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Abstract

Hybrid TiO,/PVP thin films containing graphene oxide (GO) nanostructures were prepared by a sol—gel
spin-coating technique and were examined to determine the impact of GO doping on the structural and
optical characteristics of the films. Structural studies by XRD show the emergence of a largely
nanocrystalline or semi-amorphous TiO, phase embedded within the polymer matrix, accompanied by
increasing structural disorder and lattice expansion with increasing GO content. Structural
characterization (FESEM and AFM) reveals nanoscale grain formation and a gradual evolution in film
morphology, reflecting graphene-induced changes in film formation mechanisms. Optical analyses reveal
strong absorption in the ultraviolet but high transmittance (above 80%) in the visible range. The optical
band gap of the film decreases from 3.8 eV to 3.5 eV as the GO content increases, due to the
introduction of localised electronic states, increased interaction between interfaces, and band tailing
effects. FTIR measurements reveal the formation of interfacial bonds between TiO,, PVP and graphene
oxide, indicating the creation of a hybrid organic-inorganic structure. These findings show that graphene
oxide is an efficient band-gap modifier and microstructural controller for TiO,/PVP hybrids. The work
offers insights into the fundamental mechanisms of optical transitions and disorder in nanostructured
hybrid thin films, which are potential candidates for optoelectronic and photocatalytic devices.

1. Introduction

Titanium dioxide (TiO,) is one of the most commonly investigated oxide semiconductors because of its
low cost, thermal stability, environmental compatibility and various optical properties[1]. It's widely used
in creating photocatalysts, self-cleaning materials, and various optical devices, including dielectrics, gas
sensors, and photo-electrochemical devices[2]. However, one major limitation of TiO, is its large band
gap, which means it absorbs light mostly in the ultraviolet region, limiting its use in the visible spectrum
[3]. Despite this, TiO, has proven to be an excellent ultraviolet filter material for many optical
applications, because of its superior optical properties, chemical inertness, and relatively low cost[4, 5].
In particular, nanocomposites made from TiO, have some remarkable properties, such as a high
refractive index and strong UV absorption capacity, making them perfect for applications that require
good light scattering and protection from harmful UV radiation[6]. As a result, TiO, is commonly used in
sunscreens and protective coatings, as well as in optical devices like solar cells and antireflective
layers[7].

The problem with TiO, is that it's really brittle, which makes it hard to work with. This challenge could be

solved by combining it with organic and inorganic materials to create a hybrid system [9].
Polyvinylpyrrolidone (PVP) is one of the ideal polymers for such hybrid systems, because it is soluble in
polar solvents - hence ensuring good viscosity control in spin coating technique during the formation of
the thin film, stably preserves the final thin-film except for few annealing steps and can act as a
structure-directing agent throughout sol-gel process conditions afterwards [9—12]. The hybrid-composite
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TiO,-PVP thin-films have been found to be smooth and have a good miscibility of the polymer with the
TiO, network, which suggests that it can be used for further modification in this TiO,/PVP system.[13]

Also, a common approach is to embed graphene/graphene oxide (GO) nanostructures into TiO, based

system [14]. The graphene-based additive has a large surface area, can conduct charges and can help to
passivate the defects that will be affecting the absorptive potential characteristics and the optical band
gap of the TiO, composites (isoelectronic midpoint).[15]

So, it is conceivable to assume that perhaps a combination of TiO,, PVP and graphene nanomaterials
can be embedded in a thin film structure. PVP matrix helps to the distribution, TiO, provides the
semiconducting oxide backbone and GO introduces local electronic/project structural effects of GO[14].
The addition of GO provides different band gap energy (depending on the degree of oxidation) and the
formation of Ti-O-C bonds enhances visible light photocatalytic activity [16]. This multifunctionality is
translated to new functional materials with enhanced catalytic/optical/electronic properties that can be
used for novel efficient coating and energy conversion systems. The presence of high surface area, and
electro-chemical and mechanical stability of GO also optoelectronic potential and high photocatalytic
performance and stability of TiO, could be harnessed to achieve multifunctional thin films[17].

In the current work it's been focus on fabricating thin films of TiO,/PVP/GO as a UV filter and also study
the effect of GO on film properties. The addition of GO to the TiO, (as in this study) is one of the ways to
narrow TiO, band gap thereby increasing the photocatalytic activity. Band gap narrowing will enhance
the light absorption (particularly in the visible to near-infrared region), which helps not only the

generation of electron-hole pairs but also provide a high driving force for charge separation. Which will
be proved in our next project.

2. Experimental Background and Characterization Strategy

TiO,/PVP hybrid thin films containing graphene oxide nanostructures were studied using a sol—gel
method. Hydrolysis and condensation of Titanium Isopropoxide (TTIP) precursor were carry out using an
alcoholic medium under controlled acidity condition whereby 1 ml of (TTIP) was mixed with 10 ml of
Isopropanol and stirred for 5 min followed by drop wise addition of 1 ml Acetic acid (added slow to avoid
the aggregation mass media precursor solution) 0.1 ml of Isopropanol diluted with 0.2 ml distilled water
and then dripped in the mixture then allowed to stir at room temperature for a period of 60 min. and then
sits overnight for the purpose of aging. 0.1 g of PVP was dissolved in 10 ml Isopropanol and stirred for
30 min to make sure a complete dissolving. Both mixtures were then mixed together (1:1) to get a group
of hybrid sol-gel with same phase and appropriate viscosity for film deposition. Low loading levels of
Tmg/ml GO are accurately placed in Isopropanol and dispersed in the solvent by sonication to reduce
agglomeration. Different solutions of TiO,/PVP/GO with various GO have been prepared (0.1, 0.25, 0.5,
0.75 and 1%) and spin coated on well cleaned glass and Quartz substrates at 3000 rpm for 1 min gives
rough thickness of about Tpm. Then several treatments were carried out on the created films, including
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drying for 30 min at 40 °C and a final thermal treatment in an oven at 80 °C for 10 min to eliminate
solvents and endorse the formation of an inorganic network.

Crystallinity and phase development evaluated by XRD. The FESEM image was used to represents the
surface morphology and particle distribution while the EDS spectra confirm elemental signature of the
deposited material. AFM used to show varied heights and surface textures down to the nanoscale. FTIR
employed to identify the chemical bonds and interfacial interactions between TiO,, PVP and the

graphene-based additive. Absorbance and transmittance spectra for the prepared films were determined
using UV-Vis spectroscopy. All of these techniques provide a coherent portrait of the performance of
graphene doping in the hybrid film.

3. Results and Discussion

3.1 X-ray diffraction analysis

Figure 1 shows the stacked XRD patterns of un-doped TiO, and TiO2/PVP films with different
concentration of graphene Oxide nanoscales (0.1, 0.25, 0.5, 0.75 and 1% of GO). The wide distribution of
intensity in the lower 20 range, particularly 26 = 23.5° is overwhelmingly prominent in all the samples
with few distinct structural features at higher angles. This behavior is typical for the embedded in situ
nanocrystalline oxide domains in amorphous or semi-amorphous polymer matrix and when heat
treatment is not enough to develop sharp crystalline peaks[18].the broadening of the diffraction peak
may be caused also by very small coherent scattering domains in size (less than 20 nm), high
microstrain, or a high amorphous fraction [19]. Coordination of PVP-chains to precursor species
stabilizes such intermediate amorphous complexes and modifies the growth mechanism for the oxide
network, thus delaying the onset of free-standing crystallite growth in TiO2/PVP films. It typically results
in smaller inorganic domains as a result of low temperature processing[20].

Two perspectives will be delivered from incorporation of GO in the films. At a low loading, graphene-
based nanosheets may act as heterogeneous nuclei, which help to allow more homogeneous
distribution of Ti-species during gel drying and pyrolysis[21]. On the other hand, at higher concentration
excess GO nanosheets can introduce local disorder and can reduce the peak intensities by dilution with
the amorphous phase, resulting in packing disorder. Also, there is a gradual shift of the diffraction halo
towards the smaller diffraction angles, where the d-spacing is gradually increased from 3.78 A t0 3.92 A
(Table 1). In addition, the progressive broadening of the diffraction peak (FWHM increase) at higher
concentration of GO shows an increasing of disorder and distortion. This is consistent with the apparent
crystallite size which is constantly decreasing from ~0.9 nm to 0.65 nm. The present diffraction curves
are well matched with a situation where the inorganic phase remains in the nanometric scale and well
dispersed with a fraction of the polymer phase.

If the samples don't exhibit any feature that is associated with highly crystalline anatase or rutile films
(sharp and intense peaks), it is expected that the current structure is accentuated as a low-crystallinity
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TiO, in a hybrid TiO,/PVP/GO film. The validity of this consideration is in line with a more sol-gel

processed coating, which promotes film continuity and nanometric mixing instead of high temperature
ceramic derived TiO, crystallization [22].

Table 1
shows the XRD Data for TiO,/PVP/GO films with different GO loading.
Sample GO Main d- FWHM D a(A) c(A) Structure
(wt.%) 26 spacing  (deg) (nm)
(deg)  (A)
TiO, 0 23.50 3.78 10.5 0.90 3.84* 9.42*  Semi-
amorphous
TiO,/PVP/GO 0.1 23.50 3.78 10.9 0.74 3.84* 9.42* Semi-
amorphous
TiO,/PVP/GO  0.25 23.50 3.78 11-13 0.60-  3.84* 9.42* Disordered
0.90
TiO,/PVP/GO 0.5 23.50 3.78 11-12 0.60-  3.84* 9.42* Poorly
0.80 crystalline
TiO,/PVP/GO  0.75 23.09 3.85 11.27 0.72 3.84* 9.42*  Semi-
amorphous
TiO,/PVP/GO 1.0 22.66 3.92 12.57 0.65 3.84* 9.42*  Highly
disordered

* Approximated lattice constants based on weak uncertain anatase reflections.

3.2 FESEM morphology and particle-scale structure

Figure 2 presents FESEM images, a heterogeneous nanoscale surface made of grains, nodules and
compressed agglomerate-type structures protrude all over the film. Even the size observations in those
few cases are clustered to a large extent in the 24-79 nm range that appears to justify the conclusion
that constituents or structures with an accurate nanoscale morphology have self-assembled with each
other to create an overall coating. Notably, there was no brittle fracturing or hard delamination in the
pictures, which meant that continuous films could be formed using the hybrid sol-gel road with PVP.

The general analysis of the microstructures shows that there is no composition with the same surface.
Individual bright grains are shaped in one or two, other are larger lumps and others show more
concentrated regions of smaller grains. This is not surprising since the introduction of graphene-based
additives to a TiO,/PVP host can change local viscosity, drying stress and packing of inorganic clusters
which shapes the entire microstructure .[23]

Optical and interfacial Grains the Grains in the tens-of-nanometers order are also useful in optical and
interfacial applications and smaller Grains can also be used effectively to increase the active adsorption
or reaction sites [24]. Nevertheless, even with the nanostructure having a relatively uniform nature, it is
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possible to retain visible transparency so long as the size of the feature is reduced to less than the
wavelength of visible light to a large enough degree[25]. The multifunctional dual application as optical
active coating and high-surface-area nanostructured layer is thereby further justified with the assistance
of the micrographs.

3.3 EDS elemental assessment

As shown in Fig. 3, the EDS spectra accompanied with the FESEM results are primarily of expected Ti
and O signals strongly demonstrating that oxide phase is deposited. As evidenced by the carbonaceous
composition of the hybrid layer, weak additional features could arise from the substrate, residual
impurities and/or organic/carbonaceous species that are inherent from their widely used precursors
PVP and GO. Due to the high quantitative error of EDS for light elements and the geometry influence on
thin-film quantifications (detected volume), it is difficult to quantify the polymer fraction in hybrid thin
films.[26]

However, the spectra are wholly consistent with the successful incorporation of TiO, into the deposited

layers. Interpreted in conjunction with the FESEM images they suggest that not all visible nanoscale
features are due to randomly deposited contamination but may be derived from a Ti-containing hybrid
thin-film structure.

3.4 AFM topography

Very pronounced nanoscale peaks and valleys can be seen in the AFM images depicted in Fig. 4 that
spread over the scanned surface. Table 2 indicates that the surface roughness parameters (Sa, Sq, Ra
and Rq) were increased with increasing GO concentration and reach its maximum values at 1% GO. This
behavior was ascribed to stacking of GO nanosheets and generate a randomly disperse surface
morphology. A mild decline in roughness, corroborating better dispersion and lower agglomeration, is
seen at 0.5% GO.

The images demonstrate that graphene doping affects not only the topography of TiO,/PVP films but by
virtue does sharply alter it rather than preserve its original state. Some images show a surface that is
comparatively compact and covered with short-range protrusions uniformly scattered; other images
reveal the presence of larger undulations and greater topographic contrast.

In other words, the additive alters and restructures as the sol dries, shrinks and becomes solid during
film formation. GO sheets, being anisotropic in shape promotes anisotropic packing and the presence of
pathways for nanoparticle attachment causing a surface evolution from a smoother polymer appearance
to a more rugged nanostructure[27]. It has been shown previously that a modest increase in roughness
is beneficial for photocatalysis and sensing as it increases effective surface area[28]. On the contrary,
increasing roughness may also lead to more scattering losses and reduced optical transparency[29]. The

Page 6/18



surfaces that we observe are either minimal or in a useful nanometric regime, rather than having very
rough surfaces.

In both (FESEM) and (AFM) data the resulting nanostructure depends on composition which is
consistent with the graphene-based component serving as a microstructural modifier.

Table 2
shows the AFM Data for TiO,/PVP/GO films with different GO
loading.

GO(%) Sa(hm) Sq(nm) Ra(nm) Rq(nm) Sy (nm)

0.1% 0.291 0.386 0.253 0.321 6.377
0.25%  0.518 0.777 0.297 0.407 8.783
0.5% 0.651 0.981 0.486 0.574 10.764
0.75%  0.843 1.121 1.230 1.771 19.754

1% 0.966 1.313 1.420 2.064 21.093

3.5 FTIR analysis

FTIR spectra of at least three states (i.e. pure PVP, hybrid film of TiO,/PVP and TiO,/PVP film with

graphene) are shown in Fig. 5. The broad bands at high frequencies (around 3200-3600 cm™ ") arises
from the stretching vibration of O-H bonds of water, hydroxyl and other oxygen-containing groups

present due to sol-gel process and graphene oxide[30]. The bands in the 2900 cm™ ' region are from the
stretching vibrations of the C-H groups from the polymer backbone[31].

The band at 1650 cm™ ', which is usually assigned to stretching of C = O bond of the pyrrolidone ring, is
characteristic of PVP[29]. This band can also be shifted and/or have a different intensity in hybrid films
than in pure PVP, due to the influence of the metal centers, because the coordination of the metal ions
affects the bonding of the carbonyl oxygen atom. Additional PVP bands are found in the fingerprint
region (C-N, and ring vibrations)[32].

In the low wavenumbers below 700 cm™ " vibrations of Ti - O-Ti bonds are expected. Bands in this

region are associated with absorption and enhancement in a network structure of TiO,[33]. A broadening
and shift of the polymer-related and hydroxyl-bands with GO addition may be related to an interaction at
the interface rather than a physical mixture[34]. The spectra observed here are in agreement with this:
the hybrid film is not a simple mixture, but an organic-inorganic hybrid with chemical interactions, where
the functionality derived from graphene is part of the interface.

3.6 UV-Vis absorbance and transmittance
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Typical behavior for TiO,-based thin films, as shown in the optical spectra (Fig. 6), is denoted by strong
absorption in ultraviolet region, followed by a rapid drop off in absorbance into the visible range and high
increase of transmittance accordingly. Considering that bulk polymer is an insulator and does not have a
counteracting semiconductor absorption edge in this same region [35]. Pure PVP has a uniquely
different spectral profile than any oxide-containing films.

The incorporation of GO adds in the absorbance of the hybrid films, particularly, in the UV-and near-edge
spectral region. There are several mechanisms that may account for this behavior. The broad absorption
background is firstly contributed by the graphene-based nanosheets. Second, one can involve interfacial
electronic states in lower-energy transitions[36]. Third, the additive may vary the film morphology and/or
thickness that modify optical path, and therefore dictating effective absorbance properties [37]. At the
same time, the visible transmittance is still relatively high, but the films containing graphene become
less transparent than their undoped or less loaded reference (the larger fraction of incident light that is
absorbed or scattered).

This trend, from the application perspective, is quite important. For UV-shielding coatings, self-cleaning
windows, photodetectors or interfacial layers in optoelectronic devices[38],[39], (i.e. increased
absorbance with still appreciable visible transparency) is highly desirable. Thus, the current spectra
indicate that doping-in graphene enhances light harvesting while maintaining an operative
nontransparency of the films.

3.7 Absorption coefficient and optical band-gap behavior

The absorption-coefficient curves in Fig. 7 are equivalent to the absorbance and demonstrate the
strongest optical transitions occur in the ultraviolet region. The Tauc plot also reveals that the hybrid
films appear to have an apparent band gap in mid-3 eV whereas the band gap of reference sample is
much larger. The labels shown in the Tauc plot (Fig. 7) show that band-gap estimates are similar and
seem to be in the range 3.5-3.8 eV for TiO,-containing hybrid films and 5.3 eV for the polymer-rich PVP
reference sample.

The effective optical band gap shrinks compared with the biopolymer with narrowest-gap
reference(Table 3). This is usually associated to the formation of the localized energy states in
semiconductor-polymer-graphene composites, an enhanced orbital coupling at the interface or oxygen-
vacancy induced disorder[40] and defect-induced band tail states[41]. This shifts the absorption edge to
longer wavelength[42].

The benefits of band-gap reduction are improved optical response at longer wavelengths. This leads to a
better use of near-UV and visible light for photocatalysis and sensing[43]. But for optoelectronic thin
films it means that the hybrid film can be compositionally switched from transparent to photoactive[41].
This confirms why current findings continue to suggest that graphene doping is not only a morphological
but also band-structure tuning technique for TiO,/PVP thin films.
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Table 3
Approximate optical band-gap trend for TiO,/PVP/GO films with different GO loading.

Composition class Approximate Eg trend from supplied figure
PVP-rich reference Highest apparent gap, about 5.3 eV
Undoped/low-doped TiO, hybrid Near 3.7-3.8 eV

Graphene-containing TiO,/PVP hybrids  Reduced to roughly 3.5-3.8 eV depending on composition

5. Conclusions

The graphene-based nanostructures-modified TiO,/PVP thin films are obviously hybrid in nature, in terms
of structure, morphology and optical properties. X-ray diffraction shows that TiO, (poorly-crystalline or
nanocrystalline) is embedded in the polymer matrix.. FESEM shows micron-sized particle-like surface
features, which are characteristic of the nanoscale dimension measured by AFM, and examination using
AFM indicates how the graphene-derived additive alters the surface topography and feature density. FTIR
spectroscopy shows the presence and interaction of TiO,, PVP and oxygen containing interfacial
components. They are strongly UV-absorber with limited optical transparency to the visible spectrum
from UV-Vis measurements, and Tauc plots show the decrease in the effective band-gap values for
hybrid films with respect to its high-band-gap analog. Observed band gap narrowing and structure
disorder effects can be explained in terms of formation of localized states and band tailing due to
disorder in hybrid nanostructures.

In conclusion, collectively, we also present evidence to suggest that the light harvesting and electronic
structure alterations of sol—gel derivatized TiO,/PVP films was enhanced by graphene-based doping.

The intrinsic features render the system scientifically attractive for photocatalytic, sensing,
optoelectronic, and protective-coating applications. Observed band gap narrowing and structure disorder
effects can be explained in terms of formation of localized states and band tailing due to disorder in
hybrid nanostructures.
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Figure 1

shows the XRD patterns forTiO2 and TiO,/PVP/GO films with different GO loading.
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Figure 2

shows the FESEM images forTiO,/PVP and TiO,/PVP/GO films with different GO loading.
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Figure 3

EDS spectra for TiO,/PVP/GO films with different GO loading.
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Figure 4

AFM topography Images for TiO,/PVP/GO films with different GO loading.
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Figure 5

FTIR spectroscopy for TiO,/PVP/0.7%GO (black line), PVP(red line) and TiO,/PVP (blue line).

Page 17/18



3.0 4 —Ti0, 100
- PVP
25 —Ti0, -pvp + 0.1% GO .
——TiO, -pvp +0.25% GO
20 ———Ti0, -pvp + 0.5% GO
2 —— TiO, -pvp +0.75% GO 60 ——TiO,
<151 ——Ti0, -pvp + 1% GO s — pvp
|| 1o —— TiO, -pvp + 0.1% 1GO
1.0 I —— TiO, -pvp + 0.25% 1GO
B ——— TiO, -pvp + 0.5% 1GO
054 20 1 ——— TiO, -pvp + 0.75% 1GO
—— TiO, -pvp + 1% rGO
0.0 T T T 0 - T T T T T
200 300 400 500 600 700 800 200 300 400 500 600 700 800
Wavelength(nm) Wavelength(nm)
Figure 6

UV-Vis absorbance and transmittance curves forTiO2, PVP and TiO,/PVP/GO films with different GO
loading.
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Figure 7

Absorption coefficient and Tauc plot curves forTiO2, PVP and TiO,/PVP/GO films with different GO loading.
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