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Abstract. Cellulose acetate (CA) membrane was developed through a non-solvent-induced phase 
separation (NIPS) technique to replace the commercial petroleum-based Celgard separator 
membrane in Li-ion battery (LIB). The morphology of a membrane can have a substantial impact on 
both its mechanical and electrochemical properties, which are influenced by the solvent-nonsolvent 
interaction. Therefore, this study examined the effect of solvent fraction in an acetone-water system 
on the membrane morphology. CA dissolved in acetone was cast on a glass plate and immersed in 
the coagulation bath with varying acetone-water ratios. The resulting free-standing membrane was 
analyzed subsequently and showed increased porosity, hydrophilicity, and electrolyte uptake with 
higher acetone ratios in the coagulation bath. It was also found that a more porous membrane 
contributes to a lower tensile strength, including, 6.8 MPa, 5.5 MPa, 4.6 MPa, and 2.6 MPa for the 
coagulation baths containing 0%, 25%, 50%, and 75% acetone, respectively. These results showed 
that the mechanical properties of CA membranes are higher than those of commercial Celgard 
membranes (1.42 MPa). LIB separator performance was measured using electrochemical 
impedance spectroscopy (EIS). CA membrane fabricated with 50% acetone content in the 
coagulation bath possessed the highest ionic conductivity, 4.79×10-4 S/cm, which is higher than the 
ionic conductivity of the Celgard membrane (9.41×10-7 S/cm). Considering their superior 
mechanical properties and electrical performance, CA membranes could potentially substitute 
Celgard as a more sustainable alternative for LIB separators.  
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1. Introduction 

 The increasing demand for mobile devices and electric or hybrid vehicles has led to the 
widespread use of lithium-ion batteries (LIBs). Their popularity is attributed to outstanding  
energy density, substantial specific capacity, relatively low self-discharge rate, durability, 
and lightweight design (Tabani, Maghsoudi, and Fathollahi Zonouz, 2021). The important 
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role of LIBs separators includes preventing short circuits between the electrodes and 
second, to absorb and optimize lithium-ion conductivity by absorbing and retaining 
electrolytes (Yang et al., 2022). 

Polyolefin separators, such as polyethylene (PE) and polypropylene (PP) membranes, 
are widely used due to their suitably sized pores, excellent mechanical strength, and 
chemical stability (Setiaji et al., 2022; Razalli et al., 2015). However, their primary 
disadvantage is insufficient liquid electrolyte capacity and the inability to absorb high-
dielectric-constant electrolytes on their hydrophobic surfaces (Xu et al., 2017). 

To address these challenges, biodegradable battery separators, made from renewable 
natural-resource-based polymers, are being developed as a sustainable, non-toxic, and 
biodegradable alternative to petroleum-based membranes. Among these solutions, 
cellulose acetate (CA) is a promising host polymer for LIBs separators (Febriasari et al., 
2021). Subsequently, CA polymers, characterized by carbonyl and hydroxyl groups, exhibit 
a strong affinity for electrolytes and superior compatibility with electrodes. CA's versatility 
extends to film formation and efficient electrical insulation, rendering it well-suited for use 
as a matrix in LIBs (Li et al., 2017). 

Polymeric membranes can be produced in various ways including nonsolvent-induced 
phase separation (NIPS), thermally induced phase separation (TIPS), melt extrusion, 
electrospinning, and track etching (Rochardjo et al., 2021). The easy processing and high 
reliability of NIPS membranes make them attractive choices. As a widely used method for 
fabricating membranes made from polymers, NIPS has several advantages over other 
methods. Subsequently, with NIPS, this approach facilitates fine control and generates 
small, evenly distributed micropores (Choi, Ingole, and Park, 2022). Furthermore, this 
method is superior to alternative methods, such as dry spinning and hot drawing, in terms 
of achieving appropriate tensile strength, biaxial strength, and puncture resistance (Kahrs 
and Schwellenbach, 2020; Li et al., 2017). In the NIPS process, the polymer and solvent are 
homogeneously dissolved, poured onto a glass plate, and submerged in a nonsolvent bath 
(Li et al., 2008). After phase separation and removal of residual solvent, the nonsolvent 
must have a high affinity for the solvent but not for the polymer (Wang et al., 2019). 

Previous NIPS studies used various approaches to fabricate porous membranes, such 
as changing the composition of the coagulation bath (Thankamony et al., 2018). The 
properties and morphology of membranes are significantly influenced by the bath 
composition during immersion in the coagulation bath (Pagliero et al., 2020). The porous 
membrane structure was affected by the solvent fraction in the coagulation bath (Asghar et 
al. 2018). The results showed that increasing the solvent concentration in the coagulation 
bath increased membrane crystallinity (Jung et al., 2016).  

This study specifically focuses on the preparation of CA membranes using the NIPS 
method. There is a gap in study addressing the contribution of solvent fractions in acetone-
water systems to the effectiveness of CA-based membranes as LIB separators. In the NIPS 
method, the solvent amount in the coagulation bath plays a crucial role in the demixing 
process, influencing pore formation and potentially affecting the electrochemical 
performance of the membrane. Using a facile approach, a porous CA membrane with 
superior ionic conductivity was successfully produced for use as a lithium-ion battery 
separator. 
 
2. Methods 

 To prepare the separators through NIPS, CA (Mn = 30,000) was dissolved in acetone 
until homogeneous. The dissolution process occurred at room temperature, using a vial and 
a magnetic stirrer (IKA C-MAG HS 7) to maintain constant stirring. After achieving 
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homogeneity, the solution was set aside for a period to eliminate any gas bubbles and was 
subsequently placed on a glass plate at room temperature.  
 A 15-minute evaporation process was used to partially evaporate the polymer solution. 
Subsequently, the glass plate was placed in a room-temperature water coagulation bath for 
15 min and the membrane was peeled off slowly. Three variations of porous membranes 
were prepared, each based on the solvent fraction used in the coagulation bath, as shown 
in Table 1. The membrane was dried on sandwich-like filter paper using a vacuum 
desiccator for further analysis. An overview of the NIPS procedure is shown in Figure 1. 

Table 1 Sample specification for the membrane fabrication 

Sample code Water/acetone (v/v) 

A0W100 100/0 
A25W75 75/25 
A50W50 50/50 
A75W25 25/75 

 

Figure 1 Overview process of the NIPS method 

2.2. Cellulose Acetate Membrane Characterization 
Fourier transform infrared (FTIR, Thermo Scientific iS-10 Spectra) spectroscopy was 

used to evaluate the functional groups of CA membrane at 4000–400 cm-1 absorbance 
under ambient conditions. 

To evaluate thermal stability, changes in membrane dimensions were calculated. 
Approximately 2 cm diameter pieces were cut from the samples. After a 2-hour storage at 
90°C, the membrane was examined for heat-induced shrinkage caused by heat. Based on 
Equation (1), the shrinkage was calculated (Liang et al., 2018): 

Shrinkage (%) = 
(𝑆0−𝑆)

𝑆0
 ×  100%    (1) 

where So is the membrane surface area before heating and S is the membrane surface area 
after heating.  

The contact angle was determined using the sessile drop method, using wet agents such 
as water, ethylene glycol, and an electrolyte (0.67 M LiClO4). Using a desiccator vacuum 
overnight, residual humidity was removed from the membrane before the wettability test. 
After dropping the electrolyte solution for 3 and 30 s, the contact angles were measured.  

To measure separator porosity (P), a gravimetric method based on n-butanol 
absorption was used. Each sample measured approximately 2 cm in diameter. Equation (2) 
was used to calculate the porosity of the separator (Cui et al., 2017). 

𝑃 (%) =  
(𝑀𝑛−𝑀𝑖)

𝜌𝑛× 𝑠 × 𝑑
 ×  100%     (2) 

where P is the separator porosity, the mass of the separator at the start is Mi; the mass after 
an hour of n-butanol soaking is Mn, the density of n-butanol is ρn (0.81 g/cm3), the separator 
surface area is s, and its thickness is d. 
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The surface and cross-section of the separator were observed using a scanning electron 
microscope (SEM, Hitachi SU3500, Tokyo, Japan) with an acceleration voltage of 10 kV. 
After analyzing the surface images, the ImageJ software was used to determine the pore 
sizes. 

The tensile properties of the membranes were determined using a universal testing 
machine (UTM, Shimadzu AGS-X Series 5 kN) in accordance with ASTM D1708. The test was 
conducted under ambient conditions at a speed of 0.25 mm/min. 

A gravimetric measurement of membrane electrolyte uptake was conducted by 
weighing the membranes before and after soaking in 0.67 M LiClO4 for 2 h. Electrolyte 
uptake was measured following Equation (3). 

Electrolyte uptake =
(𝑊2−𝑊1)

𝑊1
 ×  100 %     (3) 

where W1 shows the separator weight before and W2 shows the weight after electrolyte 
soaking. The mean and standard deviation were calculated from three measurements. 

Electrochemical impedance spectroscopy (EIS, Metrohm Autolab, Potentiostat Mode) 
was performed at frequencies ranging from 1 Hz to 1 MHz to quantify the membrane ionic 
conductivity between the stainless-steel electrodes. Cell assembly started with the 
membranes being soaked in 0.67 M LiClO4 electrolyte solution for two hours before 
assembly. Coin cells (CR2032) were assembled using a separator and blocking electrodes. 
Equation (4) was used to calculate the ionic conductivity, σ (Luiso et al., 2021). 

σ =  
t

Rb×A
        (4) 

where t is the membrane thickness, Rb is the bulk resistance, and A is the contact area 
between the separator and electrodes. 
 
3. Results and Discussion 

The coagulation process plays a crucial role in the formation of hollow membranes, 
influenced by both thermodynamics and kinetics. Membrane morphology is impacted by 
factors such as polymer-solvent interactions, solution viscosity, and solvent diffusivity. 
Typically, water serves as the most common nonsolvent. The addition of a solvent can delay 
instant demixing by lowering polymer concentration and decreasing nonsolvent activity. 
This delay in liquid-liquid demixing is the predominant effect, as this method is used to 
produce dense membranes (Cui et al., 2017).  

The identification of functional groups in CA membrane was based on FTIR spectra, 
analyzing the location and intensity of spectral peaks. In Figure 2, the FTIR spectrum of CA  
membrane shows two characteristic peaks at wavelengths of 1730 and 1220 cm-1, 
corresponding to the C=O and C–O–C functional groups, respectively (Ramesh, Shanti, and 
Morris, 2013). The stretching vibration of hydroxyl group O-H was denoted by the peak at 
3497 cm-1, and methyl group C-H stretching at 2945 cm-1 (Sudiarti et al., 2017), confirming 
the formation of true CA. Figure 2 shows the FT-IR spectra of CA in the powder and 
membrane forms.  
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Figure 2 FT-IR spectra of cellulose acetate powder and membrane form 

 Porosity is a crucial factor for separators because it impedes the penetration of active 
components and prevents dendritic Li penetration (Ngamaroonchote and Chotsuwan 
2016). The membrane obtained using the NIPS process exhibited a more porous structure 
compared to the solution casting method. This is showed by the SEM results shown in 
Figure 3. 

   

   

(a)  (b) (c) 

Figure 3 SEM micrograph of (top row) surface and (bottom row) cross-sectional 
morphology of (a) Celgard and cellulose acetate membrane obtained with (b) NIPS and (c) 
solution casting 

The observation in Figure 4 shows that an increase in acetone content in the 
coagulation bath leads to higher porosity in CA separator. This effect is attributed to the 
higher acetone concentration reducing the solubility difference between the solvent and 
nonsolvent. This reduction promotes demixing during the coagulation process, ultimately 
yielding a membrane with increased porosity. 

10 µm 10 µm 10 µm 

25 µm 25 µm 25 µm 
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Figure 4 Influence of solvent fraction on porosity of the membrane 

In LIB, specifically those with high power and energy, dimensional stability is crucial 
for separators. The separator should not shrink or wrinkle significantly when the 
temperature increases and it should minimize the thermal shrinkage during drying. As 
shown in Figure 5, the Thermal Shrinkage Ratio (TSR) for each composition of the 
coagulation bath was less than 5%. This satisfies the dimensional stability requirements of 
battery separator applications. 

  
(a) (b) 

Figure 5 Influence of (a) solvent fraction and (b) porosity to thermal shrinkage ratio 

Membrane hydrophilicity plays a significant role in interfacial interactions and can be 
modified by adjusting the phase-inversion process conditions. Valuable information is 
obtained by measuring the contact angle between the wetting agent and the membrane 
surface (Song, Birbach, and Hinestroza, 2012). The results are shown in Figure 6. Increasing 
hydrophilicity was also observed with higher acetone composition in the coagulation bath, 
and this is attributed to the increasing miscibility, which accelerates the precipitation 
process and promotes pore formation (Silva, Belmonte-Reche, and Amorim, 2021).  

  
(a) (b) 

Figure 6 Influence of (a) solvent fraction and (b) porosity to the membrane wettability 
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Figure 7 shows the influence of the solvent fraction and porosity on the membrane 
tensile strength. These results show that the tensile strength of CA membrane decreased 
with increasing acetone content in the coagulation bath. This is in accordance with the 
literature, as an increase in the composition of acetone causes an increase in porosity, and 
negatively affects the tensile strength of the membrane (Kartha and Mallik, 2020; Zhao et 
al., 2008). The tensile strength of the Celgard membrane was measured at 1.42 MPa. All the 
fabricated CA separator membranes had a tensile strength that exceeded that of a 
conventional Celgard separator membrane. 

 
 

(a) (b) 

Figure 7 Influence of (a) solvent fraction and (b) porosity to the tensile strength 

  
(a) (b) 

Figure 8 Influence of (a) solvent fraction and (b) porosity to the electrolyte uptake 

As shown in Figure 8, a higher acetone ratio in the coagulation bath resulted in a higher 
electrolyte uptake. This is caused by higher absorption of the electrolyte in the membrane. 
It is important to note that electrolyte uptake increases linearly, while the porosity 
increases logarithmically (Shi et al., 2015). An excellent ionic conductivity is required for 
the separator because it controls ions passing between the positive and negative terminals 
(Arrieta, Barrera, and Mendoza, 2022). Subsequently, EIS measurements were performed 
by applying a frequency within a certain range, resulting in real and imaginary impedances 
presented in the Nyquist plot (Figure 9). The calculated ionic conductivities are listed in 
Table 2. 
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(a) (b) 

Figure 9 (a) Nyquist plot of cellulose acetate membranes and (b) influence of porosity on 
ionic conductivity 

Table 2 Ionic conductivities (σ) of cellulose acetate and conventional Celgard membrane 

Sample Rb, Ω A, cm2 t, cm σ, S/cm 

A0W100 39.65 2.835287 0.002943 2.62×10-5 
A25W75 8.37 2.835287 0.011367 4.79×10-5 
A50W50 77.20 2.835287 0.013433 6.14×10-5 
Celgard 936.92 2.835287 0.0025 9.41×10-7 

The ionic conductivity calculation shows that a higher acetone composition in CA-based 
membrane leads to higher ionic conductivity compared to using water only as a non-
solvent. Additionally, the results of all CA-based solid polymer electrolyte membranes show 
better performance than that of Celgard. 
 
4. Conclusions  

In conclusion, CA separator membrane was successfully fabricated using the NIPS 
method with acetone as the solvent and water as the nonsolvent. Higher acetone 
composition in the coagulation bath facilitated faster phase separation, potentially leading 
to larger pores, higher electrolyte absorption, lower tensile strength, and lower thermal 
shrinkage. Increased acetone content also correlated with higher ionic conductivity. The 
contact angle between CA membrane and water and ethylene glycol decreased with 
increasing acetone content in the coagulation bath. The wetting ability of the membrane 
electrolyte increased because of increased membrane porosity. CA-based membranes have 
shown better mechanical and electrical properties than commercial Celgard membranes. 
The tensile strength of the pure CA membrane was 6.8 MPa while that of Celgard was 1.42 
MPa. The ionic conductivity of the CA membrane with 50% acetone content was 4.79×10-4 
S/cm while that of Celgard was 9.41×10-7 S/cm. These results showed that CA has potential 
as a viable alternative to replace polyolefin separators. 
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