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Abstract

Surface protection has undergone a radical transformation thanks to nanocoatings,
which provide novel approaches with enhanced durability, performance, and
resistance. Because of their unique properties and wide range of applications, these
coatings based on nanotechnology have attracted a lot of attention in recent years.
In this work, the use of PVDF to produce electrospin fiber-oriented film coating
material was examined. The technique employed to produce the aligned nanofibers
is electrospinning. To investigate the alignment of the nanofiber material, we
employed a directed electrical field in electrospinning apparatus. We employed
atomic force microscopy (AFM) as our test. The impacts of the different types of
collectors on the form of the fiber led to an increase in the alignment structure of
nanofiber molecules. The results show that the morphological structure of the
ordered organized nano-fibrous material that was generated is aligned.

Keywords: fibrous nanomaterial; PVDF; high electroactive phase; electrospinning;
alignment; nanofiber; rotating drum.

Introduction

In the 1970s, PVDF, a polycrystalline polymer, began to attract scientific
attention due to its remarkable piezoelectric qualities. A common
piezoelectric semi-crystalline polymer, PVDF contains five distinct
crystalline phases: a, P, 9, v, and € (Jayakumar et al., 2003). From the
perspective of technical application, the o, 3, and y-phases are the most
significant and prevalent among them. Due to its non-polar nature, the semi-
helical alternative trans-gauche (TGTG’) conformation of the a-phase,
although being the most prevalent and thermodynamically advantageous
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polymorph, is negligible in electronic applications. The B, vy, and d-phases,
on the other hand, are polar and hence electroactive because of the parallel
alignment of their dipoles. The development of highly scalable polymer-
based nanogenerators with high power density places a premium on the
pseudohexagonal B-phase with all-trans (TTTT) conformation, which has
exceptional piezo-, pyro-, and ferroelectric characteristics and strong
spontaneous polarization. Improving the percentage of  counterpart is the
primary issue when managing multi-phase PVDF for such applications. This
can be accomplished in three main ways: (a) mechanically, by applying stress
or tension through stretching, bending, twisting, or pressing (Prabhakaran
and Hemalatha, 2013); (b) chemically, by adding appropriate filler materials
(Huang, 2012) that can improve PVDF's mechanical, electrical, thermal, or
optical properties through the right ion-dipole or dipole-dipole interactions.
In addition to being economical, the third approach involves the creation of
sophisticated multifunctional nanomaterials, which is significant from the
standpoint of materials researchers (Bhattacharjee, et al., 2020; 4. Chen, et
al., 2021). There is an obvious relationship between its crystal phases and its
piezoelectric characteristics (Samadi, et al., 2018). The most prevalent
crystalline forms of PVDF are nonpolar o and polar § phases, with the 3
phase giving it its piezoelectric characteristics. In the past 10 years,
enhancing the B phase while decreasing the o phase content in PVDF has
been a prominent topic of attention. The p phase was increased by cold-
drawing (stretching) (Martins, et al., 2014), high-pressure quenching (Tasaka
and Miyata, 1985), and poling (applying a strong electric field) of PVDF
(Ting, et al., 2013; Chowdhury, et al., 2021; Chowdhury, et al., 2020). By
converting the o phase into the B phase under a strong electric field,
electrospinning is an additional optional, straightforward, one-step technique
for creating PVDF nanofibers. The B phase of the fibers is enhanced by the
high voltage that is involved in this process (Mansouri, et al., 2019).
Additionally, compared to solvent-cast films, electrospun fiber mats are far
more mechanically robust and flexible (Ghosal, et al., 2018). Aligning PVDF
mats enhances their mechanical, electrical, and electroactive properties,
which boosts their efficacy and versatility in a variety of technological
applications, especially in fields like energy harvesting, sensors, actuators,
and coating materials. In the B phase of the PVDF molecule, alignment
structure is observed.

An efficient method for continually and directly creating nanofibers is
electrospinning. Nearly all polymer solutions, melts, emulsions, and
suspensions with enough viscosity may be produced with polymer nanofibers
using the electrospinning method, which is rather easy to use and convenient.
Additionally, by incorporating trace quantities of polymers into the inorganic
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precursors—which are typically thought of as nonspinnable—inorganic
nanofibers may also be produced using electrospinning. By altering the
spinning settings, the electrospun nanofibers' diameter may be adjusted from
tens of nanometers to submicrons. The electrospun fiber-stacked nonwoven
fabric has a porosity of about 80% and is a porous material with
interconnecting submicron pores. The electrospinning fluid's unstable
rheological characteristics, however, make it challenging to produce stable
and continuous nanofibers with an average diameter of less than 100 nm. As
a result, the electrospun nanofibrous membranes' separation applications are
restricted to microfiltration, air filtration, or membrane substrate use. The
development of electrospun nanofibrous composite (ENC) membranes was
thus necessary to optimize the selectivity, permeability, and other separation
capabilities of electrospun nanofibrous membranes in order to properly
utilize them in other separation applications. The benefits of single-layered
or single-component membranes are all present in composite membranes, but
they offer greater versatility in terms of functional component selection
(Meng, et al., 2023).

Handling an Electrospinning Procedure. The manufacturing factors, such
as the applied voltage, the flow of liquid rate, and the distance between the
spinneret tip and the collector, have a major impact on the synthesis of
electrospun fibers and the controlling of their diameters. A high-voltage
power source, a syringe pump, a spinneret (often a blunt-tipped hypodermic
needle), and a conductive collector are the main parts. There are two types of
power supplies: alternating current (AC) and direct current (DC). During
electrospinning, surface tension leads the liquid to be extruded from the
spinneret, creating a pendant droplet. The electric field is typically produced
by applying a static DC high voltage to the spinneret (Xue, et al., 2019).
PVDF poling. The voltage's polarity, which can be either positive or
negative, influences the kind of charges that build up on the jet's surface as
well as the distribution of charged molecules inside the liquid. Certain
materials, particularly electrolytes, have electrospinning capabilities that rely
on the applied voltage's polarity (Terada, et al., 2012; Tong and Wang, 2012).
In addition to the strength of the interactions between the jet and the external
electric field, the applied voltage also directly affects the quantity of charges
carried by the jet and the strength of electrostatic repulsion between the
charges. Higher voltages often encourage the production of thinner fibers
(Hu, et al., 2011), but they can also cause more fluid to be ejected, which
results in fibers with larger diameters (Demir, et al., 2002). Electrospun fibers
have also been electrospun using AC, however the jet behaves quite
differently than in the DC case. Controlling the collecting mandrel's velocity
in relation to the electrospinning suspension source has been used to address
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fiber alignment (Ayres, et al., 2006; Nitti, et al., 2018; Mishra, et al., 2023;
Sun, et al., 2010; Kim, et al., 2016; Martins, et al., 2014). Random fibers, one
direction-oriented fibers, and circumferentially oriented fibers have all been
produced using three different types of collectors: (1) static plate collector,
(2) drum rotating collector, and (3) disk rotating collector (Ayres, et al.,
2006). Electrospun chitosan nanofiber mats with random orientation could
be produced using a static plate, but nanofiber mats that were aligned
circumferentially and parallel to one another could be produced using a
spinning disk and a rotating drum, respectively (Nitti, et al., 2018). For this
investigation, the influence of this orientation has been examined and
contrasted with fibers deposited utilizing various collector typologies. This
technique involves aligning PVDF material using electrospinning equipment
and employing atomic force microscopy (AFM) to analyze the structure and
shape of the material.

The beta phase of polyvinylidene fluoride (PVDF) has unique properties that
often make it desirable to enhance it. Numerous techniques have been
devised to enhance the B-crystal concentration in PVDF (Mishra, et al.,
2023). Converting a-crystal to B-crystal using solid-state drawing and/or
strong electric field poling is an appealing method that can achieve a 50-85%
increase in B-crystal content (Mishra, et al., 2023; Sun, et al., 2010; Kim, et
al., 2016). Due to its strong ferroelectric, pyroelectric, and piezoelectric
characteristics, the PB-phase of PVDF is distinguished by the biggest
spontaneous polarization and particular chain conformation per crystal unit
cell. The highly electroactive B-phase in PVDF may be revealed by a number
of techniques, including phase transition, solvent casting, nucleating fillers,
electrospinning, and copolymerization of PVDF (Martins, et al., 2014;
Harstad, et al., 2017; Ruan, et al., 2018; Ahn, et al., 2006; Lannutti, et al.,
2007; Hunley and Long, 2008). With all of the dipolar moments oriented in
the same direction, the B-phase is formed by electrospinning, which has
emerged as a promising technique (Ahn, et al., 2006; Lannutti, et al., 2007,
Hunley and Long, 2008). The nanofibers may be stretched mechanically to
provide elongation forces during electrospinning and to arrange the lamellae
into fibers that are aligned along the fiber axis (Zhou and Wu, 2015).

To improve alignment molecular structure, we queried PVDF in our
experiment. Electric field stretching was employed for the aforementioned
reasons in place of mechanical stretching force.

Materials and Methods. Polyvinylidene fluoride (PVDF) pellet has Mw =
1.8 x 104 with linear chemical structure (-CH2CF»-), were purchased from
Sigma-Aldrich,. Acetone and N, N-dimethylformamide (DMF) were
purchased from Sigma-Aldrich Fe3Os was obtained from Sigma-Aldrich
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with an average particle size of 20-30 nm Polysorbate Tween purchased from
Sigma-Aldrich and metal bar.

PVDF solution preparation. PVDF powders were dissolved using a
magnetic stirrer in a 250 ml beaker at 35 rpm for two hours at a maximum
temperature of 35°C. The mixture of organic solvents, DMF/acetone = 1/1 at
10 wt% (w/w), was stirred. Once the PVDF solution had completely
dissolved, it was ultrasonically cleaned for two hours using the Ultrasonic
Cleaner Digital Pro until it was homogeneous and bubble-free (figure 1). A
solution of Fe3O4 nanoparticles with a 1wt% concentration was prepared by
dissolving Fe3O4 nanoparticle powders in 50ml of DMF and adding 10ml of
Polysorbate Tween as a surfactant at 30°C while stirring at 35 rpm for two
hours. After two hours, sonication was performed to get a non-homogenous
solution. Following ultrasonication, a two-phase solution was created, with
the electrospinning process using the upper phase.

Preparation of aligned PVDF Fiber Mats. In this investigation,
mechanical stretching forces were employed in the form of electric field
stretching. To achieve the aforementioned goals, a metal bar was electrospun
into the PVDF nanofiber preparation process (figure 2). A metal bar was
added to the grinding line of machinery. In this method, highly aligned
PVDF-Fe304 nanofiber material is obtained and the P-phase content is
increased as needed. Using a flow rate of 15 milliliters per hour, an output
voltage of 16 kV, and a rotating drum speed of 556 rpm, PVDF-Fe;04
nanofiber was created. 4 cm separated the metal bar from the revolving
collector. In order to create the PVDF-Fe;O4 composite material, the rotating
drum speed was increased while the electrical field stretching flow rate
(Fe304) = 0.5 ml/hr was the only source of force. To feed the polymer and
Fes304 solution, a dual channel programmable syringe pump was developed.
Both the drum spinning collector and the static plate collector have been
employed independently (figure 3).

Morphological structure analysis. Atomic force microscopy (AFM) and
optical microscopy are used to analyze morphological aspects. AFM is a
novel technology that uses a thin tip to scan a material in order to gain images
and map the surface's contours, usually at the atomic level. Three-
dimensional topography and plainly identifiable morphological structure are
features of AFM pictures. It is well known that a surface's topography has a
significant impact on a material's bulk characteristics (Assender, et al.,
2002). After bonding, atoms or molecules work together to produce bulk
qualities, which are mechanical characteristics.

The AFM pictures of PVDF-Fe;O4 coating surfaces at constant humidity
(RH 50%) are displayed in Figure 4,5,6,7. AFM pictures make it clear that
the PVDF-Fe3O4 surfaces from different collectors have different
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morphologies. The surfaces were gathered on the static metal surface and
have a rough form (figure 5). As shown in the AFM picture on the 37.5 nm
* 37.5 um lateral area for PVDF-Fe;04 thin film, which is gathered on the
revolving drum surface, we noticed that it was made up of microparticles
connected by fiber-like connections (figure 5). The alignment structure of a
revolving drum is greater than that of a PVDF-Fe3O4 sample obtained from
a stationary plate. These topological variations may be caused by of
stretching polymer molecules by rotation of the polymer species' sputter and
collector processes with the surface.

Abbott-Firestone curves are shown in the surfaces' atomic force microscopy
(AFM) pictures (see figure 4). The curve that displays the percentage of
material provided in relation to the covered area is known as the bearing ratio
curve. The vertical axis displays the recorded heights and depths of the
surface, while the horizontal axis displays the bearing ratio as a percentage.
The percentage of a surface that falls above or below a specific depth is
shown by a bearing ratio study. The PVDF-Fe3O4 film collected on the
revolving drum has a lower Core roughness value (Sk = 164 nm) than the
static drum (Sk = 743 nm), as shown by Abbott-Firestone curves. Abbott-
Firestone curves, three-dimensional AFM images, and the topography of the
PVDF fibers' outer surfaces created at different kinds of collectors
demonstrate that an alignment structure

has been seen in the specimens recovered from spinning drums (figure 4, 5).
The AFM histograms for the height pictures are displayed in Figure 6. The
surface texture is associated with the height distribution histograms. The
statistical distribution of the z-values (heights) in a topographical picture is
shown by the height histogram. The graph of columns that follow (or bins)
is known as a histogram. Each column in the histogram represents a range of
heights. The number of picture pixels with a height value within the specified
range is shown by the height of each column. The red triangle has been
positioned slightly below the surface level, and the blue triangle has been set
to the lowest height value in order to calculate the volume of each pit. The
height difference between the two peaks, calculated as the average pit depth,
is around 0.4 nm. The void volume determined by the histogram for the
samples from the static metal plate and revolving drum is 12352 pm?® and
9194 pum?, respectively. An imbalance in the height distribution graph was
evident in the 3D picture as well as in the rough sample taken from the static
drum. In addition to reaching the lowest roughness, the samples from the
revolving drum also showed the required uniform height distribution.

The spatial characteristics that determine the surface periodicity and
anisotropy include Srwi. The 2D Fourier transform of sample surface maps
provides the basis for calculating the spatial parameter. The radial wave
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index is known as the Srwi. It displays the size of the main radial wavelength
and describes the sample surface's spatial structure. The 2D Fourier map's
radial spectrum contained the dominating wavelength (Srw). The amplitude
values related to M/(2—1) equally-spaced semi-circles, with the center at the
center of the 2D Fourier map, are added up to determine the radial spectrum.
The semicircles' radial is expressed in pixels, and r falls between 1 and 2, M/
2—1. Compared to a static drum, the dominating wavelength has a higher
value for the revolving drum sample. The ratio of the dominant wavelength's
average amplitude to total amplitude is known as Srwi. Additionally, Srwi
fluctuates between 0 and 1. This value is near zero if the dominating
wavelength is present. This value is around 1 in the absence of a dominating
wavelength (Tilinova, et al., 2024). Figure 7 shows the radial frequency
distributions for PVDF -Fe3O4 fibers (10 wt,%) manufactured at two
different types of collectors.

By employing several kinds of collectors, various fiber architectures were
produced. Figure 8 summarizes the surface characteristics of the AFM image
for pristine PVDF-Fe3;04 nanofibrous film material utilizing several kinds of
drums. Nanofiber mats with random orientation may be produced using a
static metal plate, while aligned nanofiber mats could be produced using a
spinning drum. Additionally, a metal bar was fastened during the
electrospinning process to create a stretching electric field. In this way, the
morphology of the PVDF-Fe3O4 surfaces was enhanced.

Conclusions

In this study, we produced a pure PVDF-Fe3;O4 fibrous film substance. From
the AFM imaging results, it is evident that the aligned nanofibers were
created using the electrospinning approach. To examine their form and
structure, we produced highly aligned nanofibrous film material using a
directed electric field in electrospinning equipment. We used AFM, or atomic
force microscopy. By switching between two different kinds of collectors
throughout the electrospinning process, the morphology of the electrospun
PVDF-Fe304 fibers was examined. A static plate may be used to construct
nanofiber mats with random orientation, whereas a rotating drum was used
to create aligned nanofiber mats. The electrospinning process using a drum
that rotates and the presence of an external molecular stretching field will be
among the primary topics of the forthcoming studies on nanofibrous PVDF-
Fe;04 coated composite material.
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Figure 1. 10 wt,% PVDF-Fe;04 nanofibrous material preparation steps:
a) PVDF solution preparation with hot plate, ultrasonic bath and plastic
syringe, b) electrospinning equipment

Figure 3. Using different types of collectors in electrospinning (Voltage -
16 kV): a) Rotating drum (Rotating Drum speed = 556 rpm; b) Static metal
plate c) 10 wt, % PVDF-Fe3;04 nanofibrous sample on the surface of
aluminum foil.
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a) b)
Figure 4. The Abbott-Firestone curve for PVDF-Fe;04 (10 wt, %) fibers

prepared at different types of collectors: (a) sample from rotating drum, (b)
sample from static drum.

‘J.‘A. -
Z,

a) b)
Figure 5. Three-dimensional AFM images of the outer surfaces of the

PVDF-Fe30s4 fibers (10 wt, %) prepared at different type of collectors: (a)
sample from rotating drum, (b) sample from static drum.
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Figure 6. Surface roughness study histograms of the height distribution
graphs of PVDF-Fe;04 fibers (10 wt,%) made at various collector types: (a)
a revolving drum sample; (b) a static drum sample. The image's minimal
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height is shown by the blue cursor, while the bearing plane or surface level
is indicated by the red cursor marker, which is positioned directly below the
higher peak.
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Figure 7. Radial Frequency profile for PVDF-Fe30O4 fibers (10 wt, %)

prepared at different types of collectors: (a) sample from rotating drum, (b)
sample from static drum
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Figure 8. Summarization for AFM image surface parameters of PVDF-
Fe;0q4 fibers (10 wt, %) prepared at different types of collectors.
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