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Abstract
Herein, the polyvinyl alcohol (PVA) films dopedwith various concentrations of Bi2O3-NiO-rGO
(BNG)nanoparticles were prepared through castingmethod. BNGnanoparticles were synthesized
first using the co-precipitationmethod and then loaded into the polymermatrix. Various techniques
like X-ray diffraction, Raman spectroscopy, and opticalmicroscopes were used to determine the
PVA’s structure after BNGnanoparticle additives. The thermal stability of the PVA’sfilm after the
additive BNGnanoparticles was examined using theDSC technique. Furthermore, the optical
parameters including bandgap energy (Eg), Urbach energy (EU), refractive index (n), optical
conductivity, and optical dielectric constants were investigated via the absorbance and transmission
data recorded usingUV-visible spectroscopy. In addition, the photoemission spectra of the PVA
matrixwere determined after the inclusion of BNGnanoparticles. The Eg value decreases from5.57 eV
to 3.94 eV and from4.8 eV to about 1.98 eV for direct and indirect transitions, respectively.While the
EU value increases from0.39 eV for pure PVA to about 3.23 eV for PVA: 4%BNG. The refractive index
growswith the insertion of BNG to the PVA from1.387 for pure PVA to about 5.157 for PVA: 4%
BNG,which is a good suggestion for optical glasses applications. In addition, the increase in optical
dielectric constants and optical conductivity with rising the BNGnanoparticle concentrations in the
PVAmatrixwas confirmed. Such enhancement suggests the use of prepared samples in optical device
applications.

1. Introduction

In recent years, polymer-incorporating nanofillers have been a subject of growing research interest due to their
unique optical, electrical, andmechanical capabilities [1]. Several avenues are being pursued to continue
improving the characteristics of polymermaterials. It is accomplished by severalmethods such as dopingwith
various nanoparticles, changing the concentrations until they reach optimumone, and changing the shape of the
filler or its size [2, 3]. The purpose of enhancing the characteristics of polymer nanocomposites is to raise their
refractive index, density, and reduce the bandgap, as the polymeric nanocomposites with high refractive index
and outstanding optical clarity are now attracting a lot of scientific attention due to their prospective uses in
lenses, opticalfilters, and light-emitting diodes [4].

Recently, polyvinyl alcohol (PVA) has been used as a hostmatrix formany nanoparticles. PVA is a polar
material that contains aC-C chain [5, 6], responsible for the semi-crystallinity nature of the PVA structure,
attachedwithOHgroups that can interact with cations of the fillers through it and formnanocomposite
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polymer [7]. Although PVAhas good optical qualities, its refractive index is low (~1.409 atλ= 500nm) [8].
Previously, severalmetal oxides, including BaTiO3 [9], SiO2, La2ZnO [10], graphene-reduced graphene oxides
[11], Fe2O3 [12], NiO [13], andKMnO4 [14]were utilized in PVA-matrices to improve their optical parameters
and raising the composite density and refractive index for optical applications [2].

Bi2O3 is a p-type heavymetal-oxide-semiconductor with a lower bandgap (2.8 eV) that can be easily
activated by visible light, besides its promising photocatalyst characteristic and high refractive index [15–17].
Thismake Bi2O3 to be used in creative applications like solar cells, gas sensor, catalyst, radiation shielding, and
full cells [18]. Bi2O3was used as a nanofiller to improve the properties of the polymermatrix [16, 17, 19, 20].
Muthamma et al [16] studied the impact of bismuth (Bi) ions on the optical properties of PVAfilms and revealed
that Bi ions additives in the PVAmatrix enhance their optical and shielding properties. Abunahel et al [17]
observed that an additive of Bi2O3 nanoparticles to the epoxy-PVA composite film improves their shielding
properties, and the x-ray attenuation by the composite was increasedwith increasing the loading content of the
Bi2O3. Early research on the effects of Bi2O3with carbon quantumdots on themorphological and optical
characteristics of PVAfilms revealed that raising the concentration of Bi2O3 in thematrix improved the optical
parameters [19]. Also, Bi2O3was found to enhance the optical properties of PVA/PPy (polypyrrole) blend
film [21].

Recently, PVA systemdopedwith graphene or its derivatives (graphene oxide (GO) and reducedGO (rGO))
have been studied and concluded that theGO/rGO improves the absorbance of the PVAfilm and reduces its
optical bandgap energy [22–24]. Loading the polymer composite systemwith a small amount of graphene
material enhances thematrix properties [25], besides improving the photochemical stability of thematrix that is
combinedwith it [26–29]. Besides, theNi ions are characterized by their unique optical properties, as themetal
oxides dopedwithNi ions causes an enhancement in their photocatalytic activity and the photo response of the
material by preventing charge carriers from recombining on the photocatalyst’s surface [30, 31]. Recently, Ni
was reinforced in the PVAmatrix and a great influence on their optical parameters was observed, and their
ability to be used in nonlinear optical applications [32]. Also,Ni was added to the polyvinylpyrrolidone (PVP)
matrix and improved their thermal stability and electrical conductivity by loading low concentration [2].
Bi2O3/CuO/GOnanocompositematerial for biomedical and optical applications was recently synthesized by
combining Bi2O3withCuOandGO in a compositematerial, as theGO influences the optical bandgap energy of
Bi2O3 [33]. So, using a compositematerial combiningNi ions and rGO sheets on the Bi2O3 to synthesize a new
compositematerial to be used as afiller in the PVAmatrix to enhance their optical properties is expected to show
new and fascinating properties.

Herein, the novelty is the use of Bi2O3-NiO-rGOnanoparticles in the PVAmatrix for thefirst time. Doping
Bi2O3withNiwas found to improve the photocatalysts properties and reduces the bandgap [31].Moreover, the
presence of reduced graphene oxide (rGO) in thematrix will enhance the optical features of the polymer films, as
reported earlier [27, 34] . Our expectation is that the optical properties will be improved and be better than that
in case of Bi2O3 alonewithout doping. This paper focuses on creating novel polymer films dopedwith various
Bi2O3-NiO-rGO contents. The fabricated PVA/Bi2O3-NiO-rGO films are characterized byXRD, Raman
spectroscopy, and polarized opticalmicroscope. In addition, the optical properties viaUV-visible
spectrophotometer are investigated.

2. Experimental

2.1.Materials
Bismuth (III)nitrate pentahydrate (molecular weight (Mw) 485.07 gmole−1), nickel nitrate hexahydrate
(Mw= 290.79 gmole−1), polyethylene glycol (PEG8000), graphene oxide (GO), sodiumhydroxide (Mw=
40 gmole−1) used in this studywere analytical grade, without any further purification. Polyvinyl alcohol (PVA),
boasting aMw= 1×106, was acquired from theQualikemCompany.

2.2. Bi2O3-NiO-rGOnanoparticles preparation
The Bi2O3-NiO-rGO (BNG)nanoparticles were synthesized using the co-precipitationmethod. Typically,
bismuth (III)nitrate pentahydrate (0.1M) and graphene oxide (GO)with ratio 5:1were dissolved in 100 ml de-
ionizedwater, then 0.25 gmof polyethylene glycol was added till obtaining a homogeneousmixture by heating at
80 °C.Then, nickel nitrate hexahydrate (0.1M)was added to themix. After that, a sodiumhydroxide solution
(2M)was added dropwise until it reached a pHvalue of about 10, then left the reaction for one hour at 80 °C.
The precipitated powderwaswashedwith deionizedwater several times and dried at 80 °C/12 h. Finally, the
obtained powderwas calcined at 400 °C/2 h.
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2.3. PVA: BNGfilms preparation and characterizations
Various concentrations of the prepared BNGNPs (0, 1, 2, 3, and 4 wt%)were added to the PVA solutions, which
were prepared by dissolving PVApowder in distilledwater at 70 °C throughmixing under amagnetic stirrer for
about 4 h. Themix solutions (PVA: BNG)were sonicated by high intense ultrasonication probe for about 3 min.
Then, the solutionswere poured into petri dishes and left for aweek (at 25 °C) for drying. The obtainedfilms
were removed from the dishes and utilized for the appropriate analysis. The PVA: BNGfilms have equal
thickness of about~100 μm.The prepared filmswere applied tomeasurements usingX-ray diffraction (XRD,
Bruker-D8), polarized opticalmicroscope (OLYMPUS-BX51), Raman spectroscopy (WiTec-Alpha-300-AR),
andUV-visible spectroscopy (Cary-5000). TheDSC thermogramswere conducted usingDSC131 Evo
instruments under nitrogen environment protection. Photoluminescence (PL)measurements were conducted
at room temperature with laser wavelength 375 nmvia Lumina Fluorescence Spectrometer- Thermo-Scientific.
Field-emission scanning electronmicroscopy (FE-SEM) and energy-dispersive X-ray (EDX)were used to study
themorphology and the elemental composition on the surface of the PVA: BNGfilms structure using aQuattro
S FE-SEM (Thermo Scientific,Waltham,MA,USA) at 10 kV.

3. Results and discussion

3.1. XRDanalysis
XRD spectrumof the prepared BNGnanoparticles is illustrated infigure 1(a). The diffraction peaks noticed at
26.25°, 32.68°, 45.68°, 46.86°, and 54.52° are linked to (201), (002), (222), (400), and (203)diffraction plans, that
are attributed to alpha-Bi2O3 (JCPDS# 71-0465) [35–37]. In addition, there is no peakwas observed forNi due
to their lower content in the composite and thismatchedwell with the literature [35]. In linewith the literature
[38–40], the rGO shows aweak broad peak around 12.4° and 24.3°, which could be due to the overlappingwith
Bi2O3 andNiO.

XRD spectra for pristine and reinforced PVA samples are illustrated infigure 1(b). It shows the known
characteristic humpof the PVA at about 2θ~ 20°, which is indexed to the (101) diffraction plane [41, 42]. This
broad hump reflects the semi-crystalline phase of the PVA,which is caused due to the presence of theC-C chains
in the PVAmatrix [5, 6].

The BNGNPs additives to PVA reduce the hump (2θ~20°) intensity with broadening. It reflects the
destruction of themain structure of the polymerwith newbond creation between the inserted BNG
nanoparticles and themolecules of PVA. Furthermore, the diffraction peaks of the insertedNPs are observed at
26.37°, 32.76°, 46.99°, and 54.62° related to the BNGNPs, which agreedwell with the literature [31, 36]. In
addition, the peak observed at 12.44° and 24.68° is related to the rGO inside the BNGnanocomposite, which
matchedwell with the literature [43, 44]. These peaks grow and slightly shift with increasing BNGconcentration
in thematrix, which is associatedwith the agglomerations of the BNGNPs and the growth of the particle size.
The full-width at half-maximum (FWHM), diffraction peaks positions (2θ), and d-spacing for PVA: BNGfilms
are listed in table 1.

Scheme 1. Schematic diagram for the experimental work.
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As the BNGconcentration in the PVAmatrix increases, the PVAdistinct peak (101) positionmoves towards
the higher angle, the FWHMfor the (101) plane increases from2.7499 (pure PVA) to 2.7557 (PVA:2%BNG),
and 2.8576 (PVA:4%BNG). In addition, the d-spacing of the (101) plane decreases, indicating the shrinking of
the interplanar distance of the polymer chains. This observation indicates the decrease in PVA semi-crystallinity
caused by the destruction of theH-bonds in the PVAmatrix and the formation ofH-bonds betweenBNG
nanoparticles andOH-groups of PVA. The FWHMfor the (002) plane decreased from0.9417 to about 0.6068
for PVA: 2%BNGandPVA: 4%BNG, respectively, and the d-spacing for the (002) plane slightly increased, as
seen in table 1. This confirms the growth of BNGnanoparticle size, which is ascribed to the nanoparticle
accumulations with increasing its content into the PVA. The structural parameters like the average particle size
(D), dislocation density (δ), andmicro-strain (ε) are affected after the inclusion of the BNGnanoparticles in the
PVAmatrix, which are evaluated as follows [45],

( )D
0.9

 cos
1

l
q

=
b

( )
4 tan

2e
b

=
q

( )
D

1
3

2
d =

From table 1, theD(101) value and d-spacing decrease, while the ε and δ values increase with the increase in
BNGconcentrations. This could be related to the decrement in the interatomic distance between themolecules

Figure 1.XRDpatterns of (a)BNGnanoparticles and (b)PVA: BNGfilms.

Table 1.XRD structural parameters for PVA: BNG films.

Sample ID diffraction plane FWHM (°) 2θ (°) D (nm) ε δ (nm−2) d-spacing (Å)

Pure PVA (101) 2.7499 19.62 3.06 0.069 0.1067 4.5198

PVA-2%BNG (101) 2.7557 19.75 3.06 0.069 0.1071 4.4916

(002) 0.9417 32.76 9.18 0.014 0.0119 2.7318

PVA-4%BNG (101) 2.8576 20.14 2.95 0.070 0.1149 4.4055

(002) 0.6068 32.74 14.23 0.009 0.0049 2.7334
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with the inclusion of BNGnanoparticles in the polymermatrix.The pure BNGnanoparticles have aD(002) value
of 25 nm.Moreover, theD(002) value (in the PVAmatrix) and d-spacing increase as the BNGconcentration
increases. This can be ascribed to the aggregations as the reason for such a change in thematrix.

3.2.Morphology analysis
Under the bright filed opticalmicroscope, opticalmicroscope (OM) and polarized opticalmicroscope (POM),
the PVA: BNGfilmswere analyzed to clarify the distributions of the BNGnanoparticles in the PVAmatrix, as
shown infigure 2. The clear and smoothed image shown infigure 2(a) is for the pure PVA,without any cracks or
voids. Figures 2(b)–(e) shows the PVAfilms reinforcedwith various BNGconcentrations. At lower
concentrations, the BNGnanoparticles are distributed uniformly inside the PVAmatrix. The BNG
nanoparticles accumulate at higher concentrations and formbig particles.

Under the polarized light, a dark background is seen for the pure PVA (figure 2(a)’), and spherulite bright
particles distributed uniformly start to be clearwith reinforcingwith lower concentration 1%BNG (figure 2(b)’).
It represents the Bi2O3 andNi nanoparticles as the rGO sheets are dark in the background, as reported in the
literature [46].

The number of bright particles increases with increasing the BNG contents (2, 3, and 4%BNG). These
particles tend to be attracted to each other and aggregate to formgrains. The distance between these bright
particles decreases and becomes denser andmore crowded due to increasing BNGcontent in the PVAmatrix, as
shown infigures 2(c’)-(e’). The electrostatic forces between the nanoparticles and each other are the reason for
the formation of the aggregations, besides the long time (around aweek) that it takes to form the PVAfilms [17].

Figure 3 displays the SEM image, particle size distribution (Histogram), and EDX analysis of the PVA:
BNGfilms.

The SEM image of PVA- 2%BNG film, figure 3(a), shows a dark background related to the polymer and
white particles with some agglomerations related to the dopedmaterial. The distribution of these particles, as
shown infigure 3(b), is in the nanoscale with aminimumof 28 nmand big particles up to approximately
370 nm.With the increase of the BNG in the PVAmatrix up to 4%, figure 3(c), the agglomeration increases, and
the dopedmaterial isflower-shaped particles were produced, that were uniformly dispersed densely into the
PVAmatrix. Such behavior is in linewith the literature [15, 35]. As shown in the particle distribution,
figure 3(d), tiny particles in the range of 42 nmand big particles flower-shaped in the range of 2.5 μm.These big
particles are formed because of agglomerations. This agglomerationwas caused due to the electrostatic force
between the nanoparticles and each other’s, which took place during evaporation of the solvent, itmatchedwell
with literature [17]. A further EDX analysis was performed on the PVA-4%BNGfilm to confirm the presence of
the BNGnanoparticles in the PVAmatrix (figure 3(e)). It shows the signals of nickel (Ni), bismuth (Bi), oxygen
(O), and carbon (C) elements, where theC element refers to the PVAmatrix and the rGO.

3.3. Raman analysis
Structural analysis of the polymer filmswas further verified byRaman spectroscopy. Figure 4 shows the Raman
scattering of the pure PVA andPVA: BNG films.

The Raman spectrum reveals that the PVA thinfilm has characteristic peaks at 856, 920, and 1440 cm–1 [47].
After the inclusion of about 2% and 4%of BNGnanoparticles into the PVA, the Raman spectra revealed
additional characteristic peaks at 102, 145, and 155 cm–1 that are characteristic for the Bi2O3 [48], while the
peaks at 200 and 315 cm−1 are characteristic for theNiO [49, 50]. These results are in good accordance with the
Ramanmodes characterized for Bi2O3 andNiO in previous studies [48–50]. It was noted that there are no
distinct peaks related to the graphene oxide, which could be due to its small quantity in the prepared
nanoparticles.

3.4.DSC analysis
The differential scanning calorimetry (DSC)measurements have been carried out for pure PVA, PVA: 2%BNG,
and PVA: 4%BNG samples from room temperature up to 250 °C, as shown infigure 5.

TheDSC thermogram for the pure PVA showed two endothermic peaks, one at 106.4 °C associatedwith the
glass transition temperature (Tg), and the other at 197.5 °Cassociatedwith themelting temperature (Tm). After
doping the PVAmatrix with the BNGnanoparticles, these degrees were shifted to higher temperatures, as shown
infigure 5. These shifts in the Tg andTm to a higher temperature of the PVA: BNGfilms indicate that the BNG
caused an enhancement in the PVAfilm’s thermal stability. This is likely due to the formation of robust
intermolecular interactions between the BNGNPs and the PVAmolecule. This outcomematched both the
Raman andXRD spectra.
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3.5.Optical properties
3.5.1. UV-visible spectra, optical bandgaps, andUrbach energy.
Recognizing a substance’s optical properties reliesmainly on its electronic energy band structure. The optical
absorbance spectrum supplies fundamental data about the optical bandgap of thematerial. Figure 6 illustrates

Figure 2.OM (a, b, c, d, e) andPOM (a’, b’, c’, d’, e’) images for all samples; (a, a’)purePVA, (b, b’) 1%, (c, c’) 2%, (d, d’) 3%, and (e, e’) 4%
BNGNPs.Magnification40x.
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the UV-visible spectra (measured experimentally, transmittance (T) and absorbance (A)) for PVA:
BNG films.

A pure PVAfilm is highly transparent and doesn’t show absorption peaks in the visible region.While the
transmittance for the dopedfilms shows a broad hump in the visible zone, which is caused due to the presence of
the BNGNPs, as shown infigure 6(a). Furthermore, the transparency of the polymer film decreases gradually
from91% for pure PVA to about 57% (PVA-1%BNG), 30% (PVA-2%BNG), 21% (PVA-3%BNG), and 12%
(PVA-4%BNG), as the BNGconcentration increases in the polymermatrix.

An absorption peak can be observed in the ultraviolet region,making it a suitablematerial for use as a
polarizer, as shown infigure 6(b) [21, 51]. For pure PVAfilm, absorption peaks at the backbonewere scanned at
279nm (π-π*transition) and 332nm (n-π*transition) [21, 52]. A sharp absorption edge in the 205–250 nm range
was observed, whichmatched the PVAbandgap and indicated the semi-crystallinity of PVA [53]. This outcome
was confirmed byXRD analysis. Figure 6(b)depicts a redshift in the absorption edgewith an increase in the BNG
concentration. This could be due to the formation of inter-/intra-molecular hydrogen bonding between BNG
NPs andOHgroups of the PVA [53]. The absorbance of all polymer films declines as thewavelength increases; it
additionally rises as the BNGNPs content rises.Moreover, the polymer film absorbance increases as the
wavelength increases from650 nm towards the near-infrared region, which is caused by the presence ofNi in the

Figure 3. SEMand histogramof; (a, b)PVA: 2%BNG, (c, d)PVA: 4%BNGfilm, and (e)EDXof PVA: 4%BNGfilm.
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BNGnanoparticles, which coincides with the literature [54]. The absorbance increases due to BNGNPs
additives and the growth in their sizes, which is caused by its accumulation inside the polymermatrix, as well as
the existence of rGO sheets that absorbmore energy [45, 55]. The prepared nanocomposite films exhibit
promising properties as aUV absorber.

The reduction in bandgap energy ofmaterials is unmistakably revealed by the redshift observed in the edge
of the absorption spectra. By utilizing Tauc’s relation, we can accurately determine the type of electron transition

Figure 4.Raman spectra for pure PVA, PVA-2%BNG, and PVA-4%BNG films.

Figure 5.DSC curves of (a) pure PVA, (b)PVA: 2%BNG, and PVA: 4%BNGfilms.
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and evaluate the bandgap energy as follows [56, 57];

( ) ( ) ( )h B h E 4gd
2

1a n n= -

( ) ( ) ( )h B h E 5gi
1 2

2
/a n n= -

whereα, h,υ, B1, B2, Egd, andEgi represent the coefficient of absorption, Planck’s-constant, light-frequency,
B1&B2 are constants depending on the transition probability, and the bandgap energy for direct (Egd) and
indirect (Egi) transitions, respectively. The Egd andEgi values are estimated by extending the straight line of the
relation between (αhυ)2 and (αhυ)1/2 as a function of photon energy (hυ), as shown infigure 7.

Table 2 summarizes the extracted Egd andEgi values. It shows that, for both cases, direct and indirect, as the
concentration of the BNG increases, the bandgap decreases aswell. The Egd decreases from5.57eV to about
3.70eV and Egi from4.73eV to about 1.97eV for pure PVA and PVA-4%BNGfilms, respectively. This is caused
by the amorphous structure of PVA,which is linked to themultiple localized states formed in the bandgap
among the valence and conduction bands as the outcome of PVA impurities [55]. The fresh states support
capture and emit electrons between the bands [58]. By contrasting the acquired datawith the PVAfilm-doped
Bi2O3 [19], it is possible to determine that dopingwith a lower BNGnanoparticle content—up to 4 wt%—

decreases the bandgap energy to 3.70 eV,which is better than the bandgap of 5.13 eVobtained by the

Figure 6.UV-visible spectra (a)Transmittance and (b)Absorbance spectra for all samples.

Figure 7.Plot of (αhυ)2 (a) and (αhυ)2 (b) versus hυ for all samples.

Table 2.Optical parameter for PVA: BNG films.

Sample ID Egd (eV) Egi (eV) EU (eV) n (λ= 600nm)

pure PVA 5.57 4.73 0.39 1.387

PVA-1%BNG 5.23 4.00 0.94 2.263

PVA-2%BNG 4.96 3.50 1.59 3.337

PVA-3%BNG 4.61 2.33 2.56 4.006

PVA-4%BNG 3.70 1.94 3.23 5.172
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Bi2O3-doped PVA—up to 3 wt%. This result illustrates how the addition of rGO andNi ions to a composite
containing Bi2O3 increases absorbance and lowers thematrix’s bandgap energy.

All the films exhibited an extended tail at the end of the absorption edge in their spectra. This is ascribed to
the impurities present in thematerial, which lead to the creation of new states and a reduction in the distance
between the valance and conduction bands. The band tail width, i.e., Urbach energy (EU), can be calculated by
applying the following formula [58]:

( ) ( )exp h E 6U/a a=


u

whereαo is constant. Figure 8 illustrates the straight-line section of the Ln(α) as a function in (hυ) for PVA:
BNGfilms.

The reciprocal of the slopewas used to estimate the EU values for both the pure PVA and the dopedfilms (see
table 2). The EU value gradually increases from0.39 eV (pure PVA) to 3.23 eV (PVA:4%BNG). An increase in
EU values indicates a rise infilm disorder and the formation of new levels within the forbidden zone [57]. Such an
increase in EU value is a testament to the bandgap reduction of the papered films andmakes it a potential
material for organic-electronic applications.

3.5.2. Refractive index and extinction coefficient
The successful use of opticalmaterials hinges on two critical variables: the extinction coefficient (k) and
refractive index (n). Understanding and optimizing these variables are essential for achieving desired results in
optical applications. The (n) and (k) of thefilms are obtained via the following formulas [58],

⎛
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The development of integrated optical devices is highly dependent on the refractive index (n), which arises
mainly from the electronic polarization of ions. Figure 9(a) illustrates how the value of ‘n’ varies with incident-
light wavelength (λ). The BNGadditives to the PVAmatrix increased the nanocomposite’s density, as proved in
OM images, leading to slower light penetration [58, 59]. By includingmore BNG, the n value of PVA increases
significantly (see inset offigure 9(a)). Thismeans that PVAwith higher BNGcontent can potentially have better
optical properties,making it amore effective and efficient solution for various applications in coating for
displays and glasses [60, 61].

The extinction coefficient is the key to unlocking the energy potential of substancemolecules as they absorb
and scatter light. Figure 9(b) depicts the k values versus thewavelength for different BNG content. The k value of
PVA: BNGfilms is directly proportional to the absorption coefficient, which increases with higher
concentrations of BNG.Hence, an increase in BNG concentration leads to an increase in the k value of PVA:
BNGfilms. Thismakes it a highly efficient and effectivematerial for various applications. The extinction

Figure 8.Plot of Ln(a) versus hu for all samples.
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coefficient declines with increasing thewavelength, indicating that the incident photon energy is sufficient to
stimulate an electron [58, 59].

3.5.3. Optical dielectric parameters and optical conductivity.
The complex dielectric-constant (ε) is a fundamental property of thematerial, and it has two components: real
(ε′) and imaginary (ε″), as indicated in the equation below [13],

( )i 9e e e= ¢ + ¢¢

The real part (ε′) represents light dispersionwithin the substance and the imaginary part (ε″) illustrates the
absorbed energy generated by dipolemomentmovement, and it can be computed through the n and k values as
follows [52],

( )n k 102 2e¢ = -

( )nk2 11e¢ =¢

Figure 10 depicts the dependence of (ε′) and (ε″) on photon energy (hυ) for PVA: BNGfilms. The ε′ and ε″
values increase as the BNGconcentration increases. This trend is an outcome of amodification in the PVAband
structure. As the amount of BNGgrows, various states are created in the forbidden gap. An increase in (ε′) and
(ε″) values is associatedwith defects and structural disorder at greater photon energies owing to polarization [58].

The optical conductivity (σopt) of amaterial reflects the effect of the induced current density on the electric
field created at random frequencies [58]. Themovement of free charge carriers as an effect of the
electromagnetic photon beamgenerates electron excitation, triggering optical conductivity. And this parameter
can be computed through the following relation [57, 58],

( )n c

4
12opts

a
p

=

where c denotes light speed. Figure 11 illustrates thefluctuation of opts with (hυ) for the PVA: BNG films.
Theσopt value increases as the BNGconcentration increases. Theσopt value is of order 10

10 S−1 for pure
PVA, and it was increased of order of about 1012 S−1 for PVAdopedwith 4%BNGNPs. This could be explained

Figure 9.Plots of (a) n and (b) k as versus (λ) for all samples.

Figure 10.Plots of (a) ε′ and (b) ε″ versus hυ for all samples.
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by an increase in the number of free charge carriers in various regions that absorb photon energy and release
more free electrons [57].

3.6. Photoluminescence (PL) analysis
Figure 12 depicts the PL emission spectra of PVA-BNGnanocomposite films at excitationwavelength
λexc.= 375 nm. The PVAdoes not have an emission peak, based on data fromprevious work [9]. After doping
with 1wt%BNGnanoparticle, a photoemission peakwas observed at 454 nm. This peak decreases in intensity
with redshift towards a higherwavelength as the BNGnanoparticle content increases in the PVAmatrix. The
reduction in peak intensity with the increase in BNGnanoparticles can be attributed to the reduction in hole–
electron recombination rate, as they are directly proportional to each other’s [62]. The photoemission peak
redshifted to 473, 780, and 485 nm for the PVAdopedwith 2, 3, and 4wt%BNG, respectively. The redshift of
emissions spectramay be due to BNGNPs additives and the growth in their sizes, which is caused by their
accumulation inside the polymermatrix [63]. The photocatalytic activity of thematerials is enhanced by the low
recombination rate and reduced energy gap.

Figure 11.Theσopt versus (hυ) for all samples.

Figure 12.Photoluminescence emission spectra for all samples.
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4. Conclusion

The Bi2O3-NiO-rGOnanoparticles were prepared through the co-precipitationmethod, and
PVA-Bi2O3-NiO-rGO filmswere obtained via the casting technique. The PVA semi-crystallinity and its
modification after the insertion of Bi2O3-NiO-rGOnanoparticles was confirmed byXRD. TheRaman analysis
confirmed the presence of theNiO andBi2O3 characteristicsmodes after complexationwith the PVA. The
Bi2O3-NiO-rGOnanoparticles were efficiently disseminated in the PVAfilmswith little aggregations. TheDSC
curves demonstrate that adding Bi2O3-NiO-rGOnanoparticles to thematrix enhanced the PVAfilm’s thermal
stability. The optical bandgap reduction and increase of theUrbach energy with increasing the Bi2O3-NiO-rGO
nanoparticles in the PVA attest to the creation of localized states in the polymer film’s forbidden zone.
Moreover, the interatomic distances decrease because of the rise in the filmdensity, causing an increase in the
refractive index and suggesting that the present films are viable candidates for optical applications. The optical
dielectric parameters and conductivity increase as the Bi2O3-NiO-rGOnanoparticle concentration increases in
the PVA. Reducing emission intensities in the PL spectrumverified that the spectral studiesmatched the
decreased rate of electron–hole recombination.Moreover, the photocatalytic activity of thematerials is
enhanced by the low recombination rate and reduced energy gapGenerally, the PVA/Bi2O3-NiO-rGO films are
promising for various organic optoelectronic applications.
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