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ARTICLE INFO ABSTRACT

Keywords: The present work focuses on developing nanocomposites for optoelectronics and energy storage devices
Biz03 leveraging the unique physicochemical features of bismuth (III) oxide (Bi2O3) using a polyvinyl pyrrolidone/
PVP/PVA blend polyvinyl alcohol matrix (PV(A/P)). BiO3 nanofillers (NF) and Bi,O3/PV(A/P) nanocomposite (NC) films were
E'?ergy storage . prepared by facile chemical solution approaches. The X-ray (XRD) data and a transmission electron image
High-refractive index materials s . . .
revealed that the NF exhibits a monoclinic phase, resembling slightly deformed agglomerated spheres. In the
FTIR spectrum, different stretching vibrations of Bi-O-Bi bonds were found, along with their complexation and
interaction with the reactive groups in the matrix. The SEM revealed a uniform distribution of BiO3 NF loading
up to 1.5 wt% on the sample’s surface. Thermal analyses (TGA and DSC thermograms) were used to study the
thermal stability, melting, and decomposition temperatures of the NC films. The dielectric features were studied
under frequencies between 2 x 10% and 8 x 10° Hz and heating from 293 to 393 K. The dielectric constant and
energy density were increased with BioO3 NF content. This implies that we can utilize the prepared NC for the
fabrication of energy storage devices. The influences of the BioO3 NF doping level on the transmittance, band
gap, Urbach energy, refractive index, conductivity, and other physical parameters were discussed. The modifi-
cations induced in the dielectric/optical parameters make the prepared NC films the best candidates for appli-
cations requiring a high refractive index, such as optical coatings and integrated photonic devices.

ternary composites showed higher ¢ and lower ¢’ values than the binary
ones. In addition, CroCs/clay/poly(vinylidene fluoride) (PVDF) ternary

Introduction

Polymer nanocomposites (NC), combinations of biopolymer and
nano-sized ceramic or metal oxide, are attracting increasing attention
worldwide, owing to ease of fabrication, technological and industrial
importance, eco-friendliness, and cost-effectiveness. These multifunc-
tional materials can be used for various purposes, including sensors,
drug delivery, radiation shielding, food packaging, water treatment, and
micro- and optoelectronic systems [1-3]. These applications can also be
extended to include the energy sector (conversion and/or storage), op-
tical coatings, and integrated photonic devices [4,5].

Improving the electrostatic energy that can be stored in dielectric
capacitors with high energy density is urgently desired. For this purpose,
high dielectric permittivity (¢') and small loss (¢") are the most promising
features [6-8]. To improve the polymer’ ¢, it should be mixed with
fillers with high £'. Keep in mind that the high filler content can result in
a decrease in the composite’s processing performance [6]. Deng et al.
[7] introduced PbS and graphitic-C3N4@PbS into a polymer blend. The

* Corresponding author.
E-mail address: ams06@fayoum.edu.eg (A.M. El Sayed).

https://doi.org/10.1016/j.rinp.2024.107746

composite exhibited lower ¢ and lower &’ compared to those of CraCs/
PVDF [6]. Panomsuwan and Manuspiya [8] reported a significant in-
crease in the ¢ of the BaTiO3/epoxy composites and low ¢” at a low filler
ratio. They attributed their results to the enhanced interfacial polari-
zation combined with the continuous pathways, interconnections, and
composite network structure. Doping a carboxymethyl cellulose-based
blend with NiO moved the index of refraction from ~1.44 to 2.23 [9].
The synthesis of NC with such a high refractive index has advantageous
properties for use in antireflective coatings, photodetectors, light-
emitting diodes, and image sensors [4,5].

Among the biopolymers, PVA (polyvinyl alcohol) and PVP (polyvinyl
pyrrolidone) are synthetic, water-soluble, optically transparent,
biocompatible, biodegradable, non-toxic, and non-carcinogenic poly-
mers [10]. In addition, the flexibility, eco-friendliness, microbial resis-
tance, and self-healing ability make PVA the best choice for various
utilizations in the textile, wood, and medicine industries [11].
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Transparent films with enhanced physical properties can be formed by
blending PVA and PVP, where the physical interaction between OH
(PVA) and C=O0 (PVP) yields a miscible and homogenous blend solution
[10]. Loading NF inside the PV(A/P) blend will certainly improve its
performance and widen its uses. FeS/PVA/graphene, SnS/PV(A/P), and
CoCuS/PV(A/P) nanocomposites with improved optoelectronic, me-
chanical, and electrical properties were developed for some industrial
and eco-friendly applications and photonic devices [12-15].

In addition to the higher ratio of surface area to volume, the NPs are
able to disperse in a uniform manner in the matrix, achieving enhanced
density and lower particle-size components [16,17]. BisO3 is a p-type
semiconductor with a moderate band gap (E; = 2.82 eV), low cost, high
electrochemical stability, refractive index, permittivity, and the least
toxic among heavy metal oxides, making it suitable for use as a ceramic
nanofiller [11,18,19]. The high Z (83) of Bi and density (8.9 g/cm3)
make it suitable for some biological uses such as imaging (which pro-
vides a good contrast) and radio-sensing [20]. It is also preferred over Pb
as a y-ray shield [21]. In this context, Bi-based shielding is used for dose
reduction to protect the human breast during tomography [22].

BisO3 exhibits interesting photoconductivity and photo-
luminescence, where the incident photons with energies > Eg value
generate pairs of electron/hole (pair production) and free radicals
[11,23]. The high melting point and modulus of Bi;O3 introduced good
thermal and mechanical stability to the polymer composites [22]. These
features pave the way for the use of Bi»Os3 in optical coatings and op-
toelectronics, microwave-integrated circuits, Schottky-barrier solar
cells, and capacitors [23]. In their study [24], Du et al. prepared
(monoclinic) a-, (tetragonal) f-, and a/p- BioO3 NP by burning the bis-
muth nitrate in a solution with tartaric acid. The Eg values were 2.9 eV
for the a phase, 2.5 eV for § phase, and 2.7 eV for the mixed phase.

Bijanu et al. [10] fabricated BiOCl/PVP/PVA composites as X-ray
shields. PVA-Bi;Os/carbon nanodot composites were developed for
some optoelectronic applications [11]. PVA hydrogel mixed with 20 wt
% BiyO3 NPs showed interesting self-healing ability and an improved
mechanical modulus relative to the micro-composites [16]. Karaca [19]
fabricated p-BizO3/Biz02COs/polypyrrole (PPy) composites for a high-
performance supercapacitor. In addition, BipO3/Au/chitosan was
found suitable for tissue engineering/wound dressing utilization [20].
Mahmoud and Al-Ghamdi [23] studied the IV curves of Bi;O3/PVAc and
found that the composite conductivity increases and then decreases with
temperature, depending on the Bi;O3 content and the effect of grain
boundaries. Adding 5.0 to 25 % BiyO3 NF to PPy improved its stability
and made it better at sensing COy gas [25]. The hydrothermally pre-
pared BisO3 NPs were more suitable than Bi;O3 microparticles for
shielding against X-ray radiation [26]. Furthermore, researchers used
the co-precipitated BioO3 nanostructure to create BioO3/PVC NC, which
served as radiation-protective cloths for X-ray attenuation [27]. Sahin
et al. [28] researched the thermal and mechanical features of the
polyethylene of low-density (LDPE) incorporated with BizO3. Tomma-
lieh [29] reported the impact of BipO3 created by the laser ablation in-
side chitosan/PVA on the €, ¢ and conductivity of the blend. Darwesh
et al. [30] deduced the optical parameters of PVA incorporated with
4-12 wt% BiyO3 NPs.

To the best of the authors’ knowledge, there is no complete report on
the physical properties of BiO3/PVA or Bi;O3/PV(A/P). The present
study aims to leverage the unique physicochemical features of Bi,O3
(semiconducting nature, photoconductivity, thermal and mechanical
stability, and nontoxicity), while avoiding some shortcomings of Bi;O3
(low processability) for fabricating flexible nanocomposites based on PV
(A/P) with enhanced physical features. The influence of Bi;O3 nano-
fillers (NF) on the structure, surface morphology, thermal stability,
dielectric permittivity, and energy density of these NCs are reported.
Additionally, the optical features and the values of various optical pa-
rameters are determined. The results indicate the possibility of widening
the utilization of PV(A/P) blend to include energy storage and appli-
cations requiring materials with a high refractive index.
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Fig. 1. Bi,O3 Powder characterization (XRD pattern and TEM image (inset)).

Preparation of Bi;O3/PV(A/P) NC, and measurements
Materials and method

Bismuth (III) nitrate [(NO3)3Bi-5H30, 485.07 g/mol, purity > 98 %,
Merck] and citric acid [C¢HgO7, 192.12 g/mol, Merck] were used to
prepare BiyOs. Hydrolyzed PVA powder [[CoH3(OH)],, 89,000 g/mol,
Acros Organics] and PVP [(C¢cNH¢O),, k 30, 40,000 g/mol, Acros Or-
ganics] were used to prepare the PV(A/P) blend. These polymers were
dissolved in Double-distilled water (DDW).

(NO3)3Bi (3.0 g) in 50 mL of HNOj to dissolve and then modified by
adding CgHgO7 in an equal molar ratio. The mixture was heated at
100 °C to form a yellowish gel which then decomposed to Bi»Og3 at
450 °Cin air. PVA ¢ g) in 50 mL DDW and dissolved by stirring at 85 °C
for more than 1.0 h. PVP (}T g) in 20 mL DDW to dissolve at room tem-
perature (RT). The blend solution was formed by mixing PVA and PVP
solutions at RT. The NC were prepared by dispersing a certain amount of
BiyO3 in 20 mL DDW using an ultrasound sonicator and then mixed into
the blend solution under stirring until a uniform distribution of the
fillers was achieved. 0.5, 1.0, 1.5 and 3.0 wt% Bi,O3 were added using

_ Whios 9
Wrgon Wt < 100(%), where W denotes the

weight. The PV(A/P) blend and NC mixtures were cast in Petri dishes 11
cm in diameter. The dishes were left at RT for more than 10 days until
solid films were formed. The free-standing films were then dried at 40 °C
in an air oven for 4.0 h, and then characterized. The names of the ob-
tained samples were abbreviated to PV(A/P), 0.5 wt B/b, 1.0 wt% B/b,
1.5 wt% B/b and 3.0 wt% B/b, respectively.

the equation: x(wt%) =

Characterization and measurements

The crystallite (particle) size, structure, and shape of Bi,O3 and
diffraction in the films were studied using RIGAKU Smart Lab. diffrac-
tometer, applying 40-kV and 30-mA. The measurements were done from
5 to 80° on the 26 scale with 0.01° step width. The used K, emission line
(Cu source) has a wavelength 2 = 0.15418 nm. And JEM 2100, Jeol
(Japan), TEM (transmission electron microscopy). The spectrum of FTIR
(Fourier-transform infrared) of each film was recorded in the wave-
number range of 4000-400 cm ' using a Bruker/vertex-70/
spectrophotometer attached to a unit to attenuate the total reflection.
The BiyO3 distribution on the films’ surface was checked using SEM
(scanning-electron microscopy) of the Carl-ZEISS/Sigma/500 VP,
operated at a 20-kV e-beam. The thickness of each film was determined
by an accurate micrometer (digital). The TGA/DSC thermal analyses
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(1) PV(A/P) blend
(3) 1.0 wt% B/b
(5) 3.0 wt% B/b
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Fig. 2. FTIR spectrum of a-Bi,O3 (B NF), PV(A/P) blend (b), and 0.5-3.0 wt%
BiyO3/blend.

were performed in 30-550 °C using Perkin-Elmer/STA-6000 in a ni-
trogen gas flow. The dielectric constant, loss, and energy-density of the
films were determined and calculated using the meter bridge (LCR)
model HIOKI/IM3536. The C;, accuracy is in the order of 1 x 107* pF.
The applied frequencies ranged from 2 x 10° to 8 x 10° Hz and heating
from 293 to 393 K. Transmittance, reflectance, and absorption spectra in
(UV-vis-NIR) were collected using a JASCO-630/spectrophotometer at
200-1500 nm wavelengths.

EHT= 400kV
WD= 64mm
Mag= 4.56 KX

EHT= 3.00kV
WD= 6.4 mm
Mag= 456 KX

Gun Vacuum = 144009 mbar LZARRY
System Vacuum = 2.316-05 mbar
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Results and discussion
Biy03 features

The phase, crystallite size (Cs), and morphology of the as-prepared
BiyO3 were evaluated using the XRD pattern and TEM image shown in
Fig. 1. As seen, many (Bragg) diffraction peaks are detected in the 26
range of 16.44-74.39°. All corresponding peaks have their Miller (h k I)
indices inserted on them. The obtained diffraction pattern indicates the
formation of a-BiyO3 with rponoclinic form, space group (S.G) P21/c,
and lattice cell parameters (A); a = 5.850, b = 8.168, ¢ = 7.512. Also, a
=y =90° and # = 113°. This result is in agreement with DB card no.
9012546 and JCPDS No: 76-1730. In addition, identical lattice param-
eter values were deduced for the chemically prepared Bi»Os nano-
particles [21]. The size of Bi»O3 crystals (Cs) was determined using the
Scherrer formula, and its values = 51 + 8 nm. The inset (TEM image)
indicates that the prepared Bi;O3 is composed of particles that seem like
slightly deformed spheres with a certain agglomeration degree, having
sizes in the range of 38-73 nm (the average = 52.3 nm). Similarly, XRD
and TEM analyses for the solvothermal-prepared Bi»O3 were 30-40 and
34 nm, respectively [28]. Ahamed et al. [18] prepared pure and 3.0 %
Zn-doped Bi»O3 NPs using a co-precipitation method, with Cs = 67 and
54 nm and grain sizes of 71 and 51 nm, respectively. Kavgaci and
Eskalen [11] prepared BiyOs3 in the form of microrods (9.72-2.48 um in
length, 0.45 ym in diameter) by the sonochemical method. The sharp
and intense diffraction peaks in Fig. 1 demonstrate the high crystallinity
and purity of the prepared BizOs. These results confirm that we have
applied a suitable synthetic method to obtain BipO3 NPs with reasonable
size and shape.

EHT= 200kV
WD= 66 mm
Mag= 456 KX

EHT= 500 kV
WD= 6.4mm
Mag= 456 KX

Gun Vacuum = 1 55009 mbar AR
System Vacuum = 242605 mbar

Fig. 3. Micrographs taken by FE-SEM for (a) blend, (b-d) 1.0-3.0 wt% B/b.
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(1) PV(A/P) blend
(2) 0.5 wt% B/b (3) 1.0 wt% B/b
(4) 1.5 wt% B/b (5) 3.0 wt% B/b
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Fig. 4. XRD spectrum of blend and a-Bi,O3 /blend NC.

The structural analyses of NC films

FT-IR spectroscopy was used as a powerful technique to check the
materials’ reactive groups and study the complexation and physical/
chemical interactions that govern the NC’s features. The spectrum of
BiyO3 (shown in Fig. 2) reveals several peaks at 425, 502 (see the inset of
this figure), 845, and 1397 cm™!. These peaks arose due to Bi-O and
Bi—O-Bi stretching vibrations [17,20,21,28]. In addition, the small band
at 1100 cm ! arose due to the OH normal stretching vibration of HyO
that can be adsorbed on the Bi-O lattice [28]. Bijanu et al. [10] found
that the O-Bi stretching occurs at 560 cm L Eyssa et al. [17] detected
two bands at 450 and 1396 cm ™! for the O-Bi stretching vibration, and a
third peak at 624 cm ™! arose from Bi-O-Bi chemical bond vibration in
the Bi»O3 spectrum.

The PV(A/P) spectrum consists of many absorption peaks; the widest
one at 3280 cm ! is assigned to the O-H stretching of PVA. The C-H
symmetric and asymmetric stretching is seen at 2900-2920 cm ™! [16].
The stretching of C=0 (PVA' vinyl acetate) is represented by a sharp
peak at 1630 cm™!. C-H bond bending appears at 1420 cm ™. A tiny
band at 1300 cm ™ is attributed to the vibrations of the (OH + CH). The
C-O-C bond (PVA’ acetyl group) stretching makes a strong band at
~1090 cm . In addition, CH; bending arose at 849 em ! [31]. A small
band of very low intensity can be seen at 650 cm™! and could be
attributed to NH vibration [32].

Investigating the spectra of BizOs/blend NC leads to the following
notes: i) No new peaks can be seen in the BiOs/blend spectra, which
indicates the interaction of BiOs with the matrix’s reactive groups
throughout forming hydrogen bonds and/or Van der Waals attraction, i.
e., physical interaction. ii) The intensity, wideness, and central position
of the O-H band changed after loading BiO3 NF. The physical in-
teractions of OH PVA’s groups with the Bi;O3 NF originate from the
great tendency of OH groups to form charge transfer complexes with
Bi-O through chelation, and the reinforcing effect of Bi;O3 [16,28]. iv)
The Bi,O3' absorption peaks at 425 and 502 cm ™! appear in the 1.0 wt%
BiyO3/blend and their intensities increase with raising Bi,O3 content.
Similarly, the incorporation of Bi3O3 in the Au/chitosan matrix induced
new peaks at 622 and 529 cm ! assigned to the Bi-O bond [20]. v) The
intensity of most peaks decreases at first to 1.5 wt% BiyO3 content and
then increases at 3.0 wt%, whereas the height of the two bands at 650
and 1300 cm ™! significantly increases with filler content. These results
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Fig. 5. (a) TGA and (b) DSC thermograms of PV(A/P) and Bi»Os/blend films.

confirm the strong interaction and complexation between BiyO3 and the
blend chains.

Fig. 3(a—d) displays the surface morphology and filler distribution on
the blend surface. The PV(A/P) blend exhibits a crack-free, homoge-
nous, and nonporous surface. This confirms that PVA and PVP polymers
are well-miscible and biocompatible with each other. The 1.0 and 1.5 wt
% BiO3 NF are uniformly distributed, and the film surface acquired
some roughness. At 3.0 wt% filler ratio, the Bi,O3 tends to agglomerate,
forming some clusters, and the roughness increases significantly. XRD
patterns of the obtained films are depicted in Fig. 4. The chart of the
unfilled matrix indicates its semicrystalline structure, where the pattern
contains two peaks located at 19.7° (the major peak) and a minor one at
40.5° which are assigned to the (Bragg) peak of the PV(A/P) blend. The
strong peak arose from PVA (101) planes and d-spacing of 0.45-0.5 nm
[33]. The forces of hydrogen bonding cause the blend molecules and
chains to be arranged in lamellas distributed inside amorphous parts
[34]. Almost the same note was reported for the sodium alginate/PVA
blend [35]. Upon loading Bi,Os NF, the intensity of these two peaks
greatly decreased without any observed shift in their positions, and the
Bi,O3 main peaks (Fig. 1) are seen with increasing intensity with
increasing BioO3 NF content. Similarly, XRD charts of PEO/PVA con-
tained signals related to the MWCNTs/ZnO fillers [36]. This result again
confirms the incorporation of Bi;O3 NF inside the PV(A/P) matrix and
that these NF deteriorate the ordered structures (crystalline lamellas)
and improve the amorphousity. In conclusion, the structure of PV(A/P)
is modified upon doping with Bi;Os, and it is expected that the com-
posite’s conductivity will be better [35].

Thermal (TGA and DSC) analyses

To check the films’ thermal stability, the loss of weight (W%) with
heating (TGA thermograms) in the 30-550 °C temperature range is
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Fig. 6. (a—d): Dielectric constant (¢') dependent on frequency at some selected temperatures for PV(A/P), 1.0, 1.5 and 3.0 wt% B/b.

shown in Fig. 5(a). The W% can be divided into three steps. The initial
one represents a W% of about 9 % for the films at a temperatureTqy, =
150 °C, owing to the moisture (or residual water) and CO/CO5 removal
that were adsorbed from the surrounding environment [37]. In the
temperature range of 150-240 °C the W% is constant, i.e., the blend and
3.0 wt% B/b films are thermally stable till 240 °C. The 1.5 wt% B/b film
showed thermal stability till 230 °C (the onset decomposition temper-
ature). Therefore, all films have thermal stability in the range of
30-230 °C, which is suitable for practical and industrial applications
including electrochemical and optoelectronic devices. The 2¢d (main)
decomposition occurs in the range 240-385 °C for the blend and 3.0 wt
% B/b, where the W% = 70 % and 66 %, respectively. The stage extends
to 370 °C only for 1.0 and 1.5 wt% B/b films. This W% arose due to the
degradation of blend chains, especially those of PVP (reduced molecular
weight and blend backbone cleavage). The 3ed stage of W% takes place
at T ~ 408 °C for the blend, 400 °C for 1.0 wt% B/b, and 425 °C for the
1.5 and 3.0 wt% B/b. This stage originates from PVA chain decompo-
sition [38]. The final remaining weight of about 4-10 % is the charcoal,
where its weight is increased with BisOs NF content. Similar TGA
thermograms were obtained for the chitosan/PVA blend prepared by
solution casting and electrospinning [39,40].

Fig. 5(b) displays the differential scanning calorimetry thermograms
(DSC curves). The melting of the blend produces an endothermic peak in
the temperature range of 230-300 °C originates due to the melting of the
blend. Other endothermic peaks at 325-370 °C and 450-520 °C
occurred due to the full decomposition of PVA. The literature confirms

that PVA undergoes multi-stage decomposition at 330, 430, and 450 °C
[41]. Bijanu et al. [42] saw the 1st endothermic peak in the DSC spec-
trum of PVA (50 %)/PVP (50 %) in the range of 130-150 °C. There is no
endothermic peak before 230 °C due to the difference in our blend
structure (75 % PVA and 25 % PVP). The inset of Fig. 5(b) shows the
glass (T) transition temperature. The Ty of the blend and 1.5 wt% B/b is
about 85 °C and this is consistent with the literature, where T of PVA is
about 86 °C [43]. The 1.0 and 3.0 wt% B/b exhibit a slight increase in Ty
reaching 88 °C. The glass — rubber transition, which arises due to the
gained thermal energy, enhances the chains’ micro-Brownian motion
and segments of the blend. The slight improvements in Ty at 3.0 wt%
filler content are due to the fact that the NC films are more compact and
denser, which restricts chain mobility [44].

Dielectric properties

The frequency (f)-relying of the & and ¢ components of ¢ (the
complex permittivity, ¢* = € + je") are shown in Figs. 6 and 7. The ¢
refers to the polarization contribution, and is related to the energy
storage ability, while ¢” refers to the energy loss. Fig. 6(a—d) and Fig. S1
(a—d) show the ¢ of PV(A/P) blend and 1.0, 1.5 and 3.0 wt% BiyO3/
blend in the f range of 2 x 10® Hz-8.0 x 10° Hz at some selected tem-
peratures (293-393 K). Although the temperature has a decisive effect,
the values of ¢ depend primarily on f. At each temperature, the ¢ value is
high owing to the charge accumulation beside the electrodes. The small f
gives enough time for the charge’s response to the directional change of
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Fig. 7. (a-d): Dielectric loss (¢")-dependent on f at some selected temperatures for PV(A/P), 1.0, 1.5 and 3.0 wt% B/b.

the electric field. As f increases, the ¢ value decreases, because the di-
poles don’t have enough time to align themselves with the fast reversal
electric field, which reduces the contribution of dipole polarization
[45,46]. Fig. S1(a—-d) shows that the values of ¢ increase with raising the
temperature of the blend to 343 K and then decrease with further
heating. This relaxation peak, called the a.—process, shifts to higher
temperatures as f increases and indicates the dipolar nature of the
dielectric behavior [32]. This a.—process is related to the main chain’
Brownian movement in the amorphous parts.

The 1.0 and 1.5 wt% BiyOs/blend NC exhibit improved ¢ values
relative to those of the unfilled PV(A/P) blend. The observed & values
are very high compared with those obtained by Tommalieh [29] for
chitosan/PVA blend loaded with Bi;O3 NPs. Loading Bi;O3 NF certainly
enhances the matrix heterogeneity, increases the disorder and defects
inside the blend, provides a sufficiently larger surface area, reduces the
potential barrier for the de-trapping, and increases the interfacial po-
larization and hence ¢ [47,48]. However, At 3.0 wt% BiyO3 level, the
added NF seems to pile up (agglomerate) which may result in a reduc-
tion in the interaction zone with the blend and break the formed
conductive network at the low doping level. Similar results were re-
ported for Bi;O3/LDPE [47], boehmite/carboxymethyl chitosan/cashew
gum [49], and TiO2/MWCNT/CMC/PEO [50], when the filler level
exceeded a certain ratio, ¢ decreased.

The frequency (f)-dependence of ¢” spectra of the PV(A/P) blend, 1.0,
1.5, and 3.0 wt% Bi;O3/b is depicted in Fig. 7(a—d) at temperatures in
the range of 293-393 K. The ¢” of the blend, 1.0 and 1.5 wt% BiyO3 is in
the range of 0.6-1.7, 0.7-2.2, and 0.8-3.2, respectively. Then, it

decreased to be in the range of 0.5-2.6 at 3.0 wt% Bi>O3 content. In the
middle region of applied f, ¢’ seems constant. At temperatures > 333 K,
the chain motion induces relaxation peaks whose maximum position
shifts to a higher f with further heating. The reason may be that the
crystalline regions dissolve well inside the amorphous regions when the
temperature is raised [41]. The important observation here is that all
samples exhibit almost similar ¢’ values while increasing Bi»O3 content
increases the ¢. The dielectric displacement (D = eoe/E) and energy
density (U, = f DdE = leoe E2) are proportlonal to the electric field
strength E and ¢ [51]. Small or stable ¢’ combined with high ¢’ is tech-
nologically desirable for the NC to be utilized for energy storage appli-
cations and devices (supercapacitors, electrostriction systems, etc.).
[52].

Fig. 8(a—c) shows the calculated U, for the blend, 1.0 and 1.5 wt%
BiyOs/blend films. The maximum U, value (at 2.0 kHz) is about 5 x
1072J/m® at 343K, 6.8 x 1072 J/m° at 343 K, and 8.35 x 102 J/m® at
343 K for the matrix, 1.0 and 1.5 wt% Bi;Os/blend. The U, values
decrease with f and the corresponding maximum value shifts to a higher
temperature. Loading a 1.6 wt% Cr,O3 NP/ PVA/CMC increased the U,
of the blend by twice [2]. The obtained data illustrates the possible use
of 1.5 wt% Bi»O3/blend for energy storage devices.

Optical characterization

The UV/vis/NIR transmittance (T), absorption (Abs), and reflectance
(R) were collected to study the optical transition and band structure and
to determine the optical constant. Fig. 9(a) shows that the PV(A/P) is
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Fig. 8. (a—c): The variation of U, with the temperature (293-393 K) for PV(A/
P) blend, and the blend filled with 1.0 and 1.5 wt% Bi,O3 at some selected f.

highly transparent (T ~ 90 %) in the visible and IR regions. 0.5 wt% and
1.0 wt% BizOs/blend show T in the range of 68-80 % and 24-42 %. The
higher filler content makes an opaque blend, where the 3.0 wt% BisO3
level reduces T to <12 %. A similar result was reported for PVP/PVA
(2:3), where 10 wt% CdCusS loading had reduced T% from 81 to 2.0 %
[15]. Fig. S2 displays photo images for the samples. The films turn from
colorless to yellowish with increasing BioO3 NF loading. This reflects the
role of Bi;Os in hindering the photons from crossing the blend by
absorbing and scattering them. The XRD results showed that adding
BiyO3 causes defects, disorder, and a reduction in the blend’s crystal-
linity. These factors help to lower T and make the absorption edge wider.

The width of this edge is called the Urbach energy (UE). UE and the

coefficient of absorption a are connected by the relation: a=

(hz;—con_smnt) ) . .
ape'  UE [30], where hv is the coming photon energy and «a, is a

constant. The parameter @ was calculated (@ = abs/thickness) and the Ln
(a) vs. ho plots are depicted in Fig. 9(b). The «a values of the blend in-
crease linearly with hv and also increase with increasing BizO3 content.
The inset of Fig. 9(b) focuses on the region of the exponential edge and
was used to determine the UE value. The slope of each curve in this inset
is 1/UE, ie., UE = 1/[d(Lna)/dhv)]. The estimated UE value for the
blend is 0.25 eV and increased to 1.13 eV upon loading 1.5 wt% BisOs.
The UE values of all films are listed in Table 1. This increment in UE
values confirms the crystallinity decrease seen in XRD results, and defect
numbers increase with increasing BioO3 NF levels [30].

Two of the most essential optical parameters for optoelectronic de-
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Table 1
Some optical parameters of the samples: Urbach energy (UE), maximum
refractive index (nnay) and N/m* ratio.

Sample UE (eV) Nmax N/m*/kgm3
PV(A/P) 0.25 1.3 1.4 x 10
0.5 wt% Biy0s3 0.48 1.6 2.7 x 10%°
1.0 wt% BiyO3 0.81 3.2 4.8 x 10
1.5 wt% BiyO3 1.13 4.6 9.2 x 10%°
3.0 wt% BiyO3 1.35 6.15 17.1 x 10%°

vice design are the refractive (n) and absorption (k) indices. The k index

(k = FAE XL ) was calculated (not shown) and used with R spectra to

determine the n, where n =& 4 /uf‘;)z — k2 [9,15]. The recorded R

(%) spectra of all films are shown in Fig. S3 (see the Supplementary
materials file). Fig. 10(a) displays n vs. 4. The n and R% values of the
blend in the vis-NIR wavelengths are ~ 1.3 and <4 %, respectively, and
decrease with 1. This behavior of n changed significantly upon loading
BiyO3 NF, where n increases gradually and reaches a maximum value of
6.15 with increasing BiyOs3 levels 3.0 wt%, and takes on a bell-shaped
behavior. Fig. 10(b) shows the almost linear increase of n (at 1 = 700
nm, for comparison) with Bi;O3 content. Similarly, filling PVA/gra-
phene films with 10 wt% a-Fe3O3 NPs increased n from 1.6 to ~2.65
[53]. According to Darwesh et al. [30] the n value of PVA shifted from
1.2 to only 2.72 at 12 wt% BiyO3 level. Filling the blend with BiyO3
certainly increases the packing density, and the scattering centers inside
the matrix, and this makes the NC films more reflective of the coming
photons [32].

Another intriguing optical parameter is the ratio (N/m"), the charge
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carrier concentration to the electron (e) effective mass. This ratio is

Ne?
m’nc?

contained in the following relation: n? = ¢, —)? ( ), where ¢; and ¢

are constants [12,54]. The ratio (N/m*) can be determined from the
slopes of n? andA? plots, as shown in Fig. 10(c). The ratio (N/m*) of the
blend is 1.4 x 1055/kgm®, and significantly increased to 17.1x1055/
kgrn3 at BioO3 level of 3.0 wt%, see Table 1. Similar results were re-
ported for PV(A/P) modified with SnS NPs [12]. This increase in the
carrier concentration is consistent with the crystallinity reduction, seen
in XRD data. The literature found a similar note, demonstrating a four-
fold increase in the (N/m*) of PMMA polymer upon 0.25 wt% CrpO3
addition [54]. The PV(A/P) and blend filled with Bi,O3 are semi-
crystalline and can be regarded as direct/indirect bandgap semi-
conductors [55]. Therefore, it could be useful to shed some light on their
allowed direct/indirect transitions. Using the well-known Tauc’s

relation: (a x hv)™ = (hv — Eg)A, where Aisaconstant, and m = 0.5/2
for allowed indirect/direct transitions [56]. Fig. S4(a and b) shows the
plots of (a x hv)®® and (a x hv)? vs. ho. The Eg values (indirect and
direct), as indicated by the arrows, decreased from 5.0 to 4.6 eV and
from 5.2 to 5.1 eV. This marginal decrease in Eg was also reported by
Sahin et al. [28], for LDPE filled with Bi;O3. The Eg of PVA reduced from
5.37 to 5.13 eV [11] upon loading 2.0 wt% BiyO3. Also, loading BiO3
(5-25 wt%) narrowed the Eg of PPy from 5.0 to 4.3 eV [25].

The impact of the incident photons and Bi;O3 doping levels on the
conductivity of the blend and NC can be analyzed optically. The con-
ductivity (6optica) can be estimated from n and a as follows: ooprical = 22
[15,57]. Fig. 11 shows the variation of 6opical With hv and Bi»O3 ratios.
The 1.0, 1.5, and 3.0 wt% Bi»O3 improve oopical by about two, four, and
ten times compared with the pure blend. 1.5 and 3.0 wt% Bi;O3 levels
induce a peak in the region of 1.5-2.5 eV, and this composition can be
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utilized for optical sensing applications in the visible region. At hv >
4.75 eV (4 < 260 nm) a sudden increment in Gopica for all films, where
the photon in the UV region have the required energy to excite all
possible electrons to contribute to the process of conduction [53].

Conclusion

Nano-sized BiO3 with monoclinic phase and sphere-like
morphology, and 0-3.0 wt% Bi»O3/PV(A/P) NC films were prepared
by facile chemical methods. Bi-O/Bi-O-Bi stretching vibrations appear
in the wavenumber range of 425-1397 cm .. In addition, the physical
interaction/complexation between Bi-O and the reactive group of the
PV(A/P) matrix (OH, C=0, C-O-C, etc.) were inferred from the changes
in the intensity and bands’ position. SEM revealed the homogeneity of
the blend and the equal and homogenous dispersion of NF on the film
surface. XRD results confirm the interaction among the NC film con-
stituents by decreasing the ordered structures in the semicrystalline
matrix. TGA&DSC analyses revealed three decomposition stages and
three endothermic peaks. The NC films are stable thermally in the range
of 30-230 °C and therefore they are suitable for some electrochemical,
space, and optoelectronic applications. The ¢ and U, were increased
with loading BizO3 up to 1.5 wt% and displayed relaxation peaks with
raising the temperature (heating) from 293 to 393 K. This improvement,
combined with the small variation in the dielectric loss, suggests the
usability of these NC in energy storage applications. PV(A/P) matrix
transparent (90 %) in the visible/IR regions and decreased to 24-42 % at
1.0 wt% BizO3 level. The UE value moved from 0.25 eV to 1.35 eV at 3.0
wt% filler content, combined with a marginal decrease in the indirect
(direct) Eg from 5.0 (5.2) eV to 4.6 (5.1) eV. The interesting result was
the increment in n from 1.3 to 6.15 and its bell-shaped distribution. In
addition, the (N/m*) ratio and oopica enhanced significantly with
increasing BiyOg level. These optical features suggest extending the use
of the prepared NC films to include high-n applications such as optical
coatings and integrated photonic devices.
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