Engineering Chemistry Submitted: 2024-12-02

ISSN: 2813-6535, Vol. 11, pp 63-77 Revised: 2025-03-16
doi:10.4028/p-N7SbTD Accepted: 2025-03-21
© 2025 The Author(s). Published by Trans Tech Publications Ltd, Switzerland. Online: 2025-09-10

Synthesis, Structural, and Vibrational Properties of PVDF/BiFeO3
Nanofibers using Electrospinning Technique

Faried Latief"®", Putri Istichomah??, Bagas Haqi Arrosyid®>*¢, Ratih Amalia3?,
Muhammad Fahroji®®, Trivadila®, Akmal Zulfi®9, Andika Fajar”",
Andika Widya Pramono’", and Alfian Noviyanto3®2!

'Reseach Center for Advanced Materials, National Research and Innovation Agency (BRIN),
Kawasan Puspiptek, Tangerang Selatan 15314, Banten, Indonesia

2College of Vocational Studies, IPB University, JI. Kumbang No.14 Cilibende, Bogor, 16128,
Indonesia

3Nano Center Indonesia, JI. Puspiptek No.A-12 Setu, Tangerang Selatan, Banten 15314,
Indonesia

“Department of Engineering Physics, Faculty of Industrial Technology, Institut Teknologi Bandung,
Bandung 40132, Indonesia

SDepartment of Chemistry, Faculty of Mathematics and Natural Science, IPB University, JI.
Tanjung Kampus IPB Dramaga, Bogor 16680, Indonesia

6Research Center for Environmental and Clean Technology, National Research and Innovation
Agency, Bandung 40135, Indonesia

"Research Center for Nanotechnology System, National Research and Innovation Council (BRIN),
Kawasan Puspiptek, Tangerang Selatan 15314, Banten, Indonesia

8Departement of Mechanical Engineering, Mercu Buana University, JI. Meruya Selatan Teknologi,
Kebun Jeruk, Jakarta 11650, Indonesia

bistichomahputri@apps.ipb.ac.id, bagashaqiarrosyid@nano.or.id, dratih@nano.or.id,
efahroji@nano.or.id, ftrivadila@apps.ipb.ac.id, 9akmal.zulfi. n@brin.go.id, "andi009@brin.go.id
iandi010@brin.go.id, "a.noviyanto@nano.id and alfian.noviyanto@mercubuana.ac.id

Corresponding author: @fariedlatief@gmail.com

Keywords: Composite Nanofibers, PVDF/BiFeOs, electrospinning, optimum formulation, energy
storage materials.

Abstract. The composite nanofibers of PVDF/BiFeOs (PVDEF/BF) signify a notable advancement in
the domain of piezoelectric nanogenerators (PENGs), providing a high surface area alongside
enhanced physicochemical properties for energy harvesting and storage applications. These
nanofibers were synthesized through the electrospinning technique, which enables the creation of
porous fibers by the dissolution of polymers in volatile solvents. This study investigates the crystalline
and chemical structures of PVDF/BF nanofibers with modified formulations. X-ray diffraction
(XRD) analysis has confirmed the presence of a rhombohedral (R3c) phase, characteristic of both
BiFeOs and the PVDF phase. The measured fiber diameters for pure PVDF and PVDF/BF composites
varied from approximately 400 nm to 950 nm. Fourier-transform infrared (FTIR) spectroscopy has
identified absorption bands at 410555 cm™, which correspond to the functional groups of BiFeOs,
as well as at 612—-1430 cm™ for PVDF. Moreover, Raman spectroscopy has validated molecular
vibrational shifts for BiFeOs (4A1+9E) and PVDF within the range of 2973-2977 cm™. The
incorporation of BiFeOs within the PVDF/BF nanofibers enhances the formation of the electroactive
B-phase, thereby potentially improving their electrical properties.

This article is an open access article under the terms and conditions of the Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0)
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Introduction

In recent years, the growing demand for sustainable and renewable energy sources has led to
the exploration of innovative technologies [1,2]. There are several alternative energy sources,
including solar energy materials (silicon, perovskite, and organic photovoltaic materials) [3—5], wind
energy materials (steel, aluminum, and composite materials) [6], hydropower materials (concrete,
steel, coating, and high-strength alloy) [7], geothermal energy materials (steel, high-temperature
alloy, ceramic, and heat-resistance materials) [8], biomass and biofuel materials (organic materials
and waste materials) [9,10], and piezoelectric materials (Bismuth ferrite (BF), and lead zirconate
titanate (PZT), and nanomaterials) [11,12]. These materials represent how various energy technology
pathways have been explored, offering cleaner and more sustainable future energy.

Piezoelectric materials are unique substances that generate electrical charges when subjected
to mechanical stress, such as pressure, vibration, and bending. Their ability to transduce mechanical
force into usable electricity has driven wide-used applications such as sensors, actuators, and energy-
harvesting devices [ 13—15]. Recent progress in piezoelectric materials has led to the development of
piezoelectric nanogenerators (PENGs). PENGs utilize piezoelectric materials at the nanoscale, which
can convert mechanical energy from ambient vibrations, human movement, or other mechanical
forces into electrical energy, making them ideal for powering small-scale electronic devices like
sensors, wearable electronics, flexible and portable devices, or medical implants [16,17]. Since
tunable microstructure holds a pivotal part in this field, the advancement of materials porosity
becomes promising. One of them is the development of nanofibers PENGs which promotes unique
advantages due to their high surface area and enhanced energy conversion efficiency [18,19].

The most common and versatile method in fabricating nanofibers is electrospinning. This
technique allows to generate fibers at the nanoscale with controlled properties, including voltage,
flow rate, humidity, and the distance between the syringe nozzle and the collector [20]. It involves
the use of electrical forces to draw jet-formation from the needle to the collector. The immediate
evaporation of solvent during the spinning process would frequently generate simultaneous
amorphous and semi-crystalline materials. This typical morphology is further known in
polycrystalline nanofibers (PNFs) that are particularly interesting due to their multiple crystalline
grains, giving them distinct mechanical, electrical, and optical properties [21-23] for are beneficial
in ceramics or metal oxide-based materials.

One of the well-established energy storage devices is bismuth ferrite (BiFeO3)-based
materials which have photovoltaic, photocatalytic, magnetic, and multiferroic (both ferromagnetic
and ferroelectric) properties [24]. These promising features are owing to its electronic structure,
where Bi*" has 6s® lone pair electrons, and is strongly hybridized with empty 6p° orbital of Bi atom
and 2p® orbital of the O atom [25,26]. The main issues with BiFeOs include structural instability,
mechanical fragility, short life cycles, and a lack of flexibility. Therefore, it is essential to obtain
capacitors that offer high performance, energy density, and advanced stability, while also ensuring
high sustainability and low-cost production. Notably, bismuth ferrite nanofibers have emerged as a
highly effective material for piezoelectric applications, leveraging their significant sustainability and
efficiency in mechanical energy harvesting, thus opening new possibilities for next-generation
energy solutions.

Polyvinylidene fluoride (PVDF) is a piezoelectric polymer known for its flexibility and
chemical resistance, commonly used in wearable sensors and flexible electronics. The B-phase of
PVDF is the preferred phase that combines strong ferroelectric and piezoelectric properties [27].
Even though its piezoelectric effect is lower than ceramics, its considerable flexibility, lightweight
properties, and high specific surface area are still worthwhile for the structural advancement [28].
The PVDF-BiFeOs; composite nanofiber is expected to provide elastic interaction to the surface
produced by the modifying agent, which can alter the spin structure of the BiFeO3 magnetic field in
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the interfacial region, leading to improved contact. The structural changes cause BiFeOs to exhibit
alterations in the Fe-O-Fe bond angle of octahedral FeOes, so the redistribution of charge and dipole
orientation in the polymer matrix results in a higher coupling.

In this work, the PVDF/BiFeOs (PVDF/BF) composite nanofiber has been modified to
optimize its structural and vibrational properties. The flexible polycrystalline nanofibers, composed
of electrospun BiFeOs; embedded in a PVDF polymer matrix through a sol-gel and electrospinning
method, provide the ability to tune the electrical properties, durability, and morphology of materials.

Experimental
Synthesis

The BiFeOs (BF) powder materials are used in this study prepared by sol-gel auto combustion
method by using Bismuth(IIl) nitrate (Bi(NO3)3) for analysis Merck (Cat. No. 1.01878.0100),
Iron(IIl) nitrate nanohydrate (Fe(NO3)s - 9H20) Merck (Cat. No. 1.03883.0250), and Citric acid
monohydrate (CeHsO7) from SAP Chemicals (purity > 99.5%) [24,29]. This method merges the
benefits of sol-gel processing and combustion synthesis, facilitating low-temperature fabrication and
lower energy consumption compared to traditional methods. The sol-gel process begins with
weighing metal precursors (Bismuth nitrate and Iron nitrate) and a chelating agent (Citric acid)
according to stoichiometry at 0.02 mol. These components are then dissolved in deionized water to
create a stable sol, which is subsequently transformed into a gel. Once the gel is formed, the auto-
combustion process occurs. In this stage, the gel experiences spontaneous combustion due to the
exothermic reaction between nitrates as oxidizers and citrate as fuel. [30]. Following the auto-
combustion process, the BiFeOs powder undergoes purification and crystallization through
calcination at a temperature of 600 °C for 2 hours.

Fig. 1 displays the synthesis process from nanofiber PVDF/BF. The synthesized BiFeOs (BF)
powder and Poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF) polymer from Merck (CAS
No. 9011-17-0) were weighed according to predefined ratios: 2.5 g of PVDF with 0 g of BF for pure
PVDF, 1.250 g of PVDF with 1.250 g of BF for a 50% PVDF, 50% BF or PVDF/BF (50:50)
composition, and 0.825 g of PVDF with 1.650 g of BF for a 33.33% PVDF, 66.67% BF or PVDF/BF
(33:66) composition. DMAc was added in an amount of 5 mL and then placed into a 10 mL beaker.
The PVDF powder was dissolved by gradually pouring it into the beaker containing DMAc [31].
After PVDF dissolved, BiFeOs material and 3.5 mL of DMAc were added and then re-dissolved for
approximately 16 hours. The polymer dissolution process was conducted at a stirring speed of 300
rpm and a heating temperature of 50 °C. The next step was the electrospinning process, where the
polymer solution was placed in a syringe and extruded through a small needle under the influence of
a high-voltage electric field at 15 kV with a 15 cm distance. [32,33]. The applied voltage will cause
the polymer solution to form jets, forming a fine network that dries and collects as nanofibers. A
Taylor cone forms according to the applied voltage [34]. The cone shape can last as long as the
solution supply, surface tension, and viscosity are all stable.
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Fig. 1. Synthesis process from PVDF/BF nanofiber using electrospinning process.
Material Characterization

The particle size was measured using a Particle Size Analyzer (PSA) (Zetasizer Pro (ZSU
2300), Malvern, England). The crystalline structure and phase identification of the composite
PVDF/BiFeOs nanofiber were recorded via X-ray Diffraction (XRD) with a Cu Ka source (Bruker
D8 Advance 3Kw). Additionally, molecular vibrations were examined using a Fourier Transform
Infrared Spectrometer (FTIR) (NicoletTM FTIR Spectrophotometer), as well as Raman spectra and
Raman microscopy, which were recorded at room temperature with Raman spectroscopy (DXR3xi
ThermoFisher Scientific).

Results and Discussion
Synthesis Nanofibers

Fig. 2 illustrates the physical appearance of the resulting nanofibers. The nanofibers formed
from each formulation show an increase in brown color concentration from pure PVDF nanofiber
(Fig. 2.a) to PVDF/BF (50:50) (Fig. 2.b). This increase is associated with the addition of BF material,
which enhances the color intensity in the resulting nanofibers. Qualitative observations of this color
can serve as a preliminary analysis of the optimal ratio of BF materials that can be composited with
PVDF polymers. The formulations for pure PVDF and PVDF/BF (50:50) remain homogeneous and
stable throughout the ten-hour electrospinning process. However, the visual appearance of the
nanofibers indicates a reduction in color intensity over time. The nanofiber formulation for PVDF/BF
(33:66) (Fig. 2.¢) yields a pinkish-white color similar to that of pure PVDF nanofibers. This suggests
that the incorporation of BiFeOs into the polymer matrix during nanofiber formation is not yet
optimal. Despite the brown color of the solution, it is visually inferred that the optimal formulation is
PVDEF/BF (50:50).

In the PVDF/BF (33:66) formulation, the nanofiber solution could not be perfectly mixed,
indicating inhomogeneity when there is a significant increase in the amount of material added [35].
The nanofiber solution in the PVDF/BF (33:66) formulation also shows a decrease in viscosity with
the addition of BF material. This results in a thinner solution compared to pure PVDF and PVDF/BF
(50:50). The outcomes of the electrospinning process heavily depend on the conditions of the
prepared solution [36]. The solution must consider several factors, such as polymer concentration,
viscosity, solvent type, and structure [37]. Low polymer concentrations result in sparsely distributed
molecules in the solvent, leading to low viscosity of the solution. This causes the formation of an



Engineering Chemistry Vol. 11 67

unstable polymer network and results in smaller fibers with many beads. In contrast, PVDF/BF
(50:50) produces fibers with a more uniform diameter and smooth morphology without beads.
Meanwhile, at high concentrations, the viscosity of the solution becomes significantly high, leading
to substantial steric hindrance, which further restricts the molecules' ability to move freely [38].
Inhomogeneous material particles will create aggregates, disrupting the uniform distribution of the
polymer solution and potentially impacting the morphology of the nanofibers.
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Fig.2. The PVDF/BF nanofibers result from the electrospinning process (a) PVDF, (b) PVDF/BF
(50:50), (c) PVDEF/BF (33:66) with the scale in centimeter.

Crystalline Structure and Microstructure

The nanofiber samples were characterized using XRD, as shown in Fig. 3, which illustrates
the characteristics of the BiFeOs crystal structure before and after being composited with a polymer
matrix. The phase analysis was then compared with the Crystallography Open Database (COD) No.
210-2915 for the BiFeO3 phase and the International Center for Diffraction Data (ICDD) No. 00-042-
1650 for PVDF, indicating the successful synthesis of BiFeOs and nanofiber PVDF/BF. The resulting
diffractogram demonstrates the presence of the rhombohedral structure (space group R3c), with
rhombohedral as the primary phase from BiFeO3 [39]. There are doublet peaks at the diffraction index
(1 04)and (1 10) which are characteristic peaks of pure BiFeOs [24]. Small peaks associated with
the secondary phases appear at the diffraction indices (1 2 1), (0 1 3), and (-1 2 1) for Bismuth Iron
Oxide (Bi2Fes4Oo), Sillenite (Fe-bearing) (Bi2sFeOa4o0), and Bismite (Bi2O3). [40-42]. The BiFeOs
phase shows in three main peaks 20 including 31.727° 32.046°; and 22.398°. In addition, there are
also 20 positions at 45.721%; 56.920°; 56.308°; 51.264°; 51.700°; 39.452°; and 38.909°. The secondary
phase is Bismuth (Bi20O3) which appears 260 positions at 27.392°; 33.259°; and 33.029°. Another minor
phase is Sillenite (Fe-bearing) (Bi2sFeOu0) at 27.608°; 30.301°; and 32.793°, while Bismuth iron oxide
(Bi2Fe4Oo) is identified at 20 of 28.152°; 28.930°; and 14.727°.

Overall, there is no significant difference between the results of BiFeOs powder and
composite PVDF/BF (50:50) nanofibers. The diffraction pattern of PVDF displays two broad peaks
at 20 ~ 18-20° which correlate with the a-phase, B-phase, and y-phase forms of PVDF [43 44].
Rietveld refinement was conducted on the XRD pattern of calcined BF powder to determine its unit
cell structure and symmetry. The final fitting parameters obtained from the Rietveld refinement were
Rp=1.42, Rwp =2.05, and GoF =2.81, indicating a good fit between the experimental and calculated
profiles. The lattice constants estimated from the refinement were a = 5.5810 A and ¢ = 13.8760 A.
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Fig. 3. XRD pattern from BiFeO3; powder calcined at 600 °C for 2h and composite PVDF/BF
nanofiber. Insects clearly show the highest peak of PVDF in the range around 16°-22°.

PVDF/BF nanofibers typically exhibit a uniform fiber distribution with diverse orientations,
which is commonly recognized as non-woven. This characteristic morphology of both pure PVDF
and PVDF/BF nanofibers was analyzed using Raman microscopy. The resulting image facilitates the
identification of individual fibers, enabling accurate fiber diameter measurements that are further
analyzed using ImagelJ software. Observation of nanofiber morphology was conducted by placing the

nanofibers during the spinning process for 15 seconds, which were then observed at a magnification
of 50x.

The morphology results of PVDF and PVDF/BF nanofibers are shown in Fig 4. Nanofibers
were observed at a magnification of 50x. Based on visual observations, a nanofiber with a faint white
color was obtained for the pure PVDF polymer. In contrast, PVDF/BF (50:50) and PVDF/BF (33:66)
exhibited bead-like fibers. The measured fiber diameters for the pure PVDF and PVDF/BF (50:50)
samples were 933 nm and 415 nm, respectively. The results indicate that increasing the material-to-
polymer ratio in the nanofiber solution leads to a reduction in fiber diameter. However, for the
PVDF/BF (33:66) formulation, fiber size could not be accurately observed due to the considerably
high viscosity of the nanofiber solution, which was not fully dissolved. This likely obscured the jet
formation during the spinning process. The instability of the PVDF/BF (33:66) solution is further
evidenced by material sedimentation due to phase separation.

The fabrication of pure PVDF and PVDF/BF nanofibers was carried out using the same
parameters for voltage control, flow rate, and needle-to-collector distance. Differences in the resulting
fiber size may be attributed to the presence of side jets, which are affected by variations in the
concentration of the nanofiber solution [45]. This aligns with the average measurements of PVDF/BF
nanofibers, which exhibit a smaller fiber size due to the lower viscosity of the polymer solution used
to produce pure PVDF. Solutions with low viscosity create beaded fibers because of insufficient
polymer concentration in the precursor solution [46]. Solutions with low viscosity contain a greater
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proportion of solvent molecules than polymer molecules, which makes solvent-intermolecular
interactions more prevalent. When these solvent interactions are considerably stronger than charge
interactions, polymer intermolecular forces, or polymer-solvent interactions, the polymer finds it
difficult to move toward the collector, impeding fiber formation [47]. Furthermore, the fiber
vibrational properties in PVDF, PVDF/BF (50:50) and PVDF/BF (33:66) are observed through
Raman and FTIR as explained in the following paragraph.

Fig. 4. Microstructure from fabricated nanofiber and composite nanofiber (a) PVDF, (b) PVDF/BF
(50:50), and (c) PVDF/BF (33:66).

Vibrational Properties

To conduct a deeper analysis of the chemical structure in the composite PVDF/BF,
characterization techniques such as Raman spectroscopy and FTIR are employed. Fig. 5 displays the
FTIR spectra of PVDF and the composite PVDF/BF nanofiber. The positions of the prominent
characteristic bands in the spectra are listed in Table 1. PVDF polymer exhibits several different
phases, including the a, B, and y phases, each with distinct atomic arrangements and chain
orientations. The chemical structure of PVDF can be represented as [-CH2-CF2-]n, where n denotes
the number of repeating units in the polymer chain. The difluoromethylene (CF2) and methylene
(CH>) functional groups were identified in the FTIR spectra of the nanofiber, indicating the properties
derived from PVDF [38].

The vibrational peak at 1400 cm™' corresponds to CF2 symmetric stretching from the a-
phase, while the peaks at 1174, 1175, 1177, and 1175 cm™! represent the CF2 symmetric group of
difluoromethylene from the B-phase. The additional peaks at 1074 and 1073 cm™' are associated
with the stretching mode of the CF2 asymmetric group from the B-phase. The next peak at 839 cm’!
reflects the transformation from the a-phase to the B-phase. The wave number peaks observed at
612 cm™!, 761 cm™!, and 796 cm™' are present for both pure PVDF and PVDF/BF (50:50).
Furthermore, the spectrum peaks at 613 cm™, 761 cm™!, and 796 cm™! for PVDF/BF (33:66) confirm
the peaks of the a-phase from PVDF. More detailed peaks from the B-phase are also detected for
pure PVDF at 511, 878, and 1276 cm™!, PVDF/BF (50:50) at 509, 874, and 1275 cm™!, and PVDF/BF
(33:66) at 510, 877, and 1276 cm™!, respectively. The last y-phase was identified for pure PVDF,
PVDEF/BF (50:50), and PVDF/BF (33:66) as follows: 431 and 1430 cm™'. Based on all these spectra,
the presence of a, B, and y phases is clearly identified in all samples, indicating that PVDF-based
nanofibers have been successfully fabricated.

Typically, the absorption mode in the range below 1000 cm™ is associated with the bond
between inorganic elements [48]. This range of areas is evident with the addition of multiferroic
materials like BiFeOs, which can be observed from the presence of Fe-O and Bi-O groups primarily
in PVDF/BF (50:50), identified at 410 cm™! to 560 cm™!. Additionally, the Bi-O stretching of BiO¢
was identified at 539 cm™, and the Fe-O of octahedral FeOgs is reflected at 439 and 440 cm™'. Other
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Fe-O and Bi-O stretchings of BiO¢ and FeOs octahedra are prominently represented at 550, 555,
555, and 554 cm™!' in PVDF/BF (50:50), while their intensity is lower in PVDF/BF (33:66). This
result suggests that the presence of BiFeOs is more pronounced at higher concentrations, reaching
its optimal proportion at PVDF/BF (50:50). Meanwhile, the peak intensity between 600 cm™ and
400 cm™ is less pronounced compared to PVDF/BF (50:50) and is almost similar to that of pure
PVDF, indicating that this formulation is less effective in dissolving BF into the PVDF matrix.

BiFeOs nanoparticles can interact with PVDF chains through physical or chemical bonds,
changing the distribution of chain conformations and enhancing the formation of electroactive
phases (B-phase and y-phase) [49]. Conversely, the PVDF/BF (33:66) formulation experienced a
decrease in the intensity of the FTIR results, which may be due to the fact that during the preparation
of the PVDF/BF (33:66) nanofiber solution, BiFeO3; materials could no longer be completely
dissolved. Increasing the concentration of BiFeOs to an extreme level can disrupt solution stability
and cause sedimentation, which leaves the pre-solution thinner. Higher concentrations of BiFeO3
nanoparticles in PVDF/BF (33:66) can also lead to the formation of agglomerates, which reduce the
homogeneity of the material and disrupt the distribution of the crystal phases in the nanofibers.
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Fig. 5. FTIR spectra from fabricated nanofiber and composite nanofiber (a) PVDF, (b) PVDF/BF
(50:50), and (PVDEF/BF (33:66). Inset shows more detail the Bi-O and Fe-O bonding.
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Table 1. FTIR band assignments of PVDF, PVDF/BF(50:50), and PVDF/BF(33:66) nanofiber.

No. Wave number (cm™) References Identification
PVDF PVDF/BF(50:50)  PVDF/BF(33:66)
1. - 413 411 410 Bending of Fe-O and Bi-O
groups
2. - 539 539 539 Bi-O stretching of BiOg
3. - 440 439 440 Fe-O of FeOs octahedral
4. - 555 554 555 Fe-O and Bi-O stretching
of BiOg and FeOs
octahedral
5. 489 487 489 480 CF,-bending and wagging
489 a-phase
6. 612 612 612 614 a-phase
761 761 761 763
796 796 796 795
7. 839 839 839 840 a-phase in raw powder
1275 converted into B-phase
8. 511 510 509 511 B-phase
878 875 874 840
1276 1276 1276 1275
9. 431 431 431 431 y-phase
1430 1430 1430 1429
10. 1400 1400 1400 1406 CF, symmetric stretching,
a-phase
11. 1175 1177 1175 1170 Symmetrical stretching of
CF; group, B-phase
12. 1073 1073 1073 1073 Asymmetrical stretching

of CF, group, B-phase

The Raman shift spectrum of PVDF/BiFeOs nanofibers was obtained using a laser power of
1.5 mW, an exposure time of 10 Hz, and a number of scans up to 500. The results are represented in
Fig. 6 and Table 2. The main peaks for each formulation in sequence for PVDF/BF (50:50) and
PVDF/BF (33:66) were 2979, 2973, 2973, and 2977 cm™!, which corresponded to the Raman
spectrum of the polymer in its B-phase. The identified spectrum confirmed that there was more 3-
phase than a-phase due to the PVDF polymer used in the nanofiber manufacturing process. The
spectrum of the pure y phase at 1433 cm™! was very strong, indicating that the main contribution to
the peak at 1433 cm™! arose from the y phase. Notably, one of the strongest lines in the Raman
spectrum of the a-phase at 796 cm™ is only present as a shoulder in the spectrum that shows peaks at
835, 880, 1276, and 1433 cm! for the B-phase and y-phase of PVDF. The presence of a strong Raman
peak at 796 cm™', characteristic of the a-phase, appearing only as a shoulder in the spectrum with
peaks at 835, 880, 1276, and 1433 cm™', suggests a phase conversion from a-phase to B-phase, along
with the formation of the y-phase in PVDF. This transformation is similar to that observed in the
PVDEF/ZnO system, where ZnO acts as a nucleating agent, facilitating an efficient phase transition
from a-phase to B-phase, thereby enhancing piezoelectric properties [50,51]. A similar effect has been
reported in the PVDF/PZT system, where PZT particles promote B-phase formation within the
composite structure [52]. Furthermore, in the PVDF-TrFE/BaTiOs system, the addition of BaTiOs
combined with a two-step poling method resulted in a high B-phase fraction in nanofiber samples
[53].

Raman spectroscopy was also performed to identify the chemical structure of rhombohedral
BiFeOs in PVDF/BF (50:50) and PVDEF/BF (33:66), which exhibit R3¢ symmetry and comprise (4A1
+ 9E) Raman active modes. These include 4 Al-symmetry longitudinal-optical (A1) optical modes
and 8 E modes that represent the crystal characteristics of BiFeOs [48]. Modes E-1, Al-1, A1-2, Al-
3, E-2, E-3, and E-5 closely align with the modes of the BiFeO3 material structure. In contrast, E-2,
A1-4, and E-4 show slight shifts, which are attributed to variations in material concentration. Raman
spectra analysis indicates features below 400 cm™! that represent Bi atoms in the perovskite structure,
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while high-frequency vibrations above 400 cm™! correspond to the stretching vibrations of octahedral
Fe atoms (FeOs). Three primary vibration modes at A1-1, A1-2, and A1-3 around the frequency bands
of 135.15ecm™, 169.86 cm™!, and 216-218 cm™! signify the covalent bond between Bi and O, as well
as the distortion caused by tetrahedral Bi atoms. The A1-4 vibration mode, located around 430—435
cm!, reflects the stretching vibrations of octahedral Fe atoms (FeOs). The E vibration mode,
occurring around 266—609 cm™!, results from the distortion of octahedral FeOe. [24].

Intensity (a.u.)

PVDF/BF (50:50)

T T T T v T T T T T I I B S L R —
500 1000 1500 2000 2500 3000 100 200 300 400 500 600
Raman shift (cm™) Raman shift (cm™)

Fig. 6. Raman spectroscopy spectrum of PVDF, PVDF/BF (50:50), and PVDF/BF (33:66)
nanofiber. The inset shows the Raman shift 50-610 cm.

Table 2. Peak position of Raman active modes of PVDF, BF/PVDF(50:50), and BF/PDVF(33:66)

nanofiber.
No. Raman shift (cm™) References Mode/Identification
PVDF PVDF/BF(50:50) PVDF/BF(33:66)
1. - 73.44 73.44 72.95 E-1
2. - 135.15 135.15 136.99 Ar-1
3. - 169.86 169.86 169.31 A2
4, - 218.08 218.08 218.59 A-3
5. - 266.89 277.86 266.23 E-4
6. - 353.07 356.92 352.71 E-6
7. - 432.13 435.99 428.84 Al-4
8. - 115.87 115.87 115.88 E-2
9. - 468.78 464.92 466.65 E-7
10. - 526.83 530.00 528.00 E-8
11. - 603.00 609.00 601.64 E-9
12. 796 798 796 799 a-phase
795
13. 880 877 880 840 B-phase
1276 1274 1276 842
1278
14. 1431 1433 1431 1433 CHa,, (B-phase)
1435
15. 2981 2973 2981 2974 CH, symmetric

stretching (B-phase)
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Conclusion

The nanofiber solution was successfully synthesized using the electrospinning method,
incorporating various formulation variations: PVDF, PVDF/BF (50:50), and PVDF/BF (33:66). The
measured fiber diameters for pure PVDF and PVDF/BF composites ranged from approximately 400
nm to 950 nm. Observing the physical appearance, PVDF/BF (50:50) shows a notable resemblance
to the solution color and visually exhibits the highest homogeneity. Characterization of the
PVDF/BiFeOs nanofibers was conducted using XRD, FTIR, and Raman spectroscopy, revealing the
presence of a, B, and y phases of the PVDF polymer, as well as the functional groups of the BiFeOs
material. The potential dielectric properties are indicated by the results of nanofiber characterization
using FTIR and Raman spectroscopy, which demonstrate the enhancement of functional groups and
Raman shifts in the B and y phases of the PVDF/BF nanofiber, along with the Bi-O and Fe-O
functional groups.
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