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Abstract: To synthesize and characterize uniform and stable PVA-based composite membranes incorporating TiO₂ 
and ZrO₂ nanoparticles (PVA/TiO₂, PVA/ZrO₂, and PVA/TiO₂/ZrO₂) using the solution casting method. And investigate 
the structural, morphological, surface chemistry and optical properties of these composite membranes through 
advanced characterization techniques encompassed X-ray diffraction (XRD) study, UV-visible absorption spectroscopy, 
photoluminescence (PL) spectroscopy, transmission electron microscopy (TEM), Fourier-transform infrared (FTIR) 
spectroscopy, and atomic force microscopy (AFM) analysis and develop hybrid membranes that exhibit more 
improved characteristics because of composites versatile properties resulting from the combining of two inorganic 
structural components with polymer. These characteristics offer an appealing choice for a range of applications. 
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 Introduction: We have synthesized TiO2, ZrO2 nanoparticles utilizing sol-gel method and PVA, PVA/nanoparticles 
composite membrane prepared through solution casting technique. The as prepared nanoparticles and composites 
were characterized through X-ray diffraction (XRD) study, atomic force microscopy (AFM), field emission scanning 
electron microscopy (FESEM), X-ray photoelectron spectroscopy (XPS), Fourier transform infrared (FTIR) spectroscopy, 
transmission electron microscopy (TEM), UV-Vis spectroscopy and photoluminescence spectroscopy (PL) analysis to 
explore the structural, morphological, surface chemistry, optical properties and chemical bonds presents in the 
samples. The details of the experimental arrangements employed in our work have been described in the following 
sections.The diverse uses of polymer nanocomposites in packaging of food, coatings, air and water purification, 
batteries and solar cells have led to substantial research into these materials [1-4]. Among the different polymer 
polyvinyl alcohol (PVA) focused much attention as result of its distinctive qualities, like environment friendly, solubility 
in water, non-toxic, biodegradable, excellent optical and electrical properties, charge storage capability and chemical 
stability [5-8]. Several studies show the different applications of PVA when tuned its optical and structural properties 
by doping [9-13]. The OH group in PVA is responsible for majority of the physical properties that gives rise to the 
substances wide range of industrial uses [14]. Nanocomposites made of an organic polymer and inorganic material 
are gaining a much attention because of their outstanding properties and numerous uses [15-17]. The fabrication of 
inorganic and organic hybrid systems devices like optoelectronic devices, solar cell and photoelectrode can result in 
the invention of novel devices technologies [18-20]. Polymer/ceramic oxide composites have also received a lot of 
research attention for the separator of supercapacitors [21, 22]. Lithium-ion batteries are promising alternatives for 
portable gadgets and electric cars because of its small size, cheap maintenance, extended life cycle and higher energy 
density [23]. However, increasing the lithium-ion batteries use into novel energy storage devices with low self-
discharge requires improved battery safety [24-26]. Yanilmaz et al. reported separators play a crucial role to prevent 
short circuits through restricting physical connection between electrodes. Simultaneously, allowing the movement of 
lithium-ions between them during cycles of charging and discharging. The separators must have appropriate 
pore size, exceptional thermal and chemical stability, sufficient thickness and superior permeability to lithium-ions. 
[27]. 

Xiao et al. reported that PVA serves a famous as a superior material for membranes because of its exceptional 

qualities including good film-forming ability and superior mechanical, chemical, and thermal stabilities. 

Numerous investigations have been conducted since the introduction of membranes based on PVA as 

separators in diverse fuel cells. PVA, a crucial component of the gel electrolyte in microbial fuel batteries, 

has generated a lot of interest [28]. Doping of inorganic ceramic oxide nanoparticles can enhance 

characteristics of PVA membranes. It has been discovered that doping of ceramics oxides to the polymer matrix 

increases ionic conductivity because they add porosity to the PVA matrix by expanding the amorphous areas 
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of the crystalline polymer [29]. According to studies, incorporating inorganic particles into separator 

membranes is a good strategy to increase thermal stability and electrochemical performance [30-33]. 

A lot of interest has been paid to titanium dioxide (TiO2) because of its promising qualities. It is an inorganic 

semiconductor with a large band gap that finds extensive use in various fields, such as air and water 

purification, photocatalysis, sensors and self-cleaning windows [34]. Anatase, brookite and rutile is the three 

main phases of TiO2. The utmost stable phase of TiO2 was discovered to be rutile, while the other two 

(anatase and brookite) are metastable forms [35, 36]. When TiO2 and PVA polymer are combined, they may 

interact in the polymers crystalline or amorphous regions, changing its electrical, structural and optical 

characteristics [37]. 

Gupta et al. reported the ball milling process for the preparation of TiO2 nanoparticles in order to increase 

the photocatalytic activity and mechanical strength and suggest that by optimizing the rotating speed, ball to 

grinding material ratio and grinding time the desired properties of grinding material may be tuned [38]. 

Ramakrishnan et al. investigated solvothermal and microwave techniques to produce TiO2 nanoparticles 

for use in dye-sensitized solar cells [39]. Campos et al. explored the biogenic synthesis of TiO2 by 

employing the extract of Annona muricata L. as an organic reductant and stabilizing agent. TiO2 nanoparticles 

efficiency in the photocatalysis process was pointed out, highlighting its potential uses in the area of 

photocatalysis and the destruction of organic pollutants [40]. 

In this paper sol gel technique were used to prepare TiO2 nanoparticles of different phases like brookite, 

rutile and brookite-rutile mixed by controlling calcination temperature. The PVA/TiO2 membrane prepared 

by solution casting technique were different phases of TiO2 have been dispersed in PVA matrix. TiO2 

nanoparticles and PVA/TiO2 nanocomposite membranes optical, structural and morphological characteristics 

were investigated using XRD, UV-visible spectroscopy, FTIR, PL spectroscopy, TEM and AFM techniques. 

The proposed solution casting method has a number of advantages, including low cost, controllable 

morphology, uniform dispersion and scalability. The selection of TiO2 phase and its doping into PVA matrix 

can significantly influence the characteristics of the resulting composites and their suitability for various 

applications. 

Experimental Techniques: 
 

Synthesis method of TiO2 nanoparticles: 

 

Sol-gel technique was used to synthesize TiO2 nanoparticles. Titanium tetraisopropoxide (TTIP), used as a 

precursor of TiO2. Initially, we prepare a solution of 80 ml ethanol and 20 ml methanol, then we add 0.04M 

TTIP to the solution while continuously stirred using a magnetic stirrer. The pH of the solution was kept 

between 2 to 3 by adding HCl and continued to stirring for 

next three hours. After that, the reaction is stopped by adding 50 ml distilled water and then stirring more for 

one to two hours. After three days of ageing at ambient temperature, the sample had been dried to 85 °C 

utilizing a hot plate, then grinding for 30 minutes. Finally, the prepared powder calcined for two hours at 

300°C. 

 

Synthesis method of ZrO2 nanoparticles: 

 

Sol-gel technique was also used for synthesize ZrO2 nanoparticles. As a precursor of zirconia, zirconium 

(IV) acetate hydroxide have been used. 0.058M zirconium acetate hydroxide was added in 100 ml of distilled 

water then around 30 minutes, the solution was stirred. The solutions pH was adjusted using NH4OH solution 

to 7-8. To enhance ageing, the solution stirred continuously overnight and the water was then removed by 

centrifuging. Following that, the sample rinsed by water and ethanol and then filtered through filter paper. 

The collected gel has been dried around 70°C and crushed for obtain a fine powder. Finally, the prepared 

powder calcined for two hours at 650 °C. 

 

Preparation of pure PVA membranes: 
 

To fabricate PVA membranes, we first prepare PVA solution by dissolving 1 gm PVA in 20 ml deionized 

water and stirred at 80 °C up to it became transparent. Transparent PVA film was produced by pouring this 

solution in a Petri dish then leaving it at room temperature to dry. 
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Synthesis method of PVA/TiO2composite membranes: 

 

Solution casting technique was utilized to produce PVA/TiO2 composite membranes. To prepare TiO2 

solution, 0.05 grams of TiO2 nanoparticles were mixed in distilled water of 10 ml and sonicated for 1 hour. 

Simultaneously, PVA solution obtained employing the method outlined in section 5.2.3. In order to produce 

uniform TiO2 nanoparticles dispersion inside the PVA, the prepared TiO2 solution was combined with the 

PVA solution and this mixture was then 

sonicated for two hours. The resultant mixture was then put into a Petri dish and allow to two days drying at 

ambient temperature. After that, the dried membrane was removed and sliced into a suitable size for further 

investigation. 

 

Synthesis method of PVA/TiO2/ZrO2 composite membranes: 

Utilizing the method outlined in section 5.2.3, we first prepare the PVA solution. Simultaneously, separate 

solutions for ZrO2 and TiO2 nanoparticles were prepared. Specifically, 0.05 grams of each TiO2 and ZrO2 

nanoparticles were dispersed individually in 10 ml of distilled water within separate beakers, employing 

ultrasonication for effective dispersion. Then the prepared TiO2 and ZrO2 solution were directly mixed with 

the PVA solution and sonicated for one hour to achieve homogeneous dispersion of TiO2 and ZrO2 

nanoparticles in PVA matrix. After that, the PVA/TiO2/ZrO2 mixture was put to a clean Petri dish then 

allowed two days of drying at ambient temperature. The obtained uniform ceramic oxides dispersed PVA 

membrane was taken out of the Petri dish. 

 

Result and discussion: 

 

UV-Vis Spectroscopy: 
In order to ascertain a material's bandgap, UV-Vis spectroscopy is a crucial method. Using this method, the 

intensity of light (I) passes by the sample is compare with the initial light intensity (I0) prior to entering the 

sample. UV-Visible spectroscopy investigates the molecules' electronic transitions when they absorb light 

from the electromagnetic spectrum's ultraviolet and visible regions. 

Optical absorbance measurements have been performed at ambient temperature utilizing the UV-visible 

spectrometer [950, Perkin Elmer Lambda (MANIT, Bhopal)] in the spectral range between 200 nm to 1100 

nm at room temperature. The instrument records a wavelength versus absorbance graph automatically. The 

photograph of UV-visible spectrometer is shown in Figure 2.2. 

 

 
 

Figure 2.2: Perkin Elmer Lambda 950 UV-visible spectrometer. 
 

Schematic figure of double beam ultraviolet (UV)-spectrophotometer is represents in the Figure 2.3. Tungsten, 
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xenon arc lamp and deuterium lamps were used as light sources. A beam of specified wavelength is passed with 

the sample. The lamp emits infrared, visible, or ultraviolet light, entered into the monochromators, which 

disperse the light and select the specific wavelength that the operator has selected for the measurement. 

Light of the selected wavelength hits a beam splitter which splits the light emitted from the monochromators 

in two beams. One beam goes through the sample, while the other beam goes through the reference. The 

absorbance of the sample and reference sample can be measured simultaneously. Light detector detects the 

wavelength that the sample has absorbed and compares it to the wavelength absorbed by reference samples. 

Amount of light absorbed or transmitted by the sample can be calculated by examining the intensity of the 

two beams strike the detector. 

An absorption spectrum is generated using an automated recording system equipped with a scanning 

mechanism that alters the wavelength configuration of the monochromators while simultaneously operating 

the chart recorder. 

 

 
Figure 2.3: Schematic illustration of a double beam ultraviolet (UV)-spectrophotometer [2]. 
 

When the organic compounds absorb UV radiation in the visible and ultraviolet range involves the transition 

of electrons in σ, π, and n-orbitals via their initial ground state to a higher energy state. 

These elevated energy states are characterized by molecular orbitals that are unoccupied in the ground state 

and are commonly referred to as anti-bonding orbitals. The anti-bonding orbital associated with a σ bond is 

referred to as the σ* orbital, while the anti-bonding orbital linked to a π bond is known as the π* orbital. 

 

PL Spectroscopy: 
 

PL spectroscopy has a convenient and non-destructive technique for investigating the materials optical 

properties. The approach that allows photons, or electromagnetic radiation, tends to be absorbed by material 

and subsequently reradiates photons is known as photoluminescence. This makes sense in terms of quantum 

mechanics: a photon is released to return to a state of lowered energy after being excited to a state of greater 

energy. It is reasonable to transferred an electron through the valence band to the conduction band, crossing 

the forbidden energy gap, if a photon's energy exceeds the band gap energy. An image of PL spectrometer is 

displays in Figure 2.4. 
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Figure 2.4: Hitachi F-7000 PL spectrometer. 
 

The spectra of PL for TiO2, ZrO2 nanoparticles and their PVA composite membranes were recorded using 

Hitachi F-7000 PL spectrometer from MANIT, Bhopal. Schematic figure of PL spectrometer is shown in 

Figure 2.5. 

The primary components of a PL spectrometer include a source of light, two monochromators, a holder for 

samples and a detector. A xenon flash tube is used as the excitation source, which emits intense pulse across 

the instrument spectral range. Two monochromators are employed: the one to determine the excitation 

wavelength and the second for evaluating the light that is released. With respect to the excitation beam, the 

detector is angled at 90-degree. 

Light is directed to the excitation monochromator via the optical system, enabling either identifying of a 

particular wavelength within the range or wavelength pre selection. Exciting light thereafter comes into the 

specimen chamber that contains fluorescent cuvette. The specialized cuvette designed for fluorescence 

measurements is utilized, featuring four translucent sides made of either quartz or glass. When the light hits 

the sample cell, it excites the molecules present in the solution, and some of them will emit light. Emitted 

light at the right angle of the incoming beam is analyzed with the help of emissions monochromator. 

The examination of wavelength of the released light carried out via calculating the wavelength-specific 

fluorescence intensity which are preselected. Emitted light of pre-selected wavelength is goes to the detector 

by the analyzer monochromator. The intensity of light is measured by using a photomultiplier tube as a 

detector. The measuring device receives the output current from the photomultiplier, which indicates the 

extent of fluorescence. 
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Figure 2.5: Schematic diagram of a photoluminescence 
(PL) spectroscopy [3]. 

 

 

Figure 3.2 illustrates the three distinct crystalline polymorphs of TiO2 namely brookite anatase, and rutile. 

Each of these structures has a unique atomic arrangement and lattice symmetry. Rutile and Anatase has a 

tetragonal crystal structure. In the both structures, each titanium (Ti) atom is surrounded by six oxygen atoms, 

and each oxygen (O) atom bonded with three titanium (Ti) atoms. forming octahedral coordination. In every 

instance, there exists a slight distortion in the TiO6 octahedron, where two Ti—O bonds are slightly greater 

than the remaining four. Furthermore, certain angles of O—Ti—O bond deviate by the expected 90 degrees. 

Anatase exhibits a higher distortion compared to rutile. The crystal structures of both rutile and anatase are 

commonly explained as chains of TiO6 octahedra with shared edges. Specifically, rutile shares two edges 

while anatase shares four edges. rutile is the most stable and commonly occurring form of TiO2 at higher 

temperatures. Once the formation of the rutile phase occurred, its growth rate notably surpassed that of the 

anatase phase. 

Brookite TiO2 has an orthorhombic crystal system. Brookite is the least common phase among the three major 

TiO2 crystal structures. It is typically found in lower-temperature and high-pressure conditions. The 

composition of its unit cell consists of eight TiO2 formula units, which forms through the TiO6 octahedra 

that share edge. It possesses greater complexity, exhibits a greater cell volume and being less dense in 

comparison with two other phases. 
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Figure 3.2: TiO2 crystal structures consisting of (a) anatase, (b) rutile, and 

(c) brookite [41]. 
 

 

UV Absorption Spectroscopy: 
Figure 3.3 illustrates absorption spectra of PVA and PVA/TiO2 nanocomposite membranes containing 

various TiO2 phases. The pure PVA membrane absorption spectrum exhibits two absorption band at 275 and 

332 nm, correspond to the electronic transitions π→π* and n→π* respectively [46, 47]. 

In PVA/TiO2 nanocomposite membranes containing various TiO2 phases [Figure 3.5 (b), 3.5 (c), 3.5 (d)], 

the band correspond to π→π* transitions have been shifted from 275 nm to 277 nm, 281 nm and 290 nm for 

PVA/TiO2 (brookite), PVA/TiO2 (brookite-rutile) and PVA/TiO2 (rutile) composite respectively. 

Additionally, the second identified band due to n→π* electronic transitions shifted from 332 nm to 334 nm, 

343 nm and 357 nm for the same respective composites. As can be observed in the figure, a new band was 

discovered in all PVA/TiO2 nanocomposite membranes. This band corresponds to TiO2 nanoparticles at 

positions 371 nm for PVA/TiO2 (brookite), 372 nm for PVA/TiO2 (brookite-rutile) and 377 nm for 

PVA/TiO2 (rutile). The new band appearance, indicates the formation of complex (which is causes by a 

hydrogen bonding among the Ti ions and adjoining OH group of PVA) [34]. 

Further we also observed that all prepared nanocomposite membranes showed a remarkable increase in 

absorbance intensity, which is caused by the strong interaction between PVA and TiO2. Therefore, the 

shifting of the bands towards the region of higher wavelength (known as red shift) coinciding with the intensity 

increases, indicates that the utilization of nanofillers in small quantities could be tuned the PVA band gap 

[48]. 

Based on the comparison of doping effects of various phase reveals that absorption edge of the PVA/TiO2 

(rutile) nanocomposite membrane is shifts greater compare to other two phases. We also observed that the 

enhancement in absorption intensity is greater for PVA/TiO2 (brookite-rutile) nanocomposite. Since 

PVA/TiO2 nanocomposite films showed selective absorption in the UV range. Therefore, due to ability to 

selective absorption, rendering them useful as ultraviolet filters. 
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Figure 3.3: Absorption spectra of (a) PVA membrane, (b) PVA/TiO2 brookite, (c) PVA/TiO2 brookite-

rutile TiO2, (d)PVA/TiO2 rutile membrane. 

 

 

Photoluminescence Study: 
The PVA and PVA/TiO2 nanocomposite membranes photoluminescence spectra obtained at a 300 nm 

excitation wavelength have been illustrated in Figure 3.4. 
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Figure 3.4: PL spectra for PVA and PVA/TiO2 composite membranes using excitation wavelength 300 

nm (a) PVA, (b) PVA/TiO2 (brookite), (c) PVA/TiO2 (brookite-rutile), (d) PVA/TiO2 (rutile). 

 
The membrane of pure PVA [Figure 3.9 (a)], exhibits a broad emission band is a result of the hydroxyl 

groups electronic transitions π*→n, which signify the presence of atactic, isotactic and syndiotactic polymer 

configurations to the aqueous solution [68]. Figure 3.9 (b), (c) and (d) illustrates the PL spectra obtained 

from PVA/TiO2 (brookite), PVA/TiO2 (brookite-rutile) and PVA/TiO2 (rutile) membranes. One intense 

emission peak has been observed at 329 nm, while six more emission bands can be seen at approximately 

397 nm, 412 nm, 

451 nm, 469 nm, 484 nm and 494 nm in the PL spectra of PVA/ TiO2 (rutile) composite membrane. The 

intense emission peak at 329 nm have been contributed from the emission of TiO2 nanoparticles [band to 

band transitions]. The reason for this peak in high intensity is the transfer of electrons from TiO2 rutile 

nanoparticles to PVA via the heterogeneous interface between the two conduction bands, because TiO2 rutile 

phase has a direct bandgap. The detected emission band at 397 nm signifies the band gap recombination of 

TiO2 [69]. Peak at 412 nm is associated with the band transition of TiO2 [70]. 

The PL bands observed at 451 and 469 nm corresponds to the band edge free excitons [71, 72]. The other two 

peaks, which occur at 484 and 494 nm have been determined to be bound exciton. In the case of PVA/TiO2 

(brookite) and PVA/TiO2 (brookite-rutile) composite membranes, the intense emission peak has disappeared 

and the intensity of other peaks has decreased. Furthermore, we observed that the PL peak intensity of the 

PVA/TiO2 (brookite) composite membrane is significantly lower than that of the other two composite 

membranes. The PL emission is directly related to recombination of holes and excited electrons, so it could 

be predicted that higher intensity of PL emission indicates faster recombination of charge carrier which is 

not favorable for high photocatalytic activity. While, lower intensity of PL emission indicates the utmost 

charge carrier’s separation, that is highly beneficial for effective photocatalytic performance [73, 74]. TiO2 

(brookite) doping into PVA matrix show less PL peak intensity similar results also observed by Dey et al. 

indicating that doping is useful for preventing photogenerated charges from recombination [75]. Doping 

produces oxygen vacancies and crystal defects that trap photoinduced charges [76]. The results of the doping 

of PVA with three distinct phases of TiO2 show that PVA/TiO2 (brookite) membrane has better 

photocatalytic activity than PVA/TiO2 (brookite-rutile) and PVA/TiO2 (rutile) membranes [77]. High 

photocatalytic activity of composite membrane is advantageous for lithium-ion battery applications, since it 
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lowers impurities and enhances overall battery performance. 

 

UV-Visible Study: 
 

The absorption spectra of PVA and PVA/ZrO2 composite membranes are shown in Figure 4.3. For pure PVA 

membrane two absorption peaks observed at 275 nm and 332 nm. These peaks are corresponded to the π→π* 

and n→π* electronic transitions respectively [23, 24]. Doping of ZrO2 nanoparticles with different 

concentrations in the PVA matrix as shown in figure, the band correspond to π→π* transitions were shifted 

from 275 nm to 277 nm, 279 nm and 284 nm for PVA/ZrO2 (5 wt%), PVA/ZrO2 (9 wt%) and PVA/ZrO2 

(13 wt%) respectively. While the second observed band due to n→π* electronic transitions of PVA is 

diminished in composite structure. For the absorption spectra of PVA/ZrO2 (5 wt%) membrane shown in 

Figure 4.3 (b) the new band observed at 360 nm which 

corresponds to ZrO2 nanoparticles. A systematic red shift was also observed in the position of the band 

corresponds to ZrO2 centered from 360 nm to 363nm and 364 nm for PVA/ZrO2 (9 wt%) and PVA/ZrO2 

(13 wt%) respectively. The observed red shift in the absorption peak positions of PVA/ZrO2 composites with 

increasing the weight percent of ZrO2 in the PVA matrix indicates that small amounts of nanofiller could be 

used to change the optical band gap of PVA [25]. The results further confirmed that ZrO2 nanoparticles 

interact strongly with PVA. Further we also observed that with increasing the ZrO2 concentration in PVA, 

all prepared nanocomposite membrane showed a remarkable increase in absorbance indicating its potential 

applications in filters and UV-shielding. This was attributed to the free electrons of the nanoparticles 

absorbing excess light radiation [26]. 

 

 

Figure 3.5: Absorption spectra of PVA and PVA/ZrO2 composite membranes (a) PVA, (b) PVA/ZrO2 (5 

wt%), (c) PVA/ZrO2 (9 wt%), (d) PVA/ZrO2 (13 wt%). 

 
            Photoluminescence: 
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The photoluminescence spectra of ZrO2 nanoparticles using excitation wavelength of 300 nm shown in 

Figure 4.4. The spectra exhibit four bands at 397, 448, 465 and 530, nm. The 397 nm emission band is 

attributed to the near band edge emission (NBE), the present case confirms high ZrO2 crystallinity [27, 28]. 

The peaks at 448 and 465 nm are caused by mid-gap trap states, such as defects on surface and oxygen 

vacancies [29-31]. The peak around 530 nm can be noticed which might be assigned to the presence of 

interstitial Zr3+ ions as defects [32, 33]. 

 

Figure 4.4: PL spectra of ZrO2 nanoparticles using excitation wavelength 300 nm. 
 

The Photoluminescence spectra of PVA and PVA/ZrO2 composite membranes with different concentration 

of ZrO2 shown in Figure 4.5. The broad emission bands observed in pure PVA membrane correspond to 

π*→n electronic transitions of OH groups, which is the characteristic of three different aqueous 

solution polymer configurations: isotactic, syndiotactic, and atactic [34]. The PL spectra of PVA/ZrO2 [5 

wt%, 9 wt% and 13 wt%] composite membrane shows luminescence peaks corresponding to the ZrO2 

nanoparticles were observed in all composite membrane. Variations in emission intensity are related to the 

filler concentration and is observed to be maximum for 5 wt% concentration of ZrO2 in PVA/ZrO2 

membrane. As the concentration of filler increases the photoluminescence intensity of PVA/ZrO2 composite 

membranes decreased. At higher concentration the decreases in PL intensity of composite membranes may be 

due to the self - absorption of light [1]. Photoluminescent property of PVA/ZrO2 composite membrane 

shows its potential application in diode. 
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Figure 4.5: PL spectra for PVA and PVA/ZrO2 composite membranes using excitation wavelength 300 

nm (a) PVA, (b) PVA/ZrO2 (5 wt%), (c) ) PVA/ZrO2 (9 wt%), (d) ) PVA/ZrO2 (13 wt%). 
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