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Article Info Abstract

Article history: Composite membranes were synthesized using poly-(vinylidene fluoride) (PVDF)
and zeolite (ZSM-5) to improve the performance of PVDF as a battery separator.
The PVDF-ZSM-5 membranes, prepared with varying concentrations of ZSM-5,
underwent characterizations of X-ray diffraction (XRD), Fourier transform
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Online: 05t August 2025 infrared spectroscopy (FTIR), and scanning electron microscopy (SEM). These
Keywords: analyses revealed a notable increase in B-phase formation in PVDF, greater
PVDF; ZSMs5; polymer porosity, and improved surface morphology due to the incorporation of ZSM-5.
membrane; separator Evaluations of their physicochemical properties showed that these membranes
membrane; redox battery resulted in electrical conductivity up to 96.4 mS/cm, enhanced contact area,

porosity reaching 78.61%, and flux value up to 5.4 x 10"2L m~2 h~2. Adjustments in
ZSM-5 concentrations proved instrumental in fine-tuning these performance
metrics. These findings highlight the potential of PVDF-ZSM-5 membranes as a
cost-effective membrane separator for redox battery systems. This research lays
the groundwork for future advancements and broader commercial applications in
energy storage technology.

1. Introduction Over the past decade, substantial advancements in
cathode materials, intercalation mechanisms, and
battery architecture have contributed to the maturation
of LIB technology [3, 7]. However, despite their
advantages, LIBs face critical challenges such as safety
risks, limited cycle life under heavy loads, and difficulties
in large-scale applications due to thermal runaway and
high material costs [8, 9]. To overcome these issues,
researchers have explored alternative technologies,
including redox flow batteries (RFBs), which offer
enhanced flexibility, extended lifespan, and independent
scaling of energy and power density [8, 9, 10]. In this
context, the development of robust membrane separators
is crucial for improving the efficiency and longevity of
redox battery systems. Vanadium Redox Batteries (VRBs),
for example, are promising large-scale energy storage
systems due to their durability, flexible design,
scalability, and environmentally friendly technology [11].
Ultimately, the potential of VRB technology is immense,
offering a promising solution to the rising energy
demands.

According to the International Energy Agency
(2024), global electricity demand is rising by an average
of 3.4% annually, and it is expected to rapidly increase
over the next three years. Economic growth, particularly
in advanced and emerging economies, will further
accelerate this demand. Consequently, adopting
renewable energy sources is essential to meet rising
global energy needs, along with the growing demand for
high-performance batteries [1]. The rapid increase in
global electricity demand has intensified the need for
efficient and sustainable energy storage systems.
Conventional power grids, often reliant on fossil fuel-
based sources, are insufficient to address intermittency
issues associated with renewable energy. As a result,
advanced energy storage technologies have emerged as
key enablers in the transition to cleaner energy solutions
[2, 3]. Among these technologies, lithium-ion batteries
(LIBs) have garnered significant attention due to their
high energy density, fast response, and wide applicability
in portable electronics and electric vehicles [4, 5, 6].
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VRB consists of two electrolyte reservoirs and a stack
of cells, in which an ion-exchange membrane separates
each half-cell. The redox reactions occur at the respective
electrodes during charging and discharging. It makes the
greatest critical components in the VRB system, because
a separator membrane prevents the intermixing of the
positive and negative electrolytes. It not only separates
the particular electrolytes, but also permits the transport
of charge carriers to preserve the whole electroneutrality
of the system [12, 13].

The most widely used cation-exchange membranes
are Nafion series membranes, because of their high
proton conductivity, flexibility, and good chemical
stability in an oxidative environment. However, the
system uses the perfluorosulfonic acid polymer
membrane called Nafion, which is known for its high cost.
As well as excessive vanadium ion crossover in the
system, this is the limiting factor in the widespread
commercialization of the VRB system [14, 15]. Given the
high cost and limitations of the current Nafion series
membranes, it is clear that alternative options for the
membrane in the VRB system are needed. This necessity
for innovation and change is what drives this research on
PVDF-ZSM-5 membranes.

Some of the crucial aspects of the separator
membrane that must be considered include the porosity
of the membrane. Ion transport in the porous separator is
based on the size-exclusion principle, wherein the
mobility of the ions through the separator depends upon
the Stokes radii of the hydronium ions (H;0*, 0.24 nm)
and vanadium ions (more than 0.6 nm) [16]. Current
research focuses on optimizing pore structures to
facilitate H;0* transport while blocking vanadium ions,
thereby enhancing ion selectivity [17]. Based on these
criteria, Poly(vinylidene fluoride) (PVDF) is one of the
promising polymers for preparing battery separators.

PVDF is a non-reactive and pure thermoplastic
fluoropolymer. It has been used as the Lithium battery
separator [18]. PVDF is a bipolar polymer that arises from
the strong electronegativity of fluorine atoms compared
to carbon and hydrogen. It has high flexibility, higher
chemical stability compared with other polymers, and
great interfacial contact with electrolytes [19]. PVDF’s
organic solvent wettability is another merit, and
ultimately, its relatively affordable price makes PVDF a
proper selection for countless applications, such as
battery separators [20]. PVDF is hydrophobic in structure,
its native structure lacks ion-exchange sites, and tends to
crystallize into the non-polar «-phase, reducing
performance in electrochemical applications.

The significance of this research becomes clear when
considering the need to enhance PVDF performance by
reducing crystallinity, increasing hydrophilicity, and
electronic uptake by inducing p-phase crystallization,
thermal stability, and ion conductivity. A number of
attempts were accomplished by incorporating various
inorganic parts such as SiO. [21], Al,O; [22], and TiO: [23].
Zeolite (ZSM-5), one of the candidate materials, a
hydrated crystalline aluminosilicate composed of
tetrahedral SiO,4 and AlO,5" units linked by oxygen atoms,

forms a highly regular microporous structure [24, 25]. It
was hypothesized that each AlO,5- unit would present a
negative charge to the zeolite structure, which can be
balanced by the structure’s extra protons or metal cations
[18]. Zeolite also possesses high adsorption and ion
exchange properties and enhances the surface area. The
incorporation of ZSM-5 zeolite addresses PVDF
limitations by enhancing hydrophilicity, promoting
B- phase crystallization, increasing porosity, and
improving vanadium ion selectivity through its
microporous, negatively charged framework.

This research focuses on the preparation of PVDF—
ZSM-5 composites with varying amounts of PVDF and
ZSM-5 to enhance the properties of PVDF. We
investigated the physical and chemical characteristics of
both components and evaluated their effects on
hydrophobicity, electrical conductivity, porosity, and
permeability. The hypothesis is that as the silica-to-
alumina (Si/Al) ratio decreases, ZSM-5 becomes more
hydrophilic and crystallizes in the B-phase, thereby
improving its electrical conductivity and supporting the
use of PVDF as a battery separator. The findings of this
study are expected to contribute significantly to the
development of VRBs, particularly in overcoming
challenges related to high costs and excessive vanadium
ion crossover.

2. Experimental
2.1. Synthesis of PVDF-ZSM-5 Membrane

The chemicals used in this study were polyvinylidene
fluoride (PVDF, Sigma-Aldrich, >99.9%), ZSM-5 zeolite
(Merck, Si/Al ratio = X, >99%, surface area ~425 m2/g),
and dimethylacetamide (DMAc, Merck, 99.8%). All
materials were used as received without further
purification. PVDF-ZSM-5 membranes were synthesized
using varying amounts of PVDF and ZSM-5 (Table 1).

PVDF (2.0 g to 1.4 g, depending on composition) was
dissolved in 20 mL of DMAc, maintaining a fixed solvent-
to-solid ratio of 10:1 (w/w). The mixture was stirred
magnetically for 10 minutes at room temperature to
ensure polymer dissolution. Furthermore, ZSM-5 (0-0.6
g) was poured into each beaker. The subsequent stirring
was carried out for 12 hours at ambient conditions to
promote homogeneous dispersion until a mixture was
formed. The 12-hour stirring duration was selected based
on standard practice and previous studies involving
zeolite dispersion in polymeric matrices [26, 27]. The
mixture was cast on a glass slide and left out for 15
minutes. The glass slide was then placed into a
coagulation chamber containing water for 24 hours.

Table 1. PVDF and ZSM-5 weight variations in the
synthesis of PVDF-ZSM-5 membrane

PVDF (g) ZSM-5 (g) Notation
2.0 0
1.8 0.2 B
1.6 0.4 C
1.4 0.6 D
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2.2. Characterization of PVDF-ZSM-5 Membrane

The dried membrane was further characterized using
Fourier Transform Infrared Spectroscopy (FTIR, Perkin-
Elmer UATR Spectrum Two), operated in the range of
4000-400 cm™ with a resolution of 4 cm-; Scanning
Electron Microscopy (SEM, JEOL JSM-6510LA SEM-EDX)
at an acceleration voltage of 10 kV; and X-ray Diffraction
(XRD, XRD-7000) using Cu Ka radiation (A = 1.5406 A),
scanned over a 20 range of 10°-80° at a scan rate of
2°/min. FTIR analysis was conducted to identify the
functional groups present in the samples. SEM was used
to examine the membrane morphology, while XRD was
employed to assess the crystallinity of the materials.

2.3. Physicochemical Analysis of PVDF-ZSM-5
Membrane

The printed membrane was subjected to electrical
conductivity, hydrophobicity, porosity, and permeability
analysis. Electrical conductivity and drop shape analysis
(DSA) were evaluated using the Ohaus conductivity
meter, and the contact angle was observed using a high-
resolution camera. The porosity test was conducted by
immersing the membrane in demineralized water (aqua
DM) for 24 hours at room temperature and then weighing
the membrane. The membrane was dried in a vacuum
oven at 60°C for 48 hours, and another weighing process
was carried out. The magnitude of the membrane porosity
was calculated using Equation (1).

%Porosity = L) 1009 1)

wet

Where, Wwet is the weight of the membrane after
immersion in demineralized water, and Wary is the weight
of the membrane after complete drying.

The permeability was also tested by calculating the
flux value after cutting the membrane to a 5 cm diameter
and immersing the membrane in water for 48 hours at
room temperature. The flux value was obtained by
flowing 100 mL of water at 2 bar of air pressure.
Furthermore, the volume of water that permeated
through the membrane was collected and measured at 5-
minute intervals until a steady value was obtained. The
flux was then calculated using Equation (2).

AV
]w =m (2)

Where, Jw is the flux (L m=2 h-2), AV is the volume of
permeate displaced (L), A is the effective membrane
surface area (m2), and t is the time during which the
permeate was stored (hours).

3. Results and Discussion
3.1. Characterization of PVDF-ZSM-5 Membrane
3.1.1. Characterization by XRD

The diffraction pattern of the PVDF-ZSM-5
membranes is shown in Figure 1. The diffraction patterns
are strongly similar to the reference JCPDS 00-038-1638
for PVDF. The increasing concentration of ZSM-5 led to a
change in the angle at the peak, and a diffraction peak was
formed, but it did not change the phase of PVDF. PVDF has
five forms of polymorphisms: «, B, vy, §, and & [28, 29].

When compared with the other polymorphisms, the beta
phase has attractive properties for membrane
applications due to its piezoelectric properties. The
fluorine and hydrogen atoms in the B-phase are
assembled in a zigzag shape, that considered to be the
most stable form from a thermodynamic perspective [30].

The XRD pattern of pure PVDF (sample A) exhibited a
dominant peak at 20°, corresponding to the characteristic
reflection of the a-phase. No peaks were observed beyond
this range, indicating the absence of the g-phase in the
pure PVDF membrane. Upon the addition of ZSM-5, the
XRD patterns of the PVDF-ZSM-5 composites showed no
significant shifts compared to that of the pure PVDF
membrane. The peak at 20°, associated with the a-phase,
remained present but with reduced intensity, which
further decreased with increasing ZSM-5 content [31].

Furthermore, increasing the ZSM-5 content to 0.6 g
in sample D caused significant changes in the XRD pattern
near 20°. A sharper, more intense peak at ~20.2° and a
secondary peak at ~20.6° appeared, indicating the
formation of the -phase of PVDF. These changes suggest
that ZSM-5 incorporation enhanced membrane
crystallinity and promoted B-phase formation by
providing additional nucleation sites and strong
interfacial interactions between PVDF chains and the
ZSM-5 framework. The sharper peaks indicate improved
ordering within the crystalline domains of PVDF-ZSM-5
membranes at higher filler content. The highest peak of
the shifting was obtained on sample D, indicating a strong
interaction of PVDF and ZSM-5. Based on that, the
stronger interaction between PVDF and ZSM-5 is
expected to increase membrane strength.

3.1.2. Characterization by FTIR

FTIR analysis on the PVDF-ZSM-5 membrane was
conducted to determine the functional groups in the
membrane. As shown in Figure 2 and Table 2, all
synthesized samples identified typical PVDF absorptions,
such as C-H and C-C vibrations on 1400 cm™ and 1000
cm?, respectively. The formation of the ZSM-5 can be
proven by a Si-O-Si vibration group at 800 cm™. The
addition of ZSM-5 in sample D showed strong absorption
of C-C vibration at 1000 cm™, indicating enhanced
hydrophobicity of sample D due to covalent C-C bonding.

<4— P-phase

Intensity (a. u.)

T PVDF-00-038-1638
20 40 60 80

CuKa 26/ deg.

Figure 1. XRD patterns of PVDF-ZSM-5 membrane
(samples A-D)
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Figure 2. FTIR spectra of the PVDF-ZSM-5 membrane
(A-D)

Table 2. FTIR spectra analysis of PVDF-ZSM-5
membrane A-D [32]

Wavenumber Functional group
(cm™)

1400-1000 C-F stretching
1403 CH, vibration (PVDF)
1270 Asymmetric CF, stretching
1170 C—C vibration (PVDF)
1100—1200 C=C stretching
840 B-phase C—F stretching (PVDF)
800 Si—0-Si stretching (ZSM-5)
830-400 Si-0, Al-0, Na-0, K-0 vibrations

Table 2 provides typical absorptions of PVDF and
ZSM-5 functional groups. The functional group
assignments apply to all membrane samples (A-D),
which showed consistent characteristic absorption bands
with minor intensity variations. Band assignments were
matched to reports by Rahbari-Sisakht et al. [32]. Among
the different polymorphisms of PVDF, only the g-phase
has piezoelectric properties [33]. It can be identified in
FTIR spectra by absorption bands near 840 cm- (C-F
stretching) and 1270 cm-* (CF, asymmetric stretching).

In the case of Sample D, a significant increase in the
intensity of these characteristic peaks was observed,
while the wavenumber positions remained constant. This
indicates that the formation of the g-phase is driven by
enhanced dipole alignment and molecular ordering,
rather than changes in the vibrational energy states of the
functional groups. The incorporation of ZSM-5 likely
promotes the orientation of PVDF chains due to
interfacial interactions, resulting in a higher degree of g-
phase crystallinity without shifting the absorption bands.

3.1.3. Characterization by SEM

Asymmetrical particle structure patterns were
formed through small granules and face surfaces. The

synthesis through the phase inversion method will
generally create the membrane with a more porous and
asymmetrical microstructure. Due to its lower viscosity
and solubility than pure PVDF, the increasing membrane
porosity can alleviate particle agglomeration and form
new granules. The addition of ZSM-5 to the PVDF has
caused the membrane to become more porous. The
formation of granules and porous microstructure proved
the inhibition of solvent diffusion into the inner structure
of the membrane [34].

The addition of ZSM-5 enhances pore development,
leading to more interconnected voids and a rougher
surface. Specifically, in sample D, the pore size ranges
between approximately 150—300 nm, and regions with
high pore density are clearly observed, indicated by a
greater number of small-sized pores per unit area.
Additionally, amorphous regions with less-defined
boundaries and lower pore uniformity are present and
annotated in the SEM image, presented in Figure 3. These
features reflect the disrupted chain packing and increased
surface heterogeneity caused by the dispersion of ZSM-5
particles, which enhance membrane permeability and ion
transport efficiency.

3.2. Physicochemical Analysis of PVDF-ZSM-5
Membrane

3.2.1. Electrical Conductivity Analysis

Ionic conductivity is a key parameter that reflects the
ability of a membrane separator to conduct ions. An ideal
separator membrane should exhibit high ionic
conductivity to ensure efficient ion transport. The
electrical conductivity of the prepared PVDF-ZSM-5
membranes was measured using the two-point probe
method, as presented in Table 3. The PVDF-ZSM-5
samples showed higher conductivity values compared to
pure PVDF. This improvement is attributed to the porous
nature of ZSM-5, which has a high intrinsic surface area
that enhances electrolyte uptake when integrated into the
polymer matrix.

[ P £
SEl  10kV WD10mm SS30
LAB.TERPADU UNDIP

x10,000 Apm —
08 Jul 2021

Figure 3. SEM image of the PVDF—-ZSM-5 membrane
morphology (SEI, 10 kV; WD: 10 mm; SS: 30; scale bar: 1
pm). Arrows indicate regions with high pore density
(dark spots) and amorphous zones characterized by
brighter areas with irregular structures



Jurnal Kimia Sains dan Aplikasi 28 (6) (2025): 299-306

’——-.\ ’-._\

/ \ g \

/ \ ] \

| ) ]

\ Iy

\ 7/ /
-~ \‘-._-’

PVDF

Primary adsorption \

@ OH active sites ~ »

Figure 4. Schematic illustration of the PVDF/ZSM-5
composite model, potential adsorption sites for water
and oxygen molecules

Moreover, the presence of zeolite particles helps
suppress the growth of the surface resistive layer on the
electrode by trapping impurities such as oxygen and
water within their structure, thereby improving electrical
conductivity [35]. This mechanism is illustrated in Figure
4. The negatively charged framework of ZSM-5 enables it
to adsorb polar molecules like H.O and O. through
hydrogen bonding or van der Waals interactions within
its porous network. By immobilizing these impurities,
ZSM-5 prevents their interaction with the electrode
interface, which in turn reduces resistive layer formation
and enhances the ionic conductivity of the PVDF-ZSM-5
membrane.

The synergistic effect between the dielectric
properties of PVDF and the adsorption capacity of ZSM-5
supports the membrane’s potential application in
electrochemical systems. However, samples with lower
ZSM-5 concentrations exhibited insufficient stable ion
transport channels. Among all samples, Sample D
demonstrated the highest electrical conductivity,
highlighting its potential to enhance battery performance
(36].

3.2.2. Surface Contact Angle Analysis

Contact angle analysis was assessed using the DSA
method, presented in Figure 5. The contact angle was
calculated using Image] software. A small contact angle
(<90°)indicates a high degree of wettability (hydrophilic)
[37]. The contact angle is a principal parameter that
affects the hydrophobicity of the battery separator [25].
As the water contact angle decreases, surface
hydrophilicity increases. The contact angle values
decreased in line with the ZSM-5 addition (Table 3). The

303

lowest contact angle value was observed in sample C,
indicating greater wettability compared to neat PVDF.
This improvement in wettability is attributed to the
hydrophilic nature of the incorporated ZSM-5 particles.
Although ZSM-5 generally increases hydrophilicity, the
contact angle for sample D increases again to 125.69°,
possibly due to altered surface morphology.

One of the key reasons ZSM- 5 retains hydrophobicity
is increased surface roughness and the high silicon-to-
aluminum (Si/Al) ratio. Higher Si/Al ratio in ZSM-5 leads
to a reduction in the number of Brgnsted acid sites, which
are typically associated with hydrophilicity. This
reduction in acidic sites results in a more hydrophobic
surface [38]. When the roughness enlarges, the
hydrophobic separator of the surface contact angle rises
as well. Furthermore, increased filler loading can lead to
surface heterogeneity and aggregation that hinder water
spreading [35, 39].

3.2.3. Porosity Analysis

Porosity analysis (swelling test) was conducted to
evaluate the membrane’s ability to absorb a constituent,
which is a critical factor influencing ion transport in
battery systems. Membrane porosity plays a key role in
providing space for electrolyte retention, thereby
facilitating ion movement. However, excessive or poorly
controlled porosity can negatively affect battery
performance. An imbalanced separator structure may
result in pore fusion during operation, potentially causing
rapid battery failure due to incomplete separator closure
[19, 40]. Electrolyte uptake generally increases with
rising porosity, particularly at higher ZSM-5 loadings.
This enhancement in porosity supports improved ion
transfer within the separator structure, contributing to
better ionic conductivity [18, 20, 41].
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Figure 5. Droplet profiles for contact angles on the
surface of the PVDF-ZSM-5 membrane

Table 3. Physicochemical analysis of PVDF-ZSM-5 membrane

Sample Electrical conductivity Contact angle Porosity Flux _valtle
(mS/cm) () (%) (Lm=2h-2)

A 61£1.2 126.927 83.29 2.2 x1072

B 76.921.6 117.485 83.93 2.9 x 1072

C 81.8:1.5 104.506 77.36 3.5 x 1072

D 96.4+2.0 125.689 78.61 5.4 x 1072
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The value of the membrane porosity was calculated
using Equation 1. The porosity values ranged from 77.36%
to 83.93%, exceeding the ideal threshold of 75% typically
required for separator membranes (Table 3). The porosity
percentage is influenced by the type and content of
particles incorporated into the polymer matrix,
particularly the addition of ZSM-5 [18, 36]. Although the
overall porosity percentage decreased in samples Cand D,
this was accompanied by a significant increase in pore
density—defined as the number of pores per unit area—
especially in sample D. This distinction is crucial: sample
A exhibited fewer but larger pores, resulting in higher
total porosity, whereas sample D, with a higher ZSM-5
content, developed numerous smaller pores, forming a
denser porous network. The ZSM-5 particles act as
nucleating agents, disrupting the polymer matrix and
creating multiple localized voids, thus increasing the
number of small pores even though total pore volume
may not be maximized.

3.2.4. FluxValue Analysis

Flux analysis was performed using water, with the
highest flux value observed in sample D. In contrast, the
sample without ZSM-5 exhibited the lowest flux. The
variation in flux values with increasing ZSM-5 content
can be attributed to structural changes within the
membrane, including alterations in acid site density and
hybridization with other components. These changes are
associated with a reduction in both the rate constant and
the sorption equilibrium constant.

The incorporation of zeolite into the PVDF—-DMAc
matrix enhances membrane permeability and selectivity.
Zeolites possess a high surface area and intrinsic
porosity, which contribute to increased water flux in
membrane applications. Furthermore, studies have
demonstrated that the addition of zeolite to PVDF
membranes improves antifouling properties and
enhances flux by modifying the membrane surface,
rendering it more hydrophilic (42, 43].

The rate of this filtration can be influenced by several
factors, such as membrane morphology and its intrinsic
hydrophilicity [44]. The results indicate that each
addition of ZSM-5 can affect the flux rate. According to
Suryandari [37], the filtration process using a membrane
is often hampered by small pore size, which can cause
blockages, prolong separation time, and require higher
operating pressures. The addition of ZSM-5 enhances
membrane porosity, potentially improving filtration
performance. Although porosity is commonly linked with
increased permeability, flux is not always directly
proportional to overall porosity percentage. As shown in
Table 3, sample D exhibits a lower porosity (78.61%)
compared to sample A (83.29%), yet delivers the highest
flux value (5.4 x 1072 L m~2 h-2). This indicates that pore
density—the number of small pores per surface area—
plays a more critical role than porosity alone.

4. Conclusion

PVDF-ZSM-5 composite membranes with varying
ZSM-5 concentrations, showcasing their
physicochemical properties as potential separators for

redox batteries. Integrating ZSM-5 into the PVDF matrix
has led to a substantial enhancement in the membranes’
physicochemical characteristics, such as electrical
conductivity, porosity, and flux value. Structural
assessments, including XRD and FTIR, revealed the
development of the B-phase PVDF. Notably, the
membrane with the highest ZSM-5 concentration
exhibited the greatest electrical conductivity,
demonstrating the positive impact of ZSM-5
incorporation. Interestingly, while ZSM-5 initially
reduced hydrophobicity, enhancing wettability, higher
concentrations adjusted the surface morphology and
increased the contact angle, achieving a balance between
hydrophilic and hydrophobic properties. The findings
underscore the potential of PVDF-ZSM-5 membranes as
an affordable membrane separator for redox battery
systems.
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