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Abstract: Polyvinylidene fluoride (PVDF) is one of the materials most commonly used in membrane
separators. The structures of pristine PVDF and PVDF nanocomposite films were processed via hot
pressing at 140 ◦C, 170 ◦C, and 185 ◦C at a pressure of 2 tons for 15 min. According to a surface
investigation using scanning electron microscopy (SEM), the spherulitic character of the PVDF
nanocomposite films was preserved up to a pressing temperatures of 140 ◦C. The cross-sectional
SEM images confirmed that higher pressing temperatures (170 ◦C) caused the structures to be
compacted into monolithic films, and a pressing temperature of 185 ◦C caused the melting of the
PVDF matrix and its recrystallization into thin films (21–29 µm). An average crystallinity value
of 51.5% was calculated using differential scanning calorimetry (DSC), and this decreased as the
pressing temperature increased. Fourier transform infrared (FTIR) measurements confirmed the
presence of a dominant γ phases in the PVDF nanocomposite films, whose nanofillers consisted
of vermiculite particles (ZnO_V and ZnO_V_CH) and mixed α + γ phases. The percentage of the
electroactive γ phase (approximately 79%) was calculated via a FTIR analysis, and the ratio between
the β phase and the α phase was determined from the Raman spectra. A hydrophilic surface with
contact angles ranging from 61 to 84◦ was demonstrated for all the PVDF nanocomposite membranes.
The superoleophilic surface was measured using poly(dimethylsiloxane) with contact angles ranging
from 4 to 13◦, and these angles reached lower values when in contact with sulfur particles.

Keywords: membrane separators; PVDF nanocomposite films; hot pressing; structural and phase
characterization; hydrophilic and super oleophilic surfaces

1. Introduction

Membrane separators play an important role in many applications, from the food
industry to the biomedical sector to energy applications. They can improve the purity
of drinking water, serve as packaging material, contribute to tissue regeneration, and
convert energy [1], and they are also used in the chemical, automotive, and electronic
industries [1–3]. In each of these fields, the membranes have their own unique functions,
which are often associated with their specific properties, such as thickness, porosity, thermal
stability, wettability (hydrophobicity, oleophobicity, hemocompatibility), and mechanical
and chemical properties (increased resistance to solvents and various cleaning agents,
resistance to high temperatures or extreme pH conditions) [4].

With the increasing demand for energy storage devices, attention has been focused
on the economic and ecological effects of individual components in recent lithium-ion
batteries. Membrane separators are an important component of lithium-ion batteries as
they separate the positive and negative electrodes, restrict the free passage of electrons,
and prevent short-circuiting of the battery. The main function of a separator is the selective

Batteries 2023, 9, 398. https://doi.org/10.3390/batteries9080398 https://www.mdpi.com/journal/batteries

https://doi.org/10.3390/batteries9080398
https://doi.org/10.3390/batteries9080398
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/batteries
https://www.mdpi.com
https://orcid.org/0000-0002-7701-2590
https://orcid.org/0000-0002-8667-4633
https://orcid.org/0000-0001-5233-5847
https://orcid.org/0000-0002-9705-6419
https://orcid.org/0000-0001-6882-2930
https://doi.org/10.3390/batteries9080398
https://www.mdpi.com/journal/batteries
https://www.mdpi.com/article/10.3390/batteries9080398?type=check_update&version=2


Batteries 2023, 9, 398 2 of 15

separation of the metallic ions in the electrolyte, enabling them to migrate freely between
the electrodes and restricting the large particles to maintain the shuttle effect [5]. The
materials and structures of the membrane separators greatly affected the performance of
lithium-ion batteries. There are three main types that are more common on the market
today, namely microporous polymer membranes, nonwoven membranes, and inorganic
composite membranes [6,7].

Polyvinylidene fluoride (PVDF) is one of the materials most frequently used in all of
the membrane separator types listed above because of its remarkable thermal stability, high
melting temperature, excellent chemical resistance, and high ionic conductivity [8]. The
ionic conductivity of PVDF-based separators is higher than that of polyolefin materials
because of the superior wettability of PVDF membrane separators [9]. The wettability of
PVDF membrane separators refers to their ability to absorb the liquid electrolyte. A high
wettability of the separator can improve the ionic conductivity of the battery and reduce
the risk of short-circuits. On the other hand, low wettability that causes dendritic growth
can cause poor performance and reliability issues during use, and it greatly affects both
cell capacity and lifecycle. Optimizing the wettability of membrane separators is critical to
ensure their efficiency in different applications [10,11].

Despite the potential of PVDF as a separator material, the design of PVDF separators
still requires further optimization to ensure high performance and a long-lasting and
reliable working life. Process parameters, such as temperature, pressure, and processing
time, can significantly affect the properties of PVDF membrane separators, including
their phase transformation, wettability, and so on [12]. One of the techniques that can
determine the final properties of the membrane separator is hot press processing. Phase
transformation is an important factor that affects the properties of membrane separators.
PVDF is a semicrystalline polymer that can exist in different crystalline phases, including
α, β, and γ phases. Since the β and γ phases are electroactive, due to their polarity, their
presence is desirable in separators used in energy storage [13]. PVDF presents a very
variable morphology that strongly depends on crystallization temperature and time [14].
Under conditions such as rising temperature, the pores of the separator are closed by the
melting process, and the battery shuts down. For example, the polyethylene separator (PE)
shuts the battery down when the core temperature reaches 130 ◦C, and this process will
stop the transport of ions between the electrodes. If the battery does not shut down as
the temperature rises, the heat in the failing cell could rise and lead to thermal runaway,
causing the battery to overheat or even catch fire [4].

Additives can effectively induce polar phases in PVDF membranes, affecting the pore
size distribution and the wettability of the membrane separators [11,15]. Many additives
are used as porous barriers that allows some components to permeate and reject others
(selective wettability). These membrane wettability filters are mostly superhydrophilic but
oleophobic, or vice versa [16]. Inorganic additives, such as clay minerals and metal oxide
nanoparticles, are relatively inexpensive and commercially available, and these have been
widely investigated as nanofillers which can affect polymorphism, pore size distribution,
spherulite size, and the wettability and mechanical properties of PVDF nanocomposite
materials [17,18].

In previous work, we demonstrated that zinc oxide nanoparticles, zinc oxide nanopar-
ticles_vermiculite, and zinc oxide nanoparticles_vermiculite_chlorhexidine can be used
as nanofillers and incorporated into PVDF nanocomposite films, and we characterized
the correlations between the microstructure, surface topography, and tribomechanical
properties, and predicted their suitability for use as thin films in different applications [19].
Their structural variability and friction resistance (especially in the case of the zinc oxide
nanoparticles_vermiculite_chlorhexidine nanofiller) in comparison with those of the pris-
tine PVDF material led us to expand these nanocomposite materials for use as membrane
separators. Their original structures were hot pressed at various temperatures to simulate
the temperature and pressure field that is developed inside a lithium-ion battery. The
suitability of these products for the separator parts of lithium-ion batteries was determined
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based on the measurements of the wetting angles using a polydimethylsiloxane solution.
Polydimethylsiloxane achieves high thermal stability at high and low temperatures, un-
dergoes small temperature dependent viscosity changes, and is resistant to water. These
properties make it suitable for use as a cooling medium in battery applications. In the case
of battery damage due to exposure to heat or mechanical damage, the high wettability of the
coolant relative to the separator can cause cooling and delayed chain reactions in batteries
composed of multiple battery cells. When sulfur is added to the cooling medium (in this
case, polydimethylsiloxane solution), the safety of the lithium-ion battery is higher. Sulfur
can immobilize Li+ by reacting to form lithium polysulfides and thereby immobilizing
metal cations. This can limit the chain reactions in battery cells in the event that the battery
is damaged by burning or exposure to heat or mechanical damage [20].

In this paper, we discuss the effects of hot press processing on the structural and
phase changes, thermal stability, and crystallinity of the PVDF nanocomposite separators,
and we also monitor their wettability. Wettability is crucial for the design and optimiza-
tion of membrane separators, and it is characterized here by three different solutions that
simulate the relationship between hydrophilic and oleophobic properties. For this rea-
son, the contact angle of pure poly(dimethylsiloxane) and poly(dimethylsiloxane) with
a sulfur dispersion of 5 wt% was used to test the suitability of the pristine PVDF and
PVDF nanocomposite film samples. The main goal of this work is to determine a binding
temperature during hot pressing which will not lead to the thermal degradation of the
polymer membranes, and to find out whether and how it affects the properties of the used
nanofillers (zinc oxide nanoparticles, zinc oxide nanoparticles_vermiculite, and zinc oxide
nanoparticles_vermiculite_chlorhexidine).

2. Materials and Methods
2.1. Preparation and Hot Pressing of PVDF and PVDF Nanocomposite Films

The pristine PVDF sample and the PVDF nanocomposite films were prepared using
the solvent casting method. First, 1 g of PVDF granules (Sigma Aldrich) was dissolved in
10 mL of N,N-dimethylformamide (Sigma Aldrich, Mw = 73,095 g/mol) and 7 mL of acetone
(Sigma Aldrich Mw = 58,081 g/mol) in a stirrer at 80 ◦C for 20 min before being transferred
to an 11 cm diameter Petri dish and dried in an oven (Memmert) at a constant temperature of
140 ◦C for 24 h. The PVDF nanocomposite films were prepared under the same conditions,
and the PVDF solution was enriched with 3 wt% of nanofiller and homogenized in an ultra-
sonic bath for 30 min. Zinc oxide nanoparticles (ZnO), zinc oxide nanoparticles_vermiculite
(ZnO_V), and zinc oxide nanoparticles_vermiculite_chlorhexidine (ZnO_V_CH) were used
as nanofillers. The prepared PVDF nanocomposite films were denoted as PVDF_ZnO,
PVDF_ZnO_V, and PVDF_ZnO_V_CH, respectively. Details concerning the preparation
and properties of the nanofillers and the PVDF nanocomposite films can be found in [19,21].

The hot pressing of the pure PVDF and the PVDF nanocomposite films was performed
using a 25T Hydraulic Laminating Hot Press (MTI Corporation). Following this, 2 × 2 cm
reference samples were cut from each film and pressed at a pressure of 2 tons for 15 min
at 140, 170, and 185 ◦C. The hot-pressed films were then labelled in the following manner:
PVDF_nanofiller type hot pressed temperature.

2.2. Characterization Methods

A scanning transmission electron microscope (STEM, JEOL JSM-7610F Plus, Tokyo,
Japan) was used to investigate the morphologies of the surfaces and cross-sections of
the pristine PVDF and PVDF nanocomposite films. The possibility of the appearance of
nanofillers on the surface of the PVDF matrix was also investigated. The samples were
coated with gold/palladium to avoid problems with electrical charging during microscopic
observation. The SEM images were obtained using a secondary electron detector (SE, LEI).
To characterize the cross-sections, the PVDF samples were immersed in liquid nitrogen for
15 s, broken in half, and coated with gold/palladium.
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Differential scanning calorimetry (DSC) tests were performed using a DSC131 evo
(Setaram, France) at temperatures from 0 to 200 ◦C and a heating rate of 5 ◦C/min under
an argon atmosphere.

The FTIR spectra of the pristine PVDF and PVDF nanocomposite films were measured
using the ATR (attenuated total reflectance, USA) technique. The samples were positioned
and pressed with a fixing device on a single-reflection diamond ATR crystal. The FTIR
spectra were collected using a Nicolet iS50 FTIR spectrometer (ThermoScientific, Waltham,
MA, USA) with a DTGS detector on a Smart Orbit ATR accessory. The measurement
conditions were as follows: spectral region: 4000–400 cm−1; spectral resolution: 4 cm−1;
scans: 64; and Happ–Genzel apodization.

The Raman spectra were obtained using the Smart Raman system XploRA™ (Horiba,
France). The intensity of the red laser (785 nm) was reduced to 10 mW and the acquisition
time was set to 60 s and repeated 5 times. The spectra were collected at 10 different points
40 µm apart. The final spectra were normalized and an average spectrum was created in
Origin Pro 9.1.

Three wettability tests were carried out: (1) distilled water contact angle (WCA)
measurements; (2) pure poly(dimethylsiloxane) contact angle (PCA) measurements (LUKO-
SIOL M, Lužební závody Kolín, Czech Republic); and (3) poly(dimethylsiloxane) (Sigma
Aldrich) enriched with 5 wt% sulfur (Sigma Aldrich, powder, 99.98% trace metals basis,
dm1 = 0.584 µm and dm2 = 15.17 µm) dispersion contact angle (PSCA) measurements.
Poly(dimethylsiloxane) with 5 wt% of sulfur was prepared via vigorous magnetic stirring
of 10 mL of poly(dimethylsiloxane) and water at a speed of 800 r/min for 30 min. The
contact angles (CAs) of the pristine PVDF and PVDF nanocomposite films were measured
using a three-point technique at 22.5 ◦C, 995 mba, and a relative humidity of 55%. A
volume of 0.1 mL of solution drop was put onto the surface of the pristine PVDF and PVDF
nanocomposite films using a micropipette. Each drop form was recorded using a Mitutoyo
video camera (Tokyo, Japan), and the images were evaluated using the Pixel Fox program
(Germany). The CAs examined are the results of 3 repeated measurements.

3. Results and Discussion
3.1. The Changes in the PVDF Nanocomposite Films after Hot Pressing

The pristine PVDF and PVDF nanocomposite films prepared using the solvent casting
method with different nanofiller particles were investigated using a scanning electron
microscope (SEM), images from which are shown in Figures 1 and 2. The fact that the film
samples were prepared on the glass substrate of a Petri dish gave the opportunity to study
both side surfaces. The morphology characteristics of “the top surface” of the film samples
were observed; the opposite surface (the bottom surface) was that which was is in contact
with the glass substrate. In the case of cross-sectional characterization, for section profile
measurements, the top surface is always shown in the upper right corner of the SEM image.
For each samples, the film thickness and spherulitic diameter were evaluated from the SEM
images using the JMicroVision image analyzer. The maximum and minimum values are
shown in Table 1.

The pristine PVDF film was formed by regularly repeating hexagonal spherulitic
grains with lamellar structures of uniform size in the range of 24.4–48.1 µm (width and
length). From the cross-section images (Figure 1, second row), it is evident that the surface
of the film is smooth where the film comes into contact with the glass substrate after casting.
The shapes of the spherulitic grains are narrow in these places, and they widen towards the
surface. It is probable that as a result of this, pores/cavities with an average size of 8 µm
are formed between the grains, and these project on the surface as holes in the corners of
the hexagons. The spherulitic grains themselves form regularly repeating lamellae without
internal pores or defects.
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of 8 µm are formed between the grains, and these project on the surface as holes in the 
corners of the hexagons. The spherulitic grains themselves form regularly repeating la-
mellae without internal pores or defects. 

Hot pressing at 140 °C (PVDF_140 sample) preserved the size and hexagonal shape 
of the spherulitic grains. The individual grains were in close contact, without visible pores 
on the surface or inside the sample. The grains maintained an ordered crystalline charac-
ter: the alternation of larger grains with smaller ones were repeated regularly. 

The spherulitic structure of the PVDF matrix was suppressed via hot pressing at 170 
°C (PVDF_170 sample). Spherulitic grains 4.1–7.6 µm in size occur sporadically (in places 
where film deformations occur) and are bounded by pores up to 2 µm in size. The surface 
of the PVDF_170 film is formed by deep grooves which were created by pressing the film 
through the scratched plate of the press. It can be seen from the cross-section images (see 
Figure 1) that the PVDF forms domains with an average size of 54.8 µm, and that these 
are dispersed throughout the entire volume of the PVDF matrix. The PVDF matrix itself 
is compact and forms lamellar cavities throughout its profile. 

Hot pressing at 185 °C (PVDF_180 sample) caused the PVDF matrix to melt. The sur-
face of the film was smooth and formed by deep grooves with deformed edges. An inter-
nal sandwich structure was observed. At the point of contact between the PVDF matrix 
and the press plates, the PVDF crystallized into thin films, the thickness of which did not 

Figure 1. SEM images of the pristine PVDF and PVDF_ZnO surface morphologies (first rows) and
cross-sections (second rows) before and after hot pressing (relevant heating temperatures are noted).
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Figure 2. SEM images of the PVDF_ZnO_V and PVDF_ZnO_V_CH surface morphologies (first rows)
and cross-sections (second rows) before and after hot pressing (relevant heating temperatures are noted).
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Table 1. Minimum and maximum film thickness (tmin, tmax) and spherulitic diameter (dmin, dmax) of
the pristine PVDF and PVDF nanocomposite films according to SEM measurements.

Sample tmin tmax dmin dmax
(µm)

PVDF 42.3 47.5 24.4 48.1
PVDF_140 41.9 46.3 21.2 43.8
PVDF_170 63.1 65.1 4.1 7.6
PVDF_185 96.7 357.7 - -

PVDF_ZnO 48.4 51.2 15.7 76.2
PVDF_ZnO_140 50.2 56.3 18.1 48.3
PVDF_ZnO_170 22.3 52.6 - -
PVDF_ZnO_185 21.4 21.9 - -

PVDF_ZnO_V 52.6 56.4 6.4 15.6
PVDF_ZnO_V_140 50.9 52.8 2.8 11.1
PVDF_ZnO_V_170 34.2 35.7 - -
PVDF_ZnO_V_185 9.6 10.3 - -

PVDF_ZnO_V_CH 57.6 62.7 18.0 44.6
PVDF_ZnO_V_CH_140 50.7 60.2 40.6 57.2
PVDF_ZnO_V_CH_170 38.0 39.3 - -
PVDF_ZnO_V_CH_185 6.6 11.6 - -

Hot pressing at 140 ◦C (PVDF_140 sample) preserved the size and hexagonal shape of
the spherulitic grains. The individual grains were in close contact, without visible pores on
the surface or inside the sample. The grains maintained an ordered crystalline character:
the alternation of larger grains with smaller ones were repeated regularly.

The spherulitic structure of the PVDF matrix was suppressed via hot pressing at
170 ◦C (PVDF_170 sample). Spherulitic grains 4.1–7.6 µm in size occur sporadically (in
places where film deformations occur) and are bounded by pores up to 2 µm in size. The
surface of the PVDF_170 film is formed by deep grooves which were created by pressing
the film through the scratched plate of the press. It can be seen from the cross-section
images (see Figure 1) that the PVDF forms domains with an average size of 54.8 µm, and
that these are dispersed throughout the entire volume of the PVDF matrix. The PVDF
matrix itself is compact and forms lamellar cavities throughout its profile.

Hot pressing at 185 ◦C (PVDF_180 sample) caused the PVDF matrix to melt. The
surface of the film was smooth and formed by deep grooves with deformed edges. An
internal sandwich structure was observed. At the point of contact between the PVDF matrix
and the press plates, the PVDF crystallized into thin films, the thickness of which did not
exceed 2 µm on either side, and these formed large spherulitic grains exceeding 100 µm in
size. Between these films, the PVDF crystallized to form smooth-walled crystal grains with
voids larger than 50 µm between them.

Similar structural changes were observed in the PVDF_ZnO nanocomposite film
(Figure 1, third row). The original spherulitic grains had irregular shapes (i.e., pentagons
with sizes ranging from 15.7 to 76.2 µm). At the points of the contact between the large
grains, cavities appeared irregularly along the entire length of their edges. From the cross-
sectional images, it can be seen that the cavities reached half the thickness of the film. After
thermal pressing (PVDF_ZnO_140 sample), the voids disappeared, appeared sporadically,
or created holes in the entire film profile. The spherulitic grains were annihilated, and small
grains recrystallized at the expense of large grains, reaching sizes of 18.1–48.3 µm. At the
point of recrystallisation, the polymer formed recrystallisation residues on the surface that
were similar to dust particles and did not exceed 3 µm in size.

From the profile image of the PVDF_ZnO_170 nanocomposite film, it can be seen that
the sample formed a compact film with sharp edges. After pressing, there were defects
and recrystallisation residues on the surface which reached sizes of up to 20 µm. The
PVDF_ZnO_185 nanocomposite film was very thin and formed a sandwich structure with
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cavities larger than 80 µm. The film was structurally heterogeneous, had cracks on the
surface, and was very brittle.

The ZnO_V and ZnO_V_CH nanofillers caused a change in the size of the spherulitic
grains in the original PVDF matrices (6.4–15.6 µm for the PVDF_ZnO_V film and
18.0–44.6 µm for the PVDF_ZnO_V_CH film) (Figure 2). This trend was also described
in [22], where it was determined that clay platelets serve as effective nucleating sites for
the polymer crystallites and cause a decrease in the size of spherulites. The spherulites
formed irregular shapes, between which there were pores identical in size to the grains.
While the surfaces of the spherulitic grains in all of the polymer nanocomposite films were
smooth, the PVDF_ZnO_V_CH nanocomposite film had cavities of nonuniform size at the
grain tops, and the edges of the grains were adjacent to each other. It can be seen from
the profile images that while the PVDF_ZnO_V grains are compact and crystalline, the
PVDF_ZnO_V_CH grains also form cavities/holes within their bulk.

Hot pressing at 140 ◦C contributed to the refinement of the spherulitic structure
of the PVDF_ZnO_V_140 sample (to a grain size in the range of 2.8–11.1 µm), and, in
contrast, to the unification and simultaneous increase in the size of the spherulitic grains to
40.6–57.2 µm. These grains had the most uniform shape, with rounded corners. When the
nanocomposite films were broken after they were pulled out of liquid nitrogen, the subgrain
boundaries were disrupted, leading to the formation of thin layers and nanofibers at their
boundaries which indicated the non-negligible toughness of the polymer nanocomposites
after embrittlement. The PVDF_ZnO_V_CH_140 nanocomposite film had spherical cavities
and voids.

Hot pressing at 170 ◦C led to the complete suppression of the spherulitic structure
and the formation of compact polymer plates with smooth surfaces formed by cavities
(PVDF_ZnO_V_170) and voids (PVDF_ZnO_V_CH_170) of non-uniform size. Hot pressing
at 185 ◦C completely deformed the profiles of the nanocomposite films as a result of
the melting of the polymer matrices. The nanofiller particles visibly protruded from the
polymer matrix onto its surface (PVDF_ZnO_V_185 and PVDF_ZnO_V_CH_185).

Table 1 shows the changes in the thickness (t) of the individual films expressed by the
minimum and maximum measured values before and after thermal pressing. For each
film, head pressing led to the unification of the thicknesses across the entire profile of
the sample, resulting in a minimization of the dispersion of values between tmin and tmax.
The thinnest films were prepared via hot pressing at 185 ◦C, at which temperature the
PVDF matrix melted, increasing the original area of the film, and recrystallized, thereby
reducing its thickness. Due to the complete structural deformation, the thinnest thickness
was measured for the PVDF_ZnO_V_CH_185 nanocomposite sample. In contrast, the
strongest and highest thickness dispersion was observed for the PVDF_185 sample, and
this was caused by the occurrence of holes and spherulitic grains inside the film.

3.2. DSC of the PVDF Nanocomposite Films

Differential scanning calorimetry (DSC) was used to determine the maximum melting
temperatures and crystallinities of the PVDF films. The degree of crystallinity (Xc) was
calculated using the following Equation (1)

Xc(%) =
∆Hm

wPVDF × ∆H0
m
·100 (1)

where ∆Hm is the specific melting enthalpy of the sample, wPVDF is the weight percentage
of the PVDF, and ∆H0

m is the melting enthalpy of the 100% crystalline polymer matrix
(104.6 J/g for PVDF) [23]. The results of the DSC analysis are shown in Table 2.
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Table 2. Thermal analysis of pristine PVDF and PVDF nanocomposite films.

Sample Tmax
(◦C)

∆Hm
(J/g)

Xc
(%)

PVDF 169.3 43.0 42.4
PVDF_140 167.6 51.5 50.8
PVDF_170 170.3 54.9 54.1
PVDF_185 168.1 55.6 54.8

PVDF_ZnO 171.6 52.4 51.7
PVDF_ZnO_140 168.3 56.2 55.4
PVDF_ZnO_170 170.2 49.5 48.8
PVDF_ZnO_185 168.1 47.8 47.1

PVDF_ZnO_V 171.5 52.4 51.7
PVDF_ZnO_V_140 171.1 56.0 55.1
PVDF_ZnO_V_170 180.0 51.9 51.1
PVDF_ZnO_V_185 168.4 48.9 48.2

PVDF_ZnO_V_CH 171.2 71.2 70.2
PVDF_ZnO_V_CH_140 170.9 51.8 51.1
PVDF_ZnO_V_CH_170 178.5 45.6 45.0
PVDF_ZnO_V_CH_185 168.0 47.1 46.5

For the pristine PVDF samples, it was observed that hot pressing did not significantly
change the melting temperature (Tmax), which ranged between 167.6 and 170.3 ◦C. However,
there was an increase in their crystallinity (Xc), which increased as the pressing temperature
increased. The pristine PVDF had a crystallinity value of 42.4%, and after hot pressing
this value increased to 54.8%. For the samples containing ZnO particles, there was also
no significant change in the melting temperature due to hot pressing. The PVDF_ZnO
sample reached a crystallinity of 51.7%. After pressing at 140 ◦C (PVDF_ZnO_140), the
highest crystallinity of 55.4% was achieved. When it was pressed at a higher temperature,
the crystallinity value decreased. The samples containing the ZnO_V and ZnO_V_CH
nanofillers pressed at 170 ◦C had a maximum melting temperature of about 180 ◦C. The
crystallinity of the ZnO_V-modified samples did not change significantly from that of the
original sample after temperature pressing (these ranged from 48.2 to 55.1%). The unheated
PVDF_ZnO_V_CH sample had the highest crystallinity (70.2%). After hot pressing, the
crystallinity significantly decreased.

The results of DSC analysis show that each nanofiller increases the crystallinity of
the PVDF in the sample. In particular, the nanofillers containing ZnO_V_CH significantly
increased the crystallinity from 42.4 to 70.2%. After the hot pressing of the samples con-
taining ZnO and ZnO_V, the crystallinity increased at 140 ◦C, but when the process was
performed at a higher temperature, the crystallinity decreased. The opposite was the case
with the pure PVDF, the crystallinity of which increased at higher process temperatures.
The sample that yielded the filler combined with the organic compound CH lost significant
crystallinity after the hot-pressing process.

The high crystallinity (higher than 40%) exhibited by nanocomposite films is one of
the major reasons for the relatively high internal resistance of some lithium-ion batteries.
Because the crystalline region of the polymer film hinders the migration of lithium ions,
batteries with these membranes often exhibit low charge/discharge capacity [6]. It can be
assumed that due to their higher crystallinity percentage (more than 50%), the prepared
PVDF nanocomposite materials are suitable for use in membrane separators. Higher
crystallinity was achieved here via the type of nanofiller that was applied, the preparation
method (the solvent casting method), and the hot-pressing process. At the same time, the
hot-pressing process noticeably decreased the crystallinity of all the nanofillers.
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3.3. FTIR of the PVDF Nanocomposite Films

The Fourier transform infrared (FTIR) technique is a very useful tool which can provide
information about the structures of semicrystalline PVDF polymers which exist in three
basic distinct polymorphs and allow us to distinguish between them. The results of the
FTIR analysis were mainly used to monitor the phase characterization of the semicrystalline
PVDF polymer, which is most commonly found in α, β, and γ phases. The FTIR spectra are
shown in Figures 3 and 4, and the evaluated phases, the fractions of electroactive phases
(FEA), and the most intense FTIR peaks are reported in Table 3.
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after hot pressing.

The phase types of the studied samples were determined via FTIR analysis, in which
each phase is represented by peaks of known wavenumbers. The α phase is predominantly
determined by bands at 614 and 763 cm−1 corresponding to CF2 bending and skeletal
bending vibrations. The β phase is represented by a vibration at 1275 cm−1 which is
attributed to C-F out-of-plane deformation [24]. The γ phase is mainly characterized by
a band at 1234 cm−1, which is attributed to CF out-of-plane deformation, and by peaks
at 483 and 833 cm−1. All of the samples contained both α and γ phases before heat
treatment, except the PVDF_ZnO_V sample, where the presence of the nanofiller caused



Batteries 2023, 9, 398 10 of 15

the formation of the γ phase only. The PVDF and PVDF_ZnO samples were still made up of
α and γ phases after hot pressing at all temperatures. The PVDF_ZnO_V sample consisted
exclusively of the γ phase, which was supplemented by the α phase after pressing at
185 ◦C. The PVDF_ZnO_V_CH sample was created via a mixture of α and γ phases. After
hot pressing at 140 and 170 ◦C, this sample occurred exclusively in the γ phase, but after
hot pressing at 185 ◦C, the γ phase was converted to the α phase [24,25].
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These polymeric materials are being studied because of their potential for use as
separators in batteries, and their electroactivity is suitable for this type of application. The
β and γ phases have electroactive properties, so their contributions were determined by
the characteristic peak at 840 cm−1 in the samples. The fractions of the electroactive phases
(FEA) in the samples were calculated using Equation (2):

FEA =
AEA(

KEA
Kα

)
Aα + AEA

·100 (2)
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where AEA and Aα are the absorbance of each phase and KEA (7.7 104 cm2.mol−1) and Kα

(6.1 104 cm2.mol−1) are the absorbance coefficients [13].

Table 3. PVDF phases present in the pristine PVDF and PVDF nanocomposite films according to
FTIR and Raman measurements.

Sample Phases FEA
(%)

Peaks
(cm−1)

β
α (−)

PVDF α + γ 41.52 614, 763, 431, 485 0.31
PVDF_140 α + γ 35.91 614, 763, 430, 485 0.27
PVDF_170 α + γ 42.55 615, 763, 432, 484 0.31
PVDF_185 α + γ 35,19 614, 763, 485 0.21

PVDF_ZnO α + γ 41.43 614, 763, 430, 485 0.23
PVDF_ZnO_140 α + γ 45.45 614, 763, 431, 484 0.24
PVDF_ZnO_170 α + γ 31.44 614, 763, 428, 485 0.32
PVDF_ZnO_185 α + γ 35.91 614, 763, 485 0.21

PVDF_ZnO_V γ 79.37 431, 478, 812, 834, 1231 N/A
PVDF_ZnO_V_140 γ 78.74 431, 478, 812, 834, 1231 N/A
PVDF_ZnO_V_170 γ 63.77 432, 481, 834, 1231 1.12
PVDF_ZnO_V_185 α + γ 34.15 614, 763, 485, 1231 0.19

PVDF_ZnO_V_CH α + γ 65.79 614, 763, 431, 482, 1230 N/A
PVDF_ZnO_V_CH_140 γ 69.53 432, 481, 1231 N/A
PVDF_ZnO_V_CH_170 γ 71.94 432, 479, 1231 N/A
PVDF_ZnO_V_CH_185 α 34.60 614, 763 N/A

3.4. Raman Spectroscopy of the PVDF Nanocomposite Films

The measured Raman spectra in all the samples correspond to PVDF. The bands’ shift
is within 5 cm−1, which is not significant. In the samples from the PVDF group, no shift was
observed, and in the two other groups (the PVDF_ZnO and PVDF_ZnO_V samples), little
shifts were observed, and these may be connected to the presence of ZnO and vermiculite.
To distinguish the three possible PVDF polymorphs (α, β, and γ), only the 650–950 cm−1

region is shown in Figure 5 [26].
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nanocomposite films before and after hot pressing.

In the PVDF samples, the α phase prevailed (the bands at 807 and 886 cm−1 correspond
to the α phase) [26–28]. β phase was also visible in Raman spectra (850 cm−1) [27,28]. In
contrast, the γ phase (822 cm−1) was not visible in the average Raman spectra, but it was
present in some of the measured points as a shoulder (two points in the PVDF sample, one
point in the PVDF_140 sample, and one point in the PVDF_170 sample) or regular band
(one point in the PVDF_170 sample). In the PVDF_185 sample, no γ phase was observed.
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This was the same for other groups of samples (PVDF_ZnO and PVDF_ZnO_V), where the
γ phase was not observed in the sample that underwent the highest temperature treatment.
Among the PVDF_ZnO samples, the γ phase was only visible in the PVDF_ZnO_170 at
two points (in the regular band and in the shoulder). In contrast, in the PVDF_ZnO_V,
PVDF_ZnO_V_140, and PVDF_ZnO_V_170 samples, the γ phase dominated, and this is in
accordance with the FTIR measurements. Unfortunately, very high fluorescence occurred
in the PVDF_ZnO_V_CH group during the Raman measurements, and therefore no spectra
with visible Raman bands were obtained.

Furthermore, a quantitative analysis of the β phase relative to the α phase can be
carried out using Equation (3) [26,29]:

β

α
=

I(β)
I(α)

=
I850cm−1

I807cm−1
(3)

The calculated values of the ratios between the β phase and the α phase are presented
in Table 3. When the ratio is higher than 1, the α phase is in the minority. When the
PVDF_ZnO_V and PVDF_ZnO_V_140 samples are excluded (no bands for the α phase
at ~807 cm−1 were visible), the β phase predominates in relation to the α phase in only
one case (PVDF_ZnO_V_170). The sample with the lowest amount of β phase was the
PVDF_ZnO_V_185 sample, whose the ratio was only 0.19.

3.5. Contact Angles of the PVDF Nanocomposite Films

The contact angle (CA) was measured for three solutions: 1) distilled water (WCA);
2) pure poly(dimethylsiloxane) (PCA); and 3) poly(dimethylsiloxane) with 5 wt% sulfur
(PSCA) dispersion. The poly(dimethylsiloxane) with 5 wt% sulfur was prepared via
vigorous magnetic stirring of 10 mL poly(dimethylsiloxane) at a speed of 800 r/min for
30 min. The contact angles (CAs) of the pristine PVDF and PVDF nanocomposite films are
summarized in Figure 6.
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Figure 6. Contact angles of the distilled water (WCA), poly(dimethylsiloxane) liquid (PCA), and
poly(dimethylsiloxane) with 5 wt% sulfur (PSCA) dispersion for the pristine PVDF and PVDF
nanocomposite films before and after hot pressing.

The WCA values confirmed that the surfaces of all PVDF films were wettable (hy-
drophilic), and the WCA value measured for the original PVDF film was 61.9◦. The
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nanofillers in the PVDF caused increases in the WCA values (up to 78.3◦ for the PVDF_ZnO_V
samples and up to 84.3◦ for the PVDF_ZnO_V_CH samples). In contrast, for the PVDF_ZnO
samples, the WCA value was lower (60.5◦), probably as a consequence of the different
sizes of the spherulitic grains and the higher compatibility of the spherulitic grains of the
film. The consistent upward character of the WCA values (which did not exceed 65◦) was
achieved via hot pressing. Only for the PVDF_ZnO_170 sample was there a WCA value of
72.6◦, and this can be attributed to the compact nature of the sample. Higher WCA values
were measured for the PVDF_ZnO_V and PVDF_ZnO_V_CH samples, and this confirmed
their very fine spherulitic structure and higher degree of crystallinity. The hot-pressing pro-
cess caused a drop in the WCA values from 70.5◦ to 77.3◦, and the PVDF_ZnO_V_140 and
PVDF_ZnO_V_170 samples reached lower values. This can be attributed to the more uni-
form size of the spherulitic grains and the reduction in the number of pores between them.

The PCA and PSCA values were significantly lower than the WCA values, rang-
ing from 3.2◦ to 12.9◦. The exception was the PVDF_ZnO_V_140 sample, for which the
PCA value reached 15.6◦. A slight increase in the CA was also observed in the PVDF
nanocomposite films formed by nanofillers with vermiculite. Vermiculite particles are
characterized by a high adsorption capacity which allows them to absorb the liquid com-
ponent into their interspace. They also perform a barrier function when, in connection
with the higher density of the pure poly(dimethylsiloxane) dispersion, they prevent the
penetration of the tested solution into the PVDF structure. Slightly higher PSCA values
were measured compared with the PCA values. Due to the fact that the sulfur particles
in the poly(dimethylsiloxane) solution are made up of two size fractions (dm1 = 0.584 µm
and dm2 = 15.17 µm, dm is mode size), we can assume that during contact between the
solution and the surface of the PVDF film, the fine fraction penetrates into the pores and
spaces while the larger fraction subsequently adheres to the surface and contributes to an
increase in the PSCA values.

4. Conclusions

The novel polyvinylidene fluoride (PVDF) nanocomposite films with
3 wt% of zinc oxide nanoparticles (ZnO), zinc oxide_vermiculite (ZnO_V), and/
or zinc oxide_vermiculite_chlorhexidine (ZnO_V_CH) as nanofillers were press at
140 ◦C, 170 ◦C, and 185 ◦C at a pressure of 2 tons for 15 min. The main reason of the
hot press was to simulate the conditions of mechanical and thermal loading in lithium-ion
batteries and to help predict structural and phase changes in the PVDF matrix with regard
to the changes in the wettability properties of the PVDF nanocomposite films.

The spherulitic structures of the pristine PVDF and PVDF nanocomposite membranes
were preserved in all the PVDF samples up to a pressing temperature of 140 ◦C. The largest
spherulitic grains with a significant number of pores between them were characterized
in the pristine PVDF and PVDF_ZnO (30–50 µm) samples; in the PVDF_ZnO_V and
PVDF_ZnO_V_CH samples, the spherulitic grains were smaller (15–45 µm). The hot press
at 140 ◦C led to uniformity in grain size and a minimal number of pores. The thicknesses of
these films ranged from 42 to 56 µm. Hot pressing at temperatures of 170 ◦C and 185 ◦C
caused the suppression of the appearance of spherulitic grains, and, in the PVDF samples,
the character of monolithic films (170 ◦C). Pressing at 185 ◦C caused the PVDF matrix to
melt and recrystallize into thin films (21–9 µm).

The structural changes coincided with changes in the average crystallinity values,
which reached 42–55% for the pristine PVDF and PVDF_ZnO samples, while for the
PVDF_ZnO_V and PVDF_ZnO_V_CH samples they were in the 45–70% range. For all
the PVDF nanocomposite films that were hot pressed at 140 ◦C, the crystallinity values
decreased as the pressing temperature increased (only for the pristine PVDF samples did
the crystallinity increase).

The crystallization of both the α and γ phases of the PVDF nanocomposite films was
evaluated. While for the pristine PVDF and PVDF nanocomposites with ZnO nanofillers,
the mixed phases (α + γ) prevailed, in the case of the ZnO_V nanofillers, it was only the
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γ phase. Only in the PVDF_ZnO_V_CH_185 sample was the α phase approved. In this
sample, there was a total structural change in the membrane film, i.e., the complete recrys-
tallisation of the PVDF matrix into a very thin film (9 µm). It is evident that vermiculite
particles played a critical role in the resulting crystalline phases in the PVDF nanocomposite
films. The characteristic peak for the β phase (in the case of the PVDF matrices) at 840 cm−1

was used to determine the percentages of the electroactive phases, which were calculated
using the FTIR analyses (these were highest—approximately 79%—in the PVDF_ZnO_V
and PVDF_ZnO_V_140 samples).

Wettability was characterized using the contact angle measurements of the three
types of liquid. All the PVDF nanocomposite membranes had hydrophilic surfaces. The
presence of vermiculite particles and the sizes of the spherulitic grains were shown to have
a positive effect and lead to higher hydrophilicity (PVDF_ZnO_V_CH: WCA = 84◦). The
lowest hydrophilicity was measured for the pristine PVDF and PVDF_ZnO, for which the
WCA was 61◦. The pressing temperature had no effect on the WCA values; only in the
samples with vermiculite were there decreases in WCA values (decreases of approximately
10%). The poly(dimethylsiloxane) and poly(dimethylsiloxane) with 5 wt% sulfur produced
superoleophilic surfaces with contact angles ranging from 4 to 13◦ in all the PVDF samples,
regardless of hot pressing.

In general, it can be concluded that the PVDF nanocomposite films presented in
this paper are suitable membrane materials. It was found that hot pressing at 140 ◦C
positively affected the properties (e.g., thermal stability and wettability) of the PVDF
nanocomposite films.
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