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Titanium Dioxide (Ti0z), Vanadium Dioxide (VOz2), Poly(Methyl Methacrylate) PMMA.

The aim of this study is to prepare titanium oxide (TiO-) using a sol-gel method and study its structural,

optical, and morphological properties. These properties were then improved by mixing it with vanadium oxide
(VO2) to study the effect of the additive on the structure and energy gap. The TiO2:VO: nanocomposite was
then combined with polymethyl methacrylate (PMMA) to form a nanocomposite film. The properties of the
TiO2 nanocomposite were studied using FTIR analysis to determine the nature of the bonds and chemical
interactions, and UV—Vis analysis to study the absorption and optical energy gap.The results showed that the
prepared TiO: possesses an organized nanoscale anatase phase and good optical properties, while blending it
with VO: resulted in a reduced energy gap and improved absorption in the visible range. The study of the
PMMA-TiO:: VO: composite membrane also revealed a clear interaction and homogeneity between the three
components, resulting in improved structural and optical properties. These results demonstrate that the
resulting composites possess promising properties for smart window and self-cleaning surface applications.

1 INTRODUCTION

Various organizations are conducting numerous
research initiatives to develop and characterize
polymer-nanoparticle composites, which are essential
materials for modern technological applications [1],
[2]. Notwithstanding their widespread applications,
polymers are frequently acknowledged for their
inferior mechanical strength and heat conductivity
relative to metals and ceramics. Nonetheless, their
advantages, such as being lightweight and cost-
effective, render them attractive for numerous
medical and engineering applications [3] Owing to its
exceptional optical clarity, strong mechanical and
thermal stability, appropriate dielectric properties,
and chemical inertness, PMMA has become a
preferred material in numerous manufacturing
sectors,  particularly in the optoelectronic
industries [4]. Poly(methyl methacrylate) (PMMA) is
widely recognized among polymers for its amorphous
structure, linear polymer chains, and transparent
characteristics. Its erosion resistance and endurance
render it a reliable alternative to inorganic glass in
numerous applications [5]. The distinct crystal phases
of TiO: (anatase, rutile, and brookite) depend on the
circumstances and preparation procedure of the sol-
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gel technology, which offers several advantages,
including excellent homogeneity for the formation of
high-quality nanostructures [6]. TiO- functions as an
enhancement additive in polymer matrices,
enhancing polymer structure and facilitating the
optimization of nanocomposite films [7]. Because of
their reversible temperature-dependent optical
property changes, thermochromic materials have
garnered a lot of attention recently. The most well-
known thermochromic substance among them is
vanadium dioxide VO, able to achieve a reversible
insulator-to-metal transition (IMT) from an infrared-
transparent semiconducting state to an infrared-
reflective metallic state at room temperature about
68°C The intriguing characteristics of VO: render it
appropriate for smart window applications [8], [9].
The formation of composites with polymers is a
significant technique for enhancing the homogeneity
of oxide nanoparticle-based films [10], [11]. Recent
research indicate that VO2/polymer composite films,
produced with crystalline VO: nanoparticles,
frequently encounter limitations in scalability and
intricate processing, rendering them unsuitable for
large-scale applications [12], [13].
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2 MATERIALS AND METHODS

2.1 Materials

Titanium (IV) isopropoxide — 284.22 g/mol — Sigma-
Aldrich — >97%, Hydrochloric acid (HCl) — 36.46
g/mol — ACS Chemicals, India — >99.5%,Ethanol
C:HsOH 46.07 g/mol Sigma-Aldrich
>99.8%,Chloroform [CHCls]— 119.38 g/mol — ACS
Chemicals, India — 99%, Poly(methyl methacrylate)
(PMMA) (CsHsO2), — ~800,000 g/mol — A vonchem
Ltd., UK, Vanadium oxide nano powder VO,
Hongwu International Group, China — 99.9%.

2.2 Preparation of TiO2 NPs

To produce TiO: nanoparticles, 300 mL of 70%
ethanol was introduced into a beaker, Subsequently,
8 mL of titanium isopropoxide was added at room
temperature. The solution was agitated with a
magnetic stirrer for 60 minutes to achieve
homogeneity. Subsequently, 40 mL of 0.1 M
hydrochloric acid was introduced to the solution to
modify the pH to roughly 4-5. The mixture was
agitated for a further 60 minutes and thereafter
subjected to sonication for 30 minutes. At this
juncture, the solution had a milky look. he resulting
suspension was centrifuged at 4200 rpm to separate
the precipitate, Thereafter, it was rinsed four times
with ethanol and deionized water. The obtained
precipitate was dehydrated at 50°C for 48 hours. The
dehydrated material was further calcined in a muffle
furnace at 600°C for 2 hours to yield TiO:
nanopowder.

2.3 Preparation of TiO2:VO2 NCs

To prepare TiO2: VO2 NPs with a VO: content of 5%,
0.095 g of TiO: was mixed with 0.005 g of VO:
powder (This ratio was chosen with the aim of
enhancing the surface properties without affecting the
stability of the crystal structure and the homogeneity
of the polymer film). The powder—powder mixing
was carried out using a vortex mixer followed by
mechanical stirring to ensure homogeneity.

2.4 Preparation of PMMA- TiO2:VO2
Thin-Film

0.5 g of PMMA was solubilized in 10 mL of CHCls
with continuous agitation for 2 hours. Followed by
adding 30 mg of (TiO2:VO;)NCs and stirring for
another 2 h in Figure 1, then ultrasonically dispersing
the mixture for 20 min deposited on a glass slide (25.4
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x 76.2 mm, thickness 1.2 mm) to dry at room
temperature for 24h to form the PMMA - TiO2;VO;,
nanocomposite thin film.

2.5 Characterization

The structural, morphological, and optical properties
of'the powder (TiO2 NPs, TiO2:VO2 NCs) and PMMA
- TiO2 VO, thin film were characterized using the
following techniques: XRD: AERIS benchtop
diffractometer (Malvern Panalytical, Netherlands),
Cu Ko radiation (A = 1.54060 A),

FTIR: Frontier FTIR spectrometer (PerkinElmer,
USA), FESEM: Inspect™ F50 field emission
scanning electron microscope (FEI Company), EDS:
Integrated with Phenom desktop SEM (Thermo
Fisher Scientific, Netherlands/USA), UV-Vis:
Shimadzu UV-1900 spectrophotometer, wavelength
range 200—-1000 nm.

3 RESULTS AND DISCUSSION

3.1 X-Ray Diffraction Analysis Results

The structure of powder (TiO: NPs and TiO2:VO:
NCs) can be extensively analyzed using (XRD), a
widely used method. This method may ascertain the
crystal structure, lattice parameters, and crystallite
dimensions of a substance [14]. Bragg's condition is
satisfied when the x-rays are specularly reflected in a
single atomic plane and constructively interfere with

rays from successive atomic planes. Bragg's
condition is expressed as follows [15]:
nA0= 2dhkl sin®. (1

The number n signifies the diffraction order. A0l
denotes the wavelength of the incident x-ray. dhkl
represents the interplanar distance. 6 denotes Bragg's
angle. The Sherri equation is shown in [15]:

D=k A0. /B cos0. )

The shape factor is represented by k. Ax the
wavelength of the incident X-ray radiation is 1.5406
A for CuKa. B denotes the full width at half maximum
FWHM of the peak, expressed in radians. 6 denotes
Bragg's angle. An X-ray diffraction investigation was
conducted to determine the structural phase of TiO-.
NPs. The interplanar spacing (d) for the prepared
materials was determined using Bragg's law based on
the relationship.

Figure 2 illustrates the X-ray diffraction spectrum
for TiO: nanoparticles, spanning the range of
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approximately 20° to 80°. These results correspond
with the ICDD card number 01-073-1764. The most
pronounced peak occurs at the diffraction angle of
20=25.58°, with an average crystallite size (D) of
22.968 nm, which corresponds to the (101) crystal
plane, a distinctive feature of the anatase phase,
thereby confirming that the material is well-
crystallized in this phase.

The crystal structure corresponding to these peaks
is tetragonal [16], [17]. This is corroborated by the
XRD data for TiO2 nanoparticles, which are presented
in Table 1 .Figure 2 displays the XRD patterns
resulting from the physical mixing of TiO: and VO-
nanoparticles. diffraction peaks can be indexed to the
monoclinic phase of VO,(M) (JCPDS card nos. 01-
072-0514 and 01-073-1764) and correspond to VO,
and TiO,, respectively. no significant changes in
diffraction peak positions were noted; a slight to a
lower angle with an average crystallite size (D) of 20
nm was observed when compared to TiOx.

The peak at 25.53°might be caused by the
overlapping diffraction signals from the TiO: and
VO: crystal phases in the mixed nanostructure [18],
as corroborated by the XRD results of the physical
mixing of (TiO2:VO2) NCs presented in Table 2.

PMMA PMMA-TiO:2: VO2

CHCls

Flw Drop casting

Figurel: Scheme of preparation and synthesis of PMMA-
TiO2;VOz thin film used drop casting method.
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Figure 2: XRD patterns of the (TiO2 NPs, TiO2:VO2 NCs).
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Table 1: The structural properties of (TiO2)NPs.

20 (deg) FWHM D dnia(A) hkl
Experimenta (deg) (nm) Experime
1 ntal

25.58 0.3778 21.55 3.4823 101
38.10 0.3778 22.23 2.3619 112
48.34 0.4723 18.42 1.8828 200
54.18 0.3778 23.60 1.6926 105
55.36 0.3778 23.73 1.6593 211
62.99 0.3778 24.64 1.4756 204
68.99 0.3778 25.52 1.3587 116
70.56 0.3778 25.74 1.3347 220
75.34 0.4723 21.24 1.2614 215

Dave=2

2.96 nm

Table 2: The structural properties of (TiO2;VO2 )NCs.

26 (deg) FWHM | D (nm) dui(A) hkl
Experimental | (deg) Experim
ental

25.53 0.4400 | 19.34 3.4856 101
27.98 0.4164 | 20.54 3.1811 011
37.21 0.3144 | 27.85 24142 200
38.78 0.4033 | 21.81 2.3197 112
4242 0.2982 | 29.85 2.1289 210
48.25 0.4608 | 19.73 1.8843 200
54.19 0.5791 | 16.09 1.6912 105
55.62 0.7753 | 12.10 1.6574 220
62.86 0.5898 | 16.49 1.4770 204
68.96 0.5809 | 17.32 1.3596 116
70.48 0.5625 | 18.06 1.3348 220
75.27 0.5006 | 20.93 1.2614 215

Dave=20n

m

3.2 FTIR Analysis Results

Fourier-transform infrared spectroscopy FTIR
analyzed the structural characterization and
compatibility of (TiO> NPs, TiO2:VO: NCs ), and
PMMA-TiO2:VO: thin film. Figure 3 presents the
FTIR spectra of (TiO2 NPs, TiO.:VO: NCg), and
PMMA-TiO2:VO: thin film. Altering titanium
dioxide TiO. may enable the incorporation of
hydroxyl (OH) groups and supplementary functional
groups. The TiO: spectra exhibit an absorption band
in the 600—400 cm™ range, attributed to the stretching
vibrations of the Ti-O and Ti—-O-Ti bonds in
TiO2 [19]. The FTIR spectrum of (TiO2:VO2 NCS)
has a band at 955.12 cm™, indicative of the stretching
vibrations of the V=0 bond, whereas the absorption
peak at 585.97 cm™ is associated with bridging
oxygen atoms in the V-O-V and Ti-O-Ti bonds. The
integrated bridging of V-O-Ti stretching accounts for
the IR band at 585.97 [20]. The infrared band at 413
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cm! is ascribed to the stretching vibration of the
vanadyl (V-0) bond [21], [22]. The band at around
413 cm™ corresponds to the bending mode of
Ti—O [23]. A broad band at 3003 cm™ corresponds
to the O—H stretching mode of the hydroxyl group in
water. The spectra of PMMA-TiO2:VO:
nanocomposites display analogous peaks and
additional characteristics, including the vibrational
bonds of PMMA. Nevertheless, the presence of
pronounced peaks validates the interactions between
filler materials and PMMA molecules, while the
spectra of PMMA-Ti02:VO: nanocomposites display
analogous peaks and other characteristics, including
PMMA vibrational linkages. Nevertheless, the
presence of pronounced peaks corroborates the
interactions between the filler material and PMMA
molecules. Peaks at around 1143 cm™ were attributed
to C-O-C vibrations. The bands at 2948 cm™
correspond to the vibrational modes of CHz and CHa.
The peaks at 1614 and 1722 cm™ correspond to the
stretching vibrations of the C=C and C=0 functional
groups, respectively. Absorption bands within the
range of 1435-1382 cm™ were attributed to C-H
stretching vibrations [24]. Peaks detected at 3003
cm! are attributed to surface-adsorbed water and
hydroxyl groups [25], [26]. We affirm the
incorporation of TiO: into the PMMA matrix. Almost
all of the peaks of the different samples are identical
and resemble pure PMMA. This state arises when
PMMA networks entirely and consistently encase the
nanostructures without compromising their three-
dimensional architecture. Moreover, the stretching
vibrations of the polymer group's bands demonstrate
increased intensity.

3.3 FESEM Analysis Results

Investigating the surface characteristics of powder
(TiO2 NPs) and composite (TiO2:VO: NCs). The
nanoparticle dimensions were calculated with the
ImageJ program. The program Origin Pro 8.5 was
utilized to illustrate the size distribution and average
dimensions of the nanoparticles on the graph. The
surface morphology was analyzed via FESEM. The
FESEM pictures depict pure TiO, nanoparticles,
displaying a consistent size distribution and an
average diameter of 68.4 nm. Upon mixing with
TiO2:VO2, the resultant composite nanocrystals
exhibit a nearly spherical morphology, with their
average size diminishing to 58.6 nm, as illustrated in
Figure 4. This outcome is ascribed to the
incorporation of VO: into titanium dioxide, which can
markedly diminish the dimensions of the composite
nanocrystals and regulate their morphology [18]. The
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crystals coalesce to create rounded spherical particles
measuring 500 nm. The agglomerated particles
combine to create bigger, coarse aggregates, and
during mixing, both larger, irregular aggregates and
smaller, spherical aggregates are detected [27].
Figure 4a exhibits a scaled image of 500 nm at a
magnification of 120,000X. Figure 4b illustrates the
diameter  distribution = of the  synthesized
nanoparticles. The particles collected were nanoscale
in size and exhibited irregular spherical geometries.

— 1o,

——ri0,:v0,

PMMA- TiO, VO,

3003 03
Big\CH
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Figure 3: FTIR spectra of (TiO2 NPs, TiO2:VO2 NCs),
PMMA- TiO2:VO: thin film.

3.4 EDS Analysis Results

EDS spectra were utilized for the eclemental
characterization of the chemical components in the
manufactured material. The EDS spectra of the
produced TiO: in the anatase phase are presented in
Figure 5a. Titanium (Ti), carbon (C), and oxygen. (O)
are the elements present in the anatase phase of
titanium dioxide (TiO:) nanoparticles generated via
the sol-gel process. These findings are consistent with
study [28]. The proportion of titanium (Ti) in the
phase was significantly greater than that of oxygen,
as illustrated in the figure. The manifestation of the
(C) element results from the influence of the
fundamental material ethanol (CHsCH20OH) utilized
in the synthesis of TiO: nanoparticles, as well as from
environmental perturbations encountered during the
laboratory  preparation procedure. Figure 5b
illustrates the Energy Dispersive Spectroscopy (EDS)
patterns for the mixing process of (Ti02:VO2)
nanoparticles, indicating that the synthesized samples
consist of Titanium (Ti), Oxygen (O), and Vanadium
(V) species. The ratios of 62.6%, 25.9%, and 11.5%
for Ti, O, and V, respectively, indicate that titanium
predominates in vanadium oxide, but a minor
quantity of VO2 may still be incorporated into TiOx.
The EDS spectra indicated the existence of two metal



oxides [29]. The atomic ratio of VO: to Ti derived
from the EDS measurements aligns well with the
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composition of the initial material solution. This

a/Tio2:vO2

result signifies that the formulation of the items can
be readily regulated and altered as required [30].
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Figure 4: FE-SEM images of (a-TiO2 NPs, b-Ti02:VO2 NCs).
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Figure 5: The EDS spectra of (a-TiO2 NPs, b- TiO2:VO2 NCs).
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3.5 Optical Properties Results
3.5.1 Absorbance (A)

UV-visible spectroscopy was performed across the
wavelength range of 200-900 nm to evaluate the
absorbance or transmittance of the produced pure and
VO: addition TiO: nanoparticles. In UV
spectroscopic analysis, the shift in TiO: and mixed
VO: is discussed. The shift in the absorbance
spectrum following the mixing of VO: implies a
change in the band gap [31]. Titanium dioxide TiO:
is a semiconductor with a wide bandgap of 3.25 eV.
This indicates that it predominantly absorbs UV light,
as photons of more energy (shorter wavelength) than
the band gap are required to promote electrons from
the valence band to the conduction band. Within the
UV spectrum, TiO: absorbs light and facilitates the
transition of electrons from the valence band to the
conduction band. Experimental results indicated that
pure TiO: exhibits a pronounced absorption peak at
288.27 nm, demonstrating its significant UV
absorption capability. Mixing involves the
introduction of impurities into a semiconductor
material to modify its properties. addition TiO: with
VO: has presumably created additional energy levels
inside the band structure VO, acts as a donor
impurity, supplying additional electrons to the
substance. This may induce the emergence of novel
energy levels within the band gap of TiO.. The
changing of the material's electronic structure
elucidates the alteration in absorbance from
ultraviolet to visible wavelengths when TiO: is
combined with VO.. The alteration in the spectrum
leads to the emergence of an absorption peak at
234.58 nm for the TiO>—VO2 sample, accompanied by
a notable reduction in absorption intensity, so
validating the diminution of the energy gap to
approximately 2.75 eV and an enhancement in visible
light absorption capacity [32]. The composite films of
PMMA-TiO2:VO: exhibit a peak absorption in the
ultraviolet (UV) spectrum at around 233.38 nm,
attributed to PMMA. The absorbance intensity
diminishes further due to the encapsulation of
particles within the polymer, which restricts direct
interaction between light and the nanoparticles. The
incorporation of TiO: nanoparticles leads to a
diminution in the intensity of the peaks within the
visible spectrum, signifying the dominance of TiO:
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characteristics Figure 6. The significant absorption
peaks observed in the 200400 nm range of
nanocomposites can be ascribed to the n — w*
transition, indicating an elevated absorption capacity
in these materials [33].

3.5.2 Energy Gap (Eg)

The optical bandgaps of composite materials can be
ascertained from the absorption spectra. Absorption
is contingent upon electron excitation from the
valence band to the conduction band [34]. Thus, the
absorption edge defines the material's bandgap. The
absorption edge rises with increasing wavelength
redshift in the following sequence: (TiO2> NPs),
(TiO2:VO:2 NCs), and PMMA-TiO2:VO: thin film
demonstrate a decreasing bandgap in that sequence.
The bandgap energy Eg of the composite films was
ascertained from the Tauc plot illustrated in Figure7.

(ahv) n =B (hv - Eg). 3)

B represents a material-specific constant, hv
denotes the photon energy in electron volts (eV), h
denotes Planck's constant, v represents the photon
frequency, and Eg marks the optical band gap in
electron volts (eV). The optical bandgap of TiO: is
3.25 eV [35]. A reduction in the energy gap value was
noted upon mixing with (TiO2:VO:) nanoparticles,
resulting in an energy gap value of 2.75 eV. A
reduction was noted following vanadium doping. The
reduction in bandgap values noted for the V-doped
TiO: This phenomenon is due to charge transfer
between the conduction (or valence) band of TiO2 and
the d electrons of the vanadium dopant [36]. Figure 7
demonstrates this. The energy gap values are
contingent upon the crystal structure of the
composites and the configuration and distribution of
atoms within the crystal lattice; hence, a reduction in
the energy gap is associated with an increase in
disorder within the material [37]. However, during
the mixing of the composite, defects such as voids
may form, leading to the emergence of favorable
localized states inside the material's band gap, as well
as a reduction in the cluster size of the parent
solution [38]. The energy gap of the (PMMA-
Ti02:VO2) film decreased to 2.35 eV in comparison
to the pure TiO: film, a phenomenon attributed to
enhanced ion transport within the constituents of the
PMMA-TiO2:VO2 nanocomposite thin films [39].
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Figure 6: Absorbance spectra of (TiO2 NPs, TiO2:VO2 NCs), PMMA- TiO2:VO: thin film.
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Figure 7: Tauc’s plot of (TiO2 NPs, Ti02:VO2 NCs), PMMA- TiO2:VO: thin film.

4 CONCLUSIONS

Titanium oxide TiO: was effectively synthesized via
the sol-gel process, exhibiting a well-ordered anatase
crystalline phase with nanoscale crystal dimensions
and pronounced optical characteristics in the
ultraviolet region. The introduction of VO: resulted in
a slight shift in the diffraction peaks and a significant
the interaction between titanium oxide and vanadium
oxide results in a reduction of the energy gap from
3.25 eV to 2.75 eV, signifying enhanced absorption
in the visible light spectrum. The introduction of the
TiO2:VO: mixture within the PMMA polymer
resulted in the formation of a homogeneous nanofilm
that exhibited distinct bonds in the FTIR spectra, The
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process involves verifying the interaction between the
polymer and the nanocomposites, which is
accompanied by a subsequent reduction in the energy
gap of roughly 2.35¢V. FESEM images revealed pure
TiO: nanoparticles with an average diameter of
around 68.4 nm and a consistent size distribution. The
addition of VOs: led to the development of smaller
spherical crystals averaging 58.6 nm, with larger
spherical aggregates (about 500 nm) and irregular
clusters.The results show that adding TiO2 and VO:
to the PMMA matrix improves the material's optical
and structural properties, making it an effective
candidate for smart window and self-cleaning
membrane applications.
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