterization

An X-ray diffractometer (Siemens D500) was used to analyse the
crystalline structure and phase of TiO, nanoparticles and
PVDF-TiO, nanocomposite films. The diffractometer utilized
a Cu Ko radiation (4 = 0.15418 nm) at 40 kV and 30 mA for
recording the XRD patterns at the 20 range 10°-80° with a scan
rate of 0.2° s~ . Fourier transform infrared spectroscopy (FT-IR)
analysis of the polymer composite samples was performed to
evaluate the electroactive phase content of the polymer films. A
PerkinElmer spectrometer (Spectrum 100) was utilized for this,
and the spectra were obtained in the region 1500-600 cm .
X-Ray photoelectron spectroscopy (XPS) was employed to analyse
the elemental composition and bonding characteristics of TiO,
nanoparticles. XPS, Thermo Fisher Scientific, (East Grinstead, UK)
K-Alpha+ spectrometer was used for obtaining the XPS data. The
surface topography of the films was analysed from SEM scans
obtained using the instrument FEI Nova NanoSem 630 and a 3D
optical profilometer (Alicona InfiniteFocus).

2.6. TENG testing rig and electrical measurements

The TENG studies of the samples were carried out in vertical
contact-separation mode. A high-precision linear electrody-
namic testing machine (Electropuls E3000, Instron UK) was
adapted as the test force impactor. At the actuation drive, a load
cell having a capacity of 5 kN (tension and compression) was

Energy Adv., 2025, 4, 683-698 | 685
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equipped. A dedicated holder with a levelled base was utilised
to achieve a parallel contact between the tribolayers. The
bottom friction layer was fitted onto a 360° movable platform
to ensure proper alignment for maximum contact between the
test surfaces. The bottom tribo-layer position was locked to
avoid any further movement while testing. Normal force of
20 N, 40 N and 60 N was applied at frequencies varying from
4 Hz to 8 Hz to obtain the electrical output from the different
TENG devices. A separation distance of ~2 mm between the
active layers was used during the measurements. The voltage
signals from the TENG were recorded using a digital oscillo-
scope (RS PRO, Bench-top Mixed Signal Oscilloscope, UK).
Current output was retrieved using a low-noise current ampli-
fier (SR570, Stanford Research Systems, USA) and the signals
were recorded on a digital oscilloscope. The output power from
the TENG was measured under external load resistances ran-
ging from 1 KQ to 5 GQ. All TENG testing was performed at
ambient environment conditions.

3. Results and discussion

Synthesized TiO, nanoparticles were calcined separately at a
range of temperatures from 400 °C to 1000 °C to obtain a
gradual transition from anatase to rutile phase in TiO, with the
change in calcination temperature. Utmost care was taken to
avoid any chances of contamination in the TiO, synthesis by
carrying out the reaction in a laminar flow hood. Moreover, the
calcination of the TiO, powders carried out at higher tempera-
tures (400 °C to 1000 °C) has also removed any impurity that
would have been present in the sample. This was further
ensured by analysing the XRD patterns of TiO, nanoparticles
and confirming that no peaks other than TiO, peaks were
present in the sample. Consequently, the impact of TiO,
nanoparticles containing a single crystalline phase (anatase
or rutile) and mixed-phase on altering the electroactive (EA)
phase of the PVDF matrix in PVDF-TiO, composites can be
evaluated and correlated with the TENG output of these sam-
ples. The preparation of PVDF-TiO, polymer solution was
found to be smooth and convenient when the TiO, nano-
particles were dispersed fully in the solvent first and then
added the polymer for dissolution. This is because, owing to
the viscosity build-up in the polymer solution, a uniform
dispersion of TiO, was difficult to achieve leading to particle
agglomeration PVDF was dissolved in the solvent before the
addition of TiO, in the initial trials of sample preparation. This
will, in turn, hinder the effective interaction between the sur-
face of TiO, particles and the single PVDF chains. The percen-
tage loading of TiO, chosen for this study is not the optimized
maximum loading for achieving the maximum TENG output.>
There were practical limitations to increasing the loading of
TiO, and PVDF above the amount used in this study as it
led to viscosity increases in the PVDF-TiO, solution where
the solution was unable to spin coat. By maintaining a
constant speed and time of spin coating for all the prepared
PVDF-TiO, samples, a consistent thickness of approximately
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48 pum (Fig. S1 (ESIt)) was obtained for all the samples. The
surface of the spin-coated film which was in contact with the
glass base (coating substrate) appeared glossy, and the opposite
exposed surface had a comparatively rough finish as expected.
For fabricating the specimens for TENG testing, the surface
with a rough finish (exposed surface) was considered the sur-
face of interest for all the films. Therefore, the glossy surface
was attached to the back electrodes. Considering the reliability
of comparison between samples, it is important to use the same
surface as the test surface for all the samples. This is crucial
because TENG output is susceptible to the amount of real
contact area developed between the materials and it varies
considerably based on the nature of the materials’ surface.*’
It is also worth mentioning that, as the comparison is between
different TiO, crystalline phases, the percentage of TiO, in
PVDF was kept constant for all the samples as the TiO, particles
calcined at a range of temperatures were used in this study.

3.1. Material properties and crystalline phase analysis of TiO,
nanoparticles and PVDF-TiO, films

Material characterization of the synthesized TiO, nanoparticles
was carried out using X-ray photoelectron spectroscopic (XPS)
and X-ray diffraction (XRD) analyses (Fig. 2). The XPS spectra of
the TiO, nanoparticles were analysed to understand their
elemental composition. Fig. 2(a) shows the survey spectra of
the TiO, 500, TiO, 600, and TiO, 900 samples. Peaks corres-
ponding to titanium (Ti), oxygen (O) and carbon (C) were
observed in the samples’ survey spectrum. C 1s peaks were
observed at binding energies of 285 eV in all the samples, which
arise from contamination during synthesis and calcination of
the nanoparticles. The two strong peaks from TiO, nano-
particles at around 465.2 eV and 459.5 eV (Fig. 2(b)) can be
attributed to Ti 2p,,, and Ti 2ps,,, respectively. These binding
energies indicate that Ti is in a +4 oxidation state. Considering
Ti's elemental composition and +4 oxidation state, it is reason-
able to attribute the Ti-O bonding to TiO,. Fig. 2(c) presents the
XPS spectra of the O 1s of the TiO, samples. The peak positions
of O 1s are located at 530.2 eV, which is in agreement with the
reported O 1s electron binding energy for TiO,.>® The peak
positions of Ti 2p which corresponds to the binding energy of
Ti metal in TiO,, O 1s which corresponds to the binding energy
of oxygen in TiO, and a peak separation of 5.8 eV of the Ti 2p
doublet agree well with the binding energy reported for TiO,
nanoparticles.”®*” Fig. 2(d) shows the percentage of elements
present in each TiO, sample. XPS data identifies the presence
of Ti-O bonding in the sample which confirms the formation of
TiO, in all the particles and matches with the reported peak
positions of Ti and O of Ti0,.?® It is also worth mentioning that
C, F and N are also observed (in Fig. 2(d)) in the samples due to
contamination during the sample synthesis.

The identification of the crystalline phase of TiO, nano-
particles is crucial in the context of this study to assess the TiO,
induced phase transformation in PVDF matrix and their effect
on TENG output. XRD patterns of TiO, nanoparticles were
analysed to investigate the crystallinity, crystal phases present
and the change in crystallite size of the nanoparticles with an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XPS and XRD analysis of TiO, nanoparticles. (a) XPS survey spectra, (b) and (c) spectra of Ti 2p and O 1s BE region respectively and (d) tabulation of
the composition of elements for TiO, 500, TiO, 600 and TiO, 900. XRD patterns of TiO, showing (e) comparison of the patterns of TiO, 500, TiO, 600,
TiO, 700 and TiO, 900 and (f) changes in the anatase (101) and rutile (110) peak intensities with change in calcination temperature from 600 °C to 700 °C.

increase in calcination temperature. The XRD patterns of
synthesized TiO, nanoparticles calcined at different tempera-
tures varying from 500-900 °C are shown in Fig. 2(e) and (f).
Characteristic reflection peaks of the anatase phase of TiO,
(JCPDS card no. 21-1272) were observed in TiO, 500, TiO, 600
and TiO, 700 samples at 20 ~ 24.8°, 37.4°, 47.5° 53.5°, 62.1°,
68.4°, 69.6° and 74.6° corresponding to the Bragg’s reflections
from (101), (004), (200), (211), (204), (116), (220) and (215)
crystal planes respectively.>”° Characteristic reflection peaks
of the rutile phase of TiO, (JCPDS card no. 21-1276) were
observed in TiO, 700 and TiO, 900 samples at 20 ~ 27.1°
35.6° 40.8°, 53.9° and 56.2° corresponding to the Akl planes
(110), (101), (111), (211) and (220) respectively.””*>*° The

© 2025 The Author(s). Published by the Royal Society of Chemistry

crystallinity of the materials is observed to increase with the
increase in calcination temperature. This can be attributed to
the enhancement in the definition of the crystalline phase by
the reduction of defects, edges, strain, irregularities, etc. pre-
sent in the particles due to heat treatment.>>*" This can also be
due to the transformation of the elongated side-to-side packed
anatase phase to the closed packed octahedrally oriented rutile
phase with increased calcination temperature.”’ The XRD
pattern of TiO, 500 shows that it is constituted of only the
anatase phase of TiO,. Whereas the XRD patterns of TiO, 600
and TiO, 700 samples show the presence of both anatase and
rutile phases in these samples, but in different amounts, the
XRD pattern of TiO, 900 shows it is fully rutile. The crystallite
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Fig. 3 Crystallite size and percentage of rutile phase of TiO, nanoparticles calcined at different temperatures.

size (¢) in nm, of TiO, nanoparticles was estimated by the

Debye-Scherrer’s equation (eqn (1))**** as
K

Y 1

? fcos0 1)

where ¢ is the crystallite size, K (0.9) is the shape factor, 4 is the
wavelength (1.5406 A) of the X-ray used, f is the full width at
half maxima (FWHM) of the peaks and 6 is the Bragg’s angle.
From Fig. 3, which shows the estimated values of the crystallite
size of the particles, it can be noted that the crystallite size of
the particles increases with calcination temperature from
500 °C to 600 °C and then it reduces as the calcination
temperature increases further up to 900 °C. This variation in
crystallite size is due to the change in the percentage of anatase
and rutile phases in the TiO, nanoparticles. TiO, 600 has both
anatase and rutile phases present in them which is the reason
why TiO, 600 has an increased crystallite size compared to that
of TiO, 500. TiO, 700 also shows the presence of both anatase
and rutile phases. However, its crystallite size is lower than that
of TiO, 600 as the percentage of anatase phase is considerably
decreased in TiO, 700 and it is in the process of getting
converted to a single crystalline phase TiO,. From this observa-
tion, it is clear that the presence of two different crystalline
phases in TiO, results in an increase in their crystalline size
compared to that of TiO, with only one crystalline phase. The
percentage of anatase and rutile phases present in TiO, 600 and
TiO, 700 (Fig. 3) were calculated by considering the intensities
of anatase (101) and rutile (110) using the Spurr equation

(eqn (2))* as
1
T 14 0.8[Ix(101)/Ix(110)]

(2)

Fr

where Fy, is the fraction of the rutile phase in the TiO, sample,
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I, (101) is the intensity of (101) peak of the anatase phase and I
(110) is the intensity of (110) of the rutile phase.

According to the Spurr equation, it was calculated that the
percentage of the anatase phase is 52.4% and that of the rutile
phase is 47.6% in the TiO, 600 sample, and the percentage of
the anatase phase is 17.7%, and that of the rutile phase is
82.3% in TiO, 700 sample. The percentage of the anatase phase
is reduced compared to that of the rutile phase as the calcina-
tion temperature is increased. On increasing the calcination
temperature further from 700 °C to 900 °C it was found that the
anatase phase has completely disappeared and TiO, 900 con-
tains only the rutile crystalline phase. From this, it can be
inferred that the increase in calcination temperature favours
the formation of a thermodynamically stable rutile phase. Also,
the presence of both anatase and rutile phases in TiO, 600 and
TiO, 700 shows that the phase transformation has taken place
gradually.”® XRD patterns of TiO, nanoparticles calcined at
temperatures ranging from 400 °C to 1000 °C are shown in
Fig. S2 (ESIY) to confirm that TiO, formation is not complete
below 500 °C, there is no mixed phase present above 700 °C and
both TiO, 800 and TiO, 1000 has only rutile phase.

Increasing the content of the electroactive phase (EA) in the
PVDF matrix is crucial for many applications.'®?* Similarly, the
TENG output of PVDF could also be impacted by the percentage
of different electroactive phases present in PVDF. FT-IR analysis
is widely used to identify the percentage of crystalline phases
present in PVDF.*>*® FT-IR analysis of PVDF and PVDF-TiO,
films (designated as PVT) with TiO, having different crystalline
phases was carried out to evaluate the changes in the crystalline
phase of PVDF and their percentage with the incorporation of
TiO,. Since the spin coating parameters for all the prepared
films were the same (Section 2.3), the comparative changes
observed in the electroactive phases in PVDF between the films

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 FT-IR analysis of PVDF-TiO, composites. Comparison of FT-IR spectra (absorbance vs. wavenumber) tested in the range of (a) wavenumber
1450-700 cm~t and (b) wavenumber 850-820 cm™* of sPVDF, PVT500, PVT600, PVT700 and PVT900.

can be attributed to the influence of TiO, particles. Fig. 4(a) and
(b) compare the FT-IR spectra of PVDF and PVDF-TiO, compo-
sites. The peak observed at 1071 cm™' corresponds to the
bending vibration of C-C, the peak at 1176 cm ™' corresponds
to the swinging vibration of CH, and the peak at 1397 cm ' is
due to CF, in PVDF.?” The intensification of the vibration band
at 1232 cm™* for PVDF-TiO, films shows the nucleation of
crystalline phase in PVDF with the incorporation of TiO,. Also,
the absence of identity peaks of the o phase of PVDF at
763 cm ' and 976 cm™ ' in the spectra is an indication of the
conversion of the o phase to electroactive phases (p and y) of
PVDF. Also, the peaks at 1276 cm ™' and 1402 cm ™" are assigned
to the B phase and the one at 1234 cm™ " is attributed to the y
phase. Another major peak observed at 840 cm™ " is considered
the electroactive phase of PVDF since it is a combination of
both B and y phases and correlated with the intensities of the
peaks at 1276 cm™ ' and 1234 cm ™ .>"*>?8 For this, the percen-
tage of electroactive phase present in each sample was calcu-
lated from the FT-IR spectra using eqn (3)*° as

A
Fea = Ksao =
— |4 A
( X ) 763 + AEA

where A, and A,¢; are absorbances at 840 and 763 cm™
respectively and the absorption coefficients at these wave
numbers (Kg0 and K-g;) are 7.7 x 10* and 6.1 x 10* em® mol !
respectively. The fraction of EA phases of PVT500, PVT600,
PVT700 and PVT900 were calculated as 71.61%, 68.28%,
72.55% and 75.74% respectively. On comparing the spectra of
PVDF-TiO, samples with that of PVDF, it can be observed that
the intensity of electroactive phases in PVDF is increased. This
shows that incorporating TiO, into the PVDF matrix favours the
formation of more electroactive phases in PVDF. Furthermore,
since the TiO, nanoparticles incorporated into the PVDF matrix
occur in different crystalline phases (as explained in the XRD

x 100% 3)

1
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analysis), a more detailed analysis of FT-IR is required to
understand how the crystalline phase of TiO, impacts the
phase transformation in PVDF. Fig. 4(b) shows that the peak
at 840 cm~ " which corresponds to the EA phase of PVDF is
widening with the incorporation of TiO, nanoparticles with
different crystalline phases. This is a clear indication of the
change in the EA phase of PVDF with the addition of TiO, and
also that the crystalline phase of TiO, affects how the EA phase
of PVDF-TiO, is being manipulated. A shift in the peak towards
the lower wave number is observed in Fig. 4(b) and this shows
the increase in the contribution of the y phase in the EA phase
which is a mixture of B and y phase.**>° The intensification of
the peak at 840 cm™ ' can also be attributed to the enhancement
of v phase.*® Fig. 4(b) shows that the y content is higher for
films containing full rutile (PVT900) and fully anatase (PVT500)
and comparatively lower for PVT films containing mixed-phase
TiO, (PVT600 and PVT700). However, the percentage of y phase
is the highest for PVT900.

XRD patterns of spin-coated PVDF film and PVDF-TiO,
nanocomposite films (Fig. 5(a)-(c)) were analysed to under-
stand the crystalline phase of the PVDF in them. Fig. 5(a) and
(b) compares the XRD patterns of PVDF in powder form and
spin-coated PVDF film. The two intense peaks observed in
PVDF powder at 18.70° and at 20.20° and the medium peak
at 26.5°, which corresponds to (020), (110) and (021) planes,
respectively, are the major peaks of the monoclinic a-crystalline
phase of PVDF which is considered as the kinetically stable
phase.'®?*%% In the case of spin-coated PVDF, the intensity of
XRD peaks reduced and 