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ABSTRAK

Tren penggunaan kendaraan listrik semakin hari semakin meningkat. Dengan meningkatnya
penggunaan kendaraan listrik, maka diperlukan penguasaan teknologi kunci yang digunakan oleh kendaraan
listrik tersebut, salah satunya adalah baterai, khususnya baterai ion litium (BIL). Terdapat banyak komponen
penting yang ada di BIL, salah satunya adalah bagian separator yang berfungsi untuk menghalangi terjadinya
arus pendek (korsleting) antara anoda dan katoda baterai sambil memberikan jalan agar pertukaran ion dapat
berlanjut. Artikel ini bertujuan untuk merangkum informasi-informasi penting yang berhubungan dengan
teknologi separator pada baterai ion litium. Pembahasan dimulai dengan material apa saja yang telah
digunakan dalam membuat separator pada produk baterai komersial dan baterai yang masih dalam tahap
penelitian dan pengembangan. Selain itu, teknik fabrikasi separator dengan cara konvensional dan cetak 3-
Dimensi juga didiskusikan. Terakhir, artikel ini memaparkan beberapa studi lampau tentang cara-cara
melakukan uji performa terhadap material separator.

Kata kunci: separator baterai, fabrikasi, material, uji performa, baterai ion litium.

ABSTRACT

The trend of using electric vehicles is increasing. With the increasing use of electric vehicles,
it is necessary to master the key technologies used by electric vehicles, one of which is batteries,
especially lithium-ion batteries (LiB). There are many important components in the LiB, one of
which is a separator that serves to block short circuits between the anode and cathode of the battery
while providing a way for ion exchange to continue. This article summarizes important information
related to battery separator technology. The information includes the materials that have been used
in commercial products and those of under research and development. In addition, the method of
fabricating the separator using conventional methods and 3D printing is discussed. Finally, this
article also discusses how several studies perform performance tests on separator materials.

Keywords: battery separator, fabrication, materials, performance test, lithium-ion battery.

1. INTRODUCTION

The trend for electric vehicles continues to grow. Sales of electric vehicles in 2021, for example, will
double to 6.6 million units compared to 2020 [1]. This sales record makes electric cars hold a market share of
almost 109% of all car sales in 2021, four times more than in 2019. It has been predicted that fossil fuel vehicles
will be replaced by electric vehicles in 2025 [2]. According to Subekti et al., five key technologies must be
considered in developing electric vehicles: driving experience and maintenance, batteries, electric motors,
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electronic control systems, and battery charging systems [3]. The battery is one of the most critical parts of an
electric vehicle. This is because the cost of making the battery contributes around 25-40% of the cost of
making electric vehicles [4], [5].

There are several types of battery materials used in electric vehicles. These types of batteries include
lead-acid, nickel-metal hybrid, and lithium-ion [6], [7]. Each of these battery types has its advantages and
disadvantages. However, from these three types of batteries, the lithium-ion battery type (from now on
referred to as LiB) is the type that has the best properties for use in electric vehicles [2], [8]. This is because
LiB has a high efficiency, long life cycle, and high-power density [7], [9], [10].

Figure 1 shows the components in the LiB, namely, the cathode, anode, separator, and electrolyte [11].
The anode and cathode are opposing the electrodes, where electrons will flow from the anode to the cathode,
and lithium ions will flow from the cathode to the anode when the battery is used. The opposite occurs when
recharging occurs. The electrolyte is a material that acts as a bridge for lithium ions to move between the
anode and cathode. Finally, the separator is the part that keeps the anode and cathode from touching and
causing a short circuit [12]-{14], however it still provides space for lithium ions to move between the
electrodes. This article will focus on the separator part.

—Electrolyte

Separator

sy — Anode

Figure 1. Battery components

The purpose of this article is to provide the latest and important information regarding separator battery
technology. This includes several materials that have been, or are being, developed for commercial separators
and the fabrication techniques using conventional and 3-dimensional (3D) printing techniques. In addition,
information on how to conduct the performance test for evaluating a separator material is also provided. This
knowledge can be helpful for researchers who are developing new separator materials by 3D printing method,
and learning how to evaluate the samples’ performance.

2. BATTERY SEPARATOR CHARACTERISTICS AND MATERIALS
2.1 Characteristics and Properties of Battery Separator

The general specifications of a battery separator can be seen in Table 1. These specifications are divided
into several types, which are chemicals, physical, and mechanical characteristics with a minimum value that

a battery separator must possess. These specifications include minimum mechanical strength, pore
percentage, size, and so on [15], [16].

52



Jurnal Media Mesin, Vol. 24 No. 1
Printed ISSN: 1411-4348
Online ISSN: 2541-4577

Table 1. Minimum specification of a lithium-ion battery separator [16]

Parameter Score
Chemical and electrochemical stability ~ Stable for a long time.
wettability Gets wet quickly and thoroughly.
Mechanical strength > 98.06 MPa.
Thickness 2025 um.
Pore size <lum.
Pore percentage 40 — 60% of the total volume.
Permeability <0.025 s.umr,

Shrinkage <5% when placed in a 90°C
environment within 60 minutes.

Can turn off the battery when the temperature is
critical automatically.

Temperature stability

shutdown function

The first characteristic that is important for battery separators is the stability of their chemical structure.
The separator must have a stable chemical structure, which means it will not react to the battery’s reactions.
In addition, the separator must also be able to absorb the electrolyte used in the battery. As a result, the
separator will have low resistance and high conductivity.

The second important property of the battery is the wettability of the separator. This wettability property
is related to the nature of the separator, which can absorb liquid electrolytes to facilitate the ion exchange
process in the battery. The better the separator absorbs the liquid electrolyte, the smaller the resistance value
and the greater the ionic conductivity of the separator [16]-[18]. Measuring wettability is usually done in two
ways, namely by looking at the electrolyte's contact angle and absorption capacity.

The contact angle can show the liquid's ability to be absorbed into a material. In the separator
experiment, the liquid used is a liquid electrolyte. This liquid electrolyte will be dripped into the separator, and
its distribution will be observed [19]. Generally, a suitable separator has hydrophilic properties (Figure 2).
How to measure the contact angle will be explained in the fourth chapter.

<Hydrophobic Hydrophilic >

Figure 2. lllustration of the contact angle of the electrolyte on the separator with
hydrophobic to hydrophilic properties

In addition to the contact angle, the wettability of the separator can also be measured by finding the
value of the electrolyte absorption capacity. This value can be found by measuring the mass of the separator
before and after immersing it in a liquid electrolyte for two hours [17]. Furthermore, the value of electrolyte
absorption capacity (EAC) can be found using Equation (1) [20]-]22].

EAC (%) = 2o 9
(%) =~ X 100% (1)

0

where, W, and W is the mass of the separator before and after being immersed in the liquid electrolyte. The
higher the EAC value, the better the ability of the separator to absorb electrolytes [17]. That is, the better the
performance as a separator.
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The third property of the separator that needs attention is its mechanical properties. The minimum tensile
strength of the separator with a thickness of 25 pum is 98.06 MPa. This value usually occurs during the battery
assembly [16], [23]. In addition, the separator must also withstand punctures due dendrite that may formed
during battery usage. Next, thickness of commercial separator is 20 — 25 um for commercial and 10 pum or
less for new applications, such as electric vehicles. The thinner the separator, the smaller the value of the
resistance. In addition, the thinner the separator, the more space can be used by the battery so that the battery
capacity increases [16].

The fourth important specification is the pores of the separator. The pores aim to facilitate the exchange
of ions between the electrodes. The pore must be large enough for ions to flow but not so large that a short
circuit can occur. Furthermore, the recommended pore percentage to separator volume is around 40 — 60%.
The calculation of the pore percentage can be done in two ways, namely by using the ratio between the volume
of the space and the geometric volume (Equation (2)), and the ratio between the weight of the separator before
and after absorbing liquid (Equation (3)) [16].

Pore (%) = (1 - p—V) x 100% )
Pp
W, =W,
Pore (%) = (*) X 100% 3)
pLVo

where py, pp, and p,are the densities of the separator, polymer material, and liquid used. Next Vyis the
volume of the separator before the liquid is immersed. Lastly, W,and W; is the mass of the separator before
and after being immersed in the liquid. In practice, the second way is more often used than the first way.

In addition to the pore percentage, an even pore layout is also recommended. Uneven pore layout can
cause uneven current density. This can lead to dendrites forming, damaging the separator and the battery as a
whole [24] — [27].

The fifth property to note is the permeability of the battery separator. This property is the ratio of the
resistance of the separator after being immersed in the electrolyte and the resistance of the electrolyte itself.
In general, this value is usually less than 0.025 s.um™ as measured by ASTM D726 and D737 [16].

The sixth important property is the temperature property of the separator. The stability of the separator
temperature can be seen from the shrinkage rate of the separator. The way to find the shrinkage level of the
separator is to measure the size of the separator before and after it is placed in a room with a certain
temperature and a certain time. The standard shrinkage of the separator is 5% of its initial size after being
placed in an environment with a temperature of 90°C for 60 minutes. Higher shrinkage can put a voltage on
the separator, which can eventually cause a short circuit. Calculation of the percentage of shrinkage can be
done using Equation (4) [17], [20].

Ao — 4y

Shrinkage (%) = ( ) x 100% 4)

0

where, Ayand A are the separator areas before and after being heat treated for some time.

The last important characteristic or function is the shutdown function. This function exists when the
separator is at a high temperature. At this temperature, the separator will melt and close its pores, so the ion
exchange process will stop. This must be considered when choosing a new material to research or modifying
the separator's design.

2.2 Battery Separator Materials
When viewed from the perspective of the use of separator membrane materials, the design phase of the

separator can be divided into three phases [13]. The first phase is polyolefin-based separators, for example,
polyethylene (PE) and polypropylene (PP). This first-phase separator has many pores and is an insulator [14]
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but is susceptible to development of dendrites from the lithium component due to using a liquid electrolyte
[28]. Furthermore, the second phase separator is a separator whose surface has been given an additional layer.
This layer gives the separator better temperature stability and strength [29]. However, this separator still uses
a liquid electrolyte, so the risk of dendrite development still exists [13]. Therefore, solid electrolytes and
separators can reduce the risk of dendrite development [30].

For commercial separators, the material used is usually a polyolefin-based [31], [32], namely
polyethylene (PE) and polypropylene (PP). Therefore, it can be said that commercial separators are still in the
first phase. Some separators get a special coating on their surface that makes them eligible for the second
phase. Some of the materials used by commercial separators can be seen in Table 2.

Table 2. Commercial separator materials

Company Material Ref.
Celgard PP, PE, and three layers of PP/PE/PP [33]
ENTEK Membranes LLC Ultrahigh molecular weight polyethylene (UMWPE)  [34], [35]
Asahi Kasei PE, PP [36]

Apart from commercial separators, there are several other materials that many researchers investigate.
Xiaoyu Jiang et al., for example, attempted to create a separator using Polylactic Acid (PLA) as the main
material and a shell of Poly-Butylene Succinate (PBS) [37]. PLA was chosen because of its mechanical
strength, temperature stability properties, and dimensions. Meanwhile, PBS was chosen because of its affinity
with liquid electrolytes and lower melting temperature than PLA. This melting temperature is intended for
the shutdown function, where PBS will melt and close the pores while PLA will maintain product integrity.
In addition, separators with this material can provide less resistance compared to separators coated with
ceramic.

JC Barbosa et al. investigated a separator containing the primary ingredient PLA, specifically Poly L-
Lactic Acid (PLLA) [22]. This PLLA was dissolved in a mixture of dichloromethane (DMC) and
dimethylformamide (DMF) with a volume ratio of 70:30 at room temperature.

Chengyai Cai et al. investigated a separator made primarily of PLA and then coated with various
materials [21]. The materials used as coatings are polydopamine (PDA) and zeolitic imidazolate frameworks
(ZIF). The results of the journal research show that PLA with PDA and ZIF coatings increases the stability of
battery cycles and restrains dendrite growth. Furthermore, the electrolyte absorption rate is higher when
compared to PLA, which is only coated with PDA or PLA, which is not coated at all.

Satita Thiangtham et al. studied separators, with the main ingredient being biomembranes mixed with
sulfonated cellulose (SC) [17]. This biomembrane was created by dissolving PLA/PBS biocomposite into
DMF. Mixing the biomembrane and SC results in a pore percentage level of up to 87.7% with a pore diameter
of about 1.4 + 0.6 um. Finally, compared to the commercial product Celgard 2400, this material can provide
a higher discharging capacity and better cycle performance with a more stable battery capacity.

Yang Liu et al. studied battery separators with boron-nitride (BN) materials [38]. This separator has
stable battery cycle performance and high Coulombic efficiency. In addition, this separator also has stable
electrochemical properties and maintains a high specific capacity compared to commercial separators.

Liao et al. investigated a flame retardant separator with suitable ionic conductivity [39]. This separator
was created with bacterial cellulose (BC) combined with attapulgite (ATP), so it has a high EAC of 470.03%
and an ionic conductivity of 1.734.

Qian et al. are researching stretchable batteries. All battery components, from the anode, and cathode,
to the separator, are 3D printed with the primary material, nano-fibrillated cellulose (NFC) [40]. The battery
can be stretched 50% back and forth with the addition of only 3% electrode resistance after 50 stretches. Other
studies usually use polyolefin materials with new layers or mixtures with other materials.

3. BATTERY SEPARATOR FABRICATION PROCESS
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The battery separator fabrication process can be divided into conventional and new processes, such as
3D printing method. The conventional process is normally used to manufacture battery separators for
commercial purposes. Another fabrication method is currently being researched and attracted many attention
is to create a battery separator by 3D printing machine.

3.1 Conventional Fabrication Method

There are two methods for producing conventional battery separators: dry and wet. The fundamental
difference between these two methods occurs during the primary material melting process. The melting
process of the dry process isdone without using any mixture. Meanwhile, a mixture of hydrocarbons is used
during melting process at the wet process.

The dry process for the separator fabrication begins by melting the polyolefin material as the primary
material [41]. The main material usually used in this process is PP. Next, the melted polyolefin is cast into a
film layer, while annealing is carried out at a temperature between the glass transition temperature and the
melting temperature. This is done so that the crystallization of the separator can be controlled. During this
process, the separator will be pulled in the direction of the machine (machine direction, MD). Because the
direction of pull is only on one axis, the pore shape of this process is usually like a torn cloth (as in Figure 3a)
[14], [42], [43]. In addition, the tensile strength of the separator concerning the MD and the transverse
direction (TD) is also different.

: . -
oV SpotMagn Dot WD Exp P 2w - ] o

00KV 30 10000 SE O1

Figure 3. SEM image of the separator fabricated using (a) dry and (b) wet processes.
Reprinted from reference [42], with permission from AIP Publishing (copyright belongs to
AIP Publishing)

One of the solutions for the geometric shapes and differences in the tensile strength of the separators can
be solved by pulling the separators in both directions during the fabrication process. Several researchers have
studied and used it [43-46]. However, the drawback of this two-way pull technique is the size and distribution
of the pores formed. The size that forms is usually relatively large, with a non-uniform distribution [44].
Another way is to pull the separator into a controlled MD and TD. That is, when the separator is pulled to TD,
at the same time, the pull to MD s controlled so that relaxation occurs [47]. This results in a separator with a
pore shape close to a circle and an aspect ratio close to 1 [41].

In addition to the dry process technique, another popular technique is the wet process with a two-way
separator pull [42]. In this process, polyolefin (usually PE) is mixed with a liquid additive, for example, a
hydrocarbon, at a temperature above its melting temperature. Next, this mixture is cast into a film layer and
drawn onto the MD and TD. Next, the liquid hydrocarbon is evaporated with the evaporating solution to
produce pores in the separator (see Figure 3b). The most commonly used hydrocarbon liquid is methylene
chloride, while the most commonly used vaporizing solution is paraffin oil [19]. This evaporation process
usually increases the cost of separator fabrication with a wet process. The advantages of this process over MD
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and TD are the more uniform pore structure and tensile strength. In addition, the tensile strength of the
separator from this process is relatively higher [41].

3.2 Fabrication 3D Printing Techniques

Several techniques can be used to fabricate battery separators using 3D printing techniques. Zhiyang
Lyu, et al. provide four techniques that can be used to print battery components, including the separator. These
techniques or technologies are Direct Inject Writing (DIW), Fused Deposition Modeling (FDM), Inkjet
Printing (1JP), and Stereolithography (SLA) [48]. The four technologies can be seen in Figure 4.
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Figure 4. 3D printing technology: (a) DIW, (b) FDM, (c) I1JP, and (d) SLA

Several studies are using the DIW technique to print the battery separator. Ji Qian et al. printed
stretchable batteries [40]. In addition, Yang Liu et al. printed a separator with BN material [38]. Both of these
studies used the same tool to print their separators, namely the Fisnar F4200N robot, with the thickness of the
separator controlled by the Fisnar DSP501N, a wind-powered liquid dispenser.

Apart from fabrication using the DIW technique, several studies use the FDM (fused deposition
modeling) technique to make their separators. This technique is more limited because it requires a
thermoplastic material as a filament to print objects. Maurel et al., for example, succeeded in printing a
separator with several shapes and filling density experiments in the mold [49]. This study uses FDM
technology using the Prusa i3 MK3 engine. Meanwhile, the filament is self-formulated, using PLA as the
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primary material. In addition, Reyes et al. also use the FDM technique to print their batteries [50]. In this
research, the researchers printed the battery in one mold, starting from the cathode current collector, cathode,
separator, anode, and anode current collector.

4. BATTERY TEST SEPARATOR PERFORMANCE

Research and development of separator materials for batteries requires performance testing techniques for
the separator itself, especially if the separator is made of a new material. Performance testing of the separator
can be seen from the mechanical performance (tensile and compressive strengths), geometric performance
(number of pores, thickness, wettability, and temperature stability), and electrochemical performance (internal
resistance, ionic conductivity, and cycle performance). In addition, in the separator research, morphology and
chemical bonding tests of the separator were also carried out. This is usually done using a scanning electron
microscope (SEM) and a device that supports Fourier transform infrared (FTIR). Before that, it is necessary
to know the failure modes that can occur in the separator, especially mechanical failure modes.

4.1 Failure Characteristics

The failure mode of a battery is when a short circuit occurs. A short circuit on a battery can occur when
the separator can no longer carry out its duties to separate the anode and cathode of the battery. The separator
is said to have failed if the battery has a short circuit. This separator failure can occur when the separator fails
mechanically, has enlarged pores, or has tear in the separator body. This may occur due to dendrites growing
on the separator [24], [25] or because an external load is too high.

Chunhao Yuan et al. proposed a universal failure mode in battery separators [51]. This failure mode is
defined using the strain of the separator tested by compression test. The primary strain data e; (j = 1, 2, 3)
received will be converted to strain data in the logarithmic range. The conversion of the principal strain values
of the technique into strains in the logarithmic range can be seen in Equation (5).

e=In(1+e) (5)

After getting the strain value within the logarithmic range, the next step is to see if the battery separator
will fail. This is done by calculating the volumetric strain (e,) and equivalent strain (e, ). These two variables
are calculated using Equations (6) and (7).

SV:€1+€2 +€3 (6)

Eeq = \/% [(e1 — &2)2 + (&2 — &3)% + (85 — &1)?] @)

where ¢; (j =1, 2, 3) is the j-th principal strain. Furthermore, these two variables can be compared with the
failure limit value of a battery. Chunhao Yuan et al. recommended the failure limit values as shown in
Equations (8) and (9) [51].

gy = —2.11 (8)
£oq = 2.13 ©)

Both the volumetric strain (&,,) and equivalent strain (s,,) can be used as a reference when analyzing the

mechanical strength of the battery separator materials. This analysis can be carried out when experimenting
with new materials for battery separators by looking at the strength of the separator itself. The maximum load
and safety factor that can be applied to the separator can be calculated with the reference strain obtained.
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The battery separator may fail over time. This means battery separators must be tested before it is
approved for commercial use. This is to ensure that the product is safety and suitable for the designated
battery's lifetime. As one of the critical components in battery structure, the separator's performance certainly
affects the performance of the battery itself. For example, a concentrated pore can lead to a concentrated
current density. This can lead to the growth of dendrites, which can damage the separator and eventually
creates a short circuit [24]-[27]. Therefore, a separator must follow the standard performance to provide good
endurance.

Due to the reasons above, performing the performance tests on a separator is a must. Next, it will be
explained the apparatus and experimental tools used in the performance tests, the variables measured, and the
practical procedures that are carried out.

4.2 Performance Test Experiments

The separator performance test can be divided into two parts. First is the mechanical performance test,
which is about the strength of the material used by the separator. The second is a functional performance test,
which is about the performance that the separator can provide. Number of pores, separator barriers, ion
exchange functions, and so on are examples of these functions.

4.2.1 Testing Apparatus

The testing apparatus used depends on the test to be carried out. Starting with testing geometry,
morphology, and chemical structure, from geometry, morphology, and chemical structure (electrochemistry)
to mechanical testing of the separator. Please note that the apparatus mentioned in this section is the apparatus
in general. More specific apparatus, such as brand and type, will be mentioned in the next sub-chapter. Figure
5 shows some of the typical apparatus used to test the performance of the battery separator, namely for
mechanical testing, electrochemical testing, and the geometry and morphology of the separator. These images
were obtained from these resources: [52]-[54].

(©)
Figure 5. Some separator testing apparatus: (a) tensile test machine (Kerina Yin [53]), (b) scanning
electron microscope [52]), and (c) electrochemical impedance spectroscopy [54])
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First, the apparatus for mechanical testing. Mechanical testing is typically used to determine the strength
of the object being tested, in this case, the separator. Accordingly, this testing apparatus is a tensile and
compression testing machine.

Second, the apparatus for electrochemical testing. Apparatus included in the electrochemical testing
process are electrical testing instruments and batteries. They start from resistance testers and electrochemical
impedance spectroscopy meters to battery charging and discharging testing systems. In addition, coin or
button battery assembly kits are required for this test.

The last is the geometric and morphological performance of the separator. In testing this performance,
some of the apparatus needed are a length measurement instrument, mass measurement, contact angle testing,
a scanning electron microscope (SEM), and a device that supports Fourier Transform Infrared (FTIR). To
perform length and mass measurements, standard devices can be used. Specifically for length measurements,
the instruments used can be a ruler (to measure the area of the separator) and a micrometer (to measure the
thickness of the separator). Other apparatus that can assist with testing may also be used. For example, time
counters, temperature gauges, sample storage containers, and cutting tools.

4.2.2 Variables that Need to be Measured

Several variables need to be measured to determine the performance of the separator being studied.
These variables can be divided into three categories, namely mechanical, electrical, and geometric
performance.

Mechanical performance can be seen from the strength of the material used to make the battery
separator. The mechanical strength of the separator can be seen from the maximum load that can be applied
before the equivalent strain and the resulting volumetric strain are more than the failure limit value [51]. The
variables that need to be measured for mechanical performance are the stress and strain values of the separator
being tested. These two variables can be measured using a universal test machine. Example of these machines
are the Instron 1121 [20] and the DMA Q800 Dynamic Mechanical Analyzer [55].

A separator's electrical and chemical performance can be seen from its internal resistance, ionic
conductivity, and cycle performance. All tests can be carried out with a testing system for each variable using
different apparatus. The universal electrochemical testing apparatus can perform the internal resistance test.
For example, the Ivium-n-Stat device from the Ivium company in the Netherlands can be used for this
application [20]. lonic conductivity can be analyzed by measuring electrochemical impedance spectroscopy
(EIS). EIS measurements can be performed with various devices, such as Gamry Reference 3000 [55], Gamry
Reference 600+ [21], Autolab PGSTAT-12 (Eco Chemie) [22], and pAutolab Type Il impedance
spectrometer [17]. EIS measurements of the tested battery can produce large resistance values [56]-[58]. This
value is then used to find the ionic conductivity value (a) using Equation (10).

o=t (10)

where g is the ionic conductivity (S/cm), t is the thickness of the sample (cm),R, is the resistance (£2), and
Ais the contact area of the electrode used (cm?) [17], [55].

Separator performance can also be measured by the cycle performance of the battery with the separator
being tested. This performance is measured by measuring the charging and discharging capabilities of the
battery. This performance test is carried out with a battery testing system with a C ratio of 0.05 - 2C (1C =
170mA/ g) with a voltage of around 2.5 — 4.2 V. Some of the battery testing system devices are the LAND
battery test system [20], LANHE battery test system [21], Bilogic VMP [22], and Battery Charge/Discharge
System HJ Series (Hakuto/Denko, Japan) [17].

The geometric performance of the separator can be seen from the several geometric shapes of the
fabricated separator being tested. The geometry includes thickness, number of pores, wettability, and
temperature stability. The separator's thickness is typically in the 20-25 m range. Therefore, we need a device
capable of measuring such a thin thickness. Fortunately, micrometer measuring devices are sufficient for use
according to the standard.
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Several variables that need to be measured to examine the separator's geometric performance are the
separator's mass and volume. These two variables can be used to find the separator's pore percentage and
EAC performance. The trick is to measure the mass of the separator before and after it is immersed in the
liquid electrolyte. Equation (1) can be used to calculate EAC performance. After that, the pore percentage can
be found by knowing the volume of the separator before it is immersed and the density of the liquid electrolyte
used. Then, the pore percentage can be found using equation (3).

For wettability, the variable that needs to be measured is the contact angle. Dripping liquid electrolytes
can measure the contact angle on the separator. Furthermore, the contact angle can be measured, as shown in
Figure 2, using a contact angle measuring instrument, such as the Kruss DSA 100E [59] or the Attension
Theta series [60]. Several standards that can be used to measure this contact angle are 1SO 19430, ISO
15989:2004, ASTM C813-90, and ASTM D7334-08 [61].

Another test usually carried out when testing the separator is the morphology of the material used. The
first test was by SEM to analyze the pore surface and thickness [62]. Some of the SEM devices that can be
used are JEOL JIB 4610F [63], SEM SU3500 [64], Hitachi S-4800 [17], FEI Quanta 600-series [22], [55],
and FE-SEM XL-30 [20]. An example of the results of morphological testing can be seen in Figure 3.

The tester can also identify the polymer structure and chemical bonds of the separator being tested by
FTIR testing. This test can be carried out with various devices that support infrared spectroscopy for FT with
a wave measurement distance of about 400 — 4000 cm* [20]-[22]. An example of the results of testing the
chemical bond structure can be seen in Figure 6 taken from [65].
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Figure 6. Example of an FTIR chart [65]
4.2.3 Experimental Steps

Several steps must be taken to carry out experiments related to the LiB separator. These experimental
steps can be done all at once, in part, or added according to the purpose of the experiment. In general, the
practical steps can be seen in Figure 7. The first step is fabricating a battery separator using the selected
technique, for example, 3D printing using the FDM technique. After fabrication is the measurement of the
geometry of the separator, starting from the area, thickness, number of pores, and so on. After that,
measurements of the mechanical and electrical performance of the separator can be carried out. These two
measurements can be performed in parallel or only partially.
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Figure 7. Experimental steps for a battery separator

First, separator fabrication. This includes selecting materials, new design trials, and new fabrication
methods. This means that the formulation of the material, preparation before use, the fabrication plan, and the
use of the material as a separator are included in the first step. For example, suppose the research is to use a
PLA material with the addition of a new material as the main material in making a separator using a 3D printer.
In that case, the first steps include formulating the material mixture, preparing the material as a filament, and
3D printing. Please note that the variables used in this process must be documented. These variables include
machines used for material formulation, filament manufacturing (for fabrication by 3D printing), 3D printing,
and variables while printing separators (bed temperature, print speed, slicer software, and so on). It is intended
that the results of separator fabrication can be carried out again. In addition, some experimental processes
require the destruction of the separator membrane. Therefore, more than one sample with the same variable
is needed to ensure experimental validation. In addition, a morphological test of the separator can also be
carried out to ascertain the chemical content of the material used.

Second, measurement of separator geometry performance. In this stage, all the geometric performance
measurements that have been fabricated are carried out. This includes thickness, pore number, size,
wettability, EAC performance, material composition, chemical structure, morphology, and temperature
stability. Several geometric performances can be measured simultaneously using the same measurement data.
For example, suppose the researcher knows the density of the liquid electrolyte. In that case, the number of
pores and performance properties of EAC can be estimated using data on the mass of the separator before and
after immersion in the same liquid electrolyte. Other performance measurements can refer to the
measurements of each variable required in the previous sub-chapter.

Third, measurement of mechanical performance. As the name suggests, in this section, the performance
regarding the mechanical strength of the separator is measured. It starts from the MD and TD's tensile strength
to the separator's compressive strength. It aims to measure the maximum load given to the separator.

Fourth, electrical performance measurement. Please note that measuring the electrical performance of
the separator requires battery assembly using anode, cathode, and other battery components that is necessary.
In addition, because the device being tested is a separator, the material and fabrication process of the anode,
cathode, and other components must be the same between the separator samples. This is so that there are no
errors in the performance data of the separator itself. In some measurements, especially when measuring
battery cycle performance, tests are carried out with button battery assemblies of type 2025 or 2032 [17], [20].
One of the reasons why performance measurements are made on button battery assemblies is to reduce other
variables that might affect the measurement, such as dendrites [66],[67].
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4.2.4 Performance Test Results from Several Sources

results of the performance tests.

As a reference, table 3 summarizes the performance tests that done by several researches. Performance
tests that included in the table are the fabrication of the separator, the performance tests carried out, and the

Table 3. Performance test results from several sources

Ref Eabrication Performance Test Results
¢ Technique Geometry Mechanical Electrical
[20] Modification by Area shrinkage of 1% Tensile strength is The battery self-
adding a layer of to 4%, depending on  105.85 MPa with an  discharge retention
phenolic resin (AF)  AF coverage when extension rate of rate values were
to a commercial stored at 135°C for 30 40.60%-puncture 95.67%, 90.41%,
separator. minutes. The strength up to 4.97 N. 79.48%, and 71.63%
separator thickness after being stored for
ranges from 24.50 to 8, 24, 40, and 56
25.54 um. KSE score days, respectively.
220.7% to 225%. The battery discharge
Pore percentage value capacity holding
47.23% to 58.08%. value is 86%, and the
Columbic efficiency
is 96.7% after 450
cycles of charging
and discharging the
battery capacity.
[21] PLAseparator was The thickness of the  Young's modulus The ionic
made by separator is 40 um.  value of 0.4 GPa. conductivity value is
electrospinning The contact angle 1.99 x 10 S/cm. The
technique and then  value is 12.9°, with battery discharge
coated with PDA the EAC value up to capacity holding rate
and ZIF. 290%. The separator with the studied
does not shrink until separator was 98.78%
it is heated to 165°C. after 200 charge-
discharge cycles. This
hold rate reduces to
89.03% after 500
cycles. Discharging
capacity reaches 140
mAh/g.
[22] The conventional,  Pore percentage Young's modulus lonic conductivity

wet process mixes
PLLA with
DMC/DMF to
create a pore count.

values range from value is 7.5 MPa.
71.7% to 74.7%. The

most negligible

contact angle

measurement results

are around 61°, with

the highest EAC

value of 350%.

ranges from 0.9 to 1.5
mS/cm. They are
discharging capacities
rated at 1 C, ranging
from 23 to 93 mAh/g,
with discharge
capacity holding rates
between 44% and
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Ref Eabrication Performance Test Results
ef. :
Technique Geometry Mechanical Electrical
55%.
[55] 3D printing using Pore percentage The tensile strength  The ionic
the DIW technique  values range from ranges from 3.5 to conductivity value is
with inks from a 21% to 53%, 32.9 MPa, with an 0.0017 t0 0.82
mixture of PVDF,  depending on increase in pre-fail mS/cm.
N-methyl-2- composition and length of 1.3 to
pyrrolidone, solvent. Area 28.2%.
glycerol, and shrinkage is only 3%
Al203. to 5% at 190 to
200°C.
[62] The conventional,  The pore size is 1.71 No result Electrical

wet process mixes
polyvinyl difluoride

(PVDF) with
polydimethyl

siloxane (PDMS),
and gycerol and NN
dimethyl acetamide

(DMAC) as
solvents.

[64] The conventional,

wet process by

mixing Cladophora
algae cellulose with
H2S04 solution.

to 13.58 pm with a
pore percentage value
of 69.33% to 81.53%.

The average No result
thickness is 80 to
176.67 pm. The
average pore size is
0.4851t0 0.163 pm.
No shrinkage occurs
when placed at
120°C. The contact
angle with liquid
electrolyte produces a
value of 8.39° to
19.59°,

conductivity values
range from 3.45 x 10-
4 S/cmto 3.20 x 10-3
S/cm. Resistance
values range from
0.293 to 1.08 Q.

No result

5. CONCLUSION

The use of battery is keep increasing as the use of electrical vehicle increases. As one of the main
components, battery has several components that should be developed, one of them is its separator. There are
several research conducted that focus on battery separator, start from the development of new material, to the
development of new fabrication process for the separator. According to the literature review, there are several
materials that are already used as the main material for the separator. One of which that gain attention lately
is PLA due to its mechanical strength and temperature stability. Besides, the research trend for this topic,
especially for PLA-based separator, is about addition of layer to the existing product or development of new
fabrication process of the separator, such as 3D printing. Besides materials, this article also explains the
performance testing methods for separator materials, which include the testing apparatus, the measured
variables, and the procedures for the experiments.
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