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Abstract: Separator is an important part of lithium-ion batteries because it acts both as a physical 

barrier for the electrodes and as an electrolyte reservoir for ion transport. The separator has direct 
influence on the battery performance. Polyolefins, typical materials used for the fabrication of 
separator, demonstrate high flexibilities and mechanical strengths but also possess a high ratio of 
thermal shrinkage and low porosity. The aim of the research is to obtain highly porous and thermally 
stable separator. Poly(vinylidene fluoride) (PVDF) nanofiber membrane was synthesized via double 
jet electrospinning method. PVDF was dissolved in variations of solvents, i.e., dimethylformamide-
acetone and dimethylformamide-ethanol and added with colloidal SiO2 at different concentrations of 
0 ppm, 1000 ppm, 3000 ppm, and 5000 ppm. The obtained separators exhibited high porosities, high 
electrolyte uptakes, and thermally stable, resulting in improved performances when assembled in 
real battery cell systems.  

 
Keywords: Electrospinning, separator, poly(vinylidene fluoride)/SiO2, nanofiber, lithium-ion 

battery 
 

1. Introduction 

The global demand for rechargeable batteries is 
expected to reach nearly 1000 GWh per year by 2025 1). 
Among the battery cells, lithium-ion batteries are not only 
applied in mobile devices such as camera and mobile 
phones 2) but also in complex operating systems, including 
electric vehicles 3) and energy storage in renewable energy 
power plants. They offer some distinct advantages, 
including long lifetimes 4), low self-discharges, high 
energy densities 5), high efficiencies 6), and good cycle 
performances 7), which are responsible for the diverse 
applications. 

The lithium-ion battery has four main components: the 
positive electrode (cathode) is a lithium-based metal-
oxide; the negative electrode (anode) consists of an active 
material collecting the ions; the liquid electrolyte enables 
the lithium-ion transfer between cathode and anode; 
finally, a separator assures battery safety by preventing the 
contact between the two electrodes. 

Although it does not have to be an electrochemically 
active component within the cell, the separator plays an 
important role in lithium-ion transport, affecting rate 
performance, cell life, and safety. First, a suitable 

separator must be characterized by a high ionic 
conductivity 8). Furthermore, to improve the battery safety, 
solid electrolytes can be employed 9). However, there are 
limitations that are hindering the large-scale production of 
these systems, such as low ionic conductivities, poor 
interface contacts, and the absence of effective ways of 
mass production 10). To overcome these drawbacks, a 
separator characterized by adequate thermal stability was 
used. 

Currently, commercial separators mostly employ 
poly(ethylene) (PE) 11), poly(propylene) (PP) 12), and 
poly(ethylene oxide) (PEO) 13), owing to their affordable 
prices and excellent mechanical properties. However, 
insufficient porosities and poor resistances to high 
temperatures are the main drawbacks of these polyolefins. 
Due to their low melting points (408.15 K, 438.15 K, and 
338.15 K for PE, PP, and PEO, respectively 14)), when the 
battery is used under high-temperature conditions, the 
pores of the polymeric separator are rapidly blocked. This 
condition is dangerous because it causes the disruption of 
the electrochemical processes and internal short circuits, 
which are potential causes of fire. 

In this research, we processed poly(vinylidene fluoride) 
(PVDF), characterized by a high melting point (450.15 K), 
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into nanofiber membranes. These materials have been 
synthesized via several routes, including melt-blow 15), 
wet-laid 16), vacuum filtration 17), and electrospinning 18). 
Particularly, electrospinning is a straightforward 
manufacturing technique to prepare nanofibers via an 
electrostatically driven process. We optimized the process 
by tuning the PVDF solvent and colloidal SiO2 
concentration. The solvent choice was based on previous 
studies showing that PVDF dissolved in 
dimethylformamide (DMF) resulted in larger fiber 
diameters 19) compared to PVDF dissolved in 
DMF/acetone 20). However, the high acetone vapor 
pressure allows for the variations of PVDF polymer 
concentrations; therefore, DMF-ethanol solvent was used 
as a comparison. The addition of colloidal SiO2 enables 
the membrane porosity and wettability enhancement 21). 
Furthermore, addition of colloidal SiO2 can improve the 
quality of the nanofiber membrane as a battery separator, 
such as the resistance of the nanofiber membrane to high 
temperatures 22). 

 
2. Materials and Methods 
2.1 Materials 

The following materials were used: poly(vinylidene 
fluoride) (C2H2F2)n, (PA, Aldrich), N,N-
dimethylformamide (PA, Merck), acetone (PA, Merck), 
ethanol (PA, Merck), tetraethylorthosilicate (TEOS) (PA, 
Merck 99 %), distilled water, acetic acid (PA, Merck), and 
microporous Celgard-2400 separator (PP, Celgard). 

 
2.2 Methodology 
2.2.1 Preparation of PVDF solutions 

Table 1. The samples preparation condition. 
Sample Code PVDF Solvent SiO2 Concentration 

[ppm] 
PVDF-A DMF/acetone 0 
PVDF-A/SiO2 1000 DMF/acetone 1000 
PVDF-A/SiO2 3000 DMF/acetone 3000 
PVDF-A/SiO2 5000 DMF/acetone 5000 
PVDF-E DMF/ethanol 0 
PVDF-E/SiO2 1000 DMF/ethanol 1000 
PVDF-E/SiO2 3000 DMF/ethanol 3000 
PVDF-E/SiO2 5000 DMF/ethanol 5000 
PP Microporous Celgard 2400 separator 
 
The nanofiber membrane preparation comprised three 

steps, as depicted in Fig. 1: the synthesis of PVDF 
polymer solution and colloidal SiO2, double jet 
electrospinning process, and membrane drying process. 
The synthesis was performed by dissolving PVDF (15 
wt.%) in DMF-acetone (named PVDF-A) or DMF-
ethanol (named PVDF-E) at a volume ratio of 7:3. 
Afterwards, the precursor solution was stirred at 333.15 K 
for 8 h, until a homogeneous solution was obtained. The 
samples prepared with various solvents and SiO2 

concentrations are shown in Table 1. 
 

2.2.2 Synthesis of colloidal SiO2 and electrospinning 
process 

Colloidal SiO2 was prepared following a sol-gel method 
23). TEOS (18 ml), acetic acid (36 ml) and distilled water 
(6.4 ml) were mixed together; the obtained solution was 
aged until the formation of a colloidal gel. This was 
subsequently washed with ethanol and filtered, leading to 
the formation of a SiO2 residue. Afterwards, SiO2 was 
dissolved in DMF with varying concentrations of 0, 1000, 
3000, and 5000 ppm. Nanofiber membranes were 
synthesized using a double jet electrospinning method for 
2 h on a rotating cylinder collector, with the following 
electrospinning parameters: a high voltage of 15 kV, a 
collector rotational speed of 150 rpm, and a tip-to-
collector distance of 17 cm. These parameters are used in 
both electrospinning processes, the only difference being 
the PVDF flow rate is 1.5 ml/h while the SiO2 flow rate is 
0.5 ml/h. The resulting PVDF/SiO2 nanofiber membranes 
were then dried for 24 h.  

 

 
Fig. 1: Experimental method for synthesis of 

PVDF/SiO2 nanofiber membrane. 
 

2.2.3 Sample characterization 
The functional groups of the starting materials and 

samples were analyzed via Fourier-transform infrared 
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formation of beaded membranes negatively affects the 
uniformity of the nanofiber membrane 33). For samples 
with SiO2 0 ppm (Fig. 4 (a) and Fig. 5 (a)), the formation 
of beads was limited by the high net charge density (NCD) 
factor 34). Nevertheless, the high NCD values for the 
samples with SiO2 0 ppm were caused by the 
electrospinning using a single jet, so that the applied 
voltage was not divided, rather than by the addition of 
colloidal SiO2. Increasing SiO2 concentration (Fig. 4(b-d) 
and Fig. 5(b-d)) did not affect bead formation because for 
these samples, a double-jet pump was employed in the 
electrospinning process. For all samples, the small SiO2 
particle size allowed the colloid to stick to the fiber 
surface. 

 

Fig. 4: Morphology of PVDF-A/SiO2 a) 0 ppm; b) 1000 ppm; 
c) 3000 ppm; d) 5000 ppm. Inset shows the higher 

magnification of each sample.  
 

Fig. 5: Morphology of PVDF-E/SiO2 a) 0 ppm; b) 1000 ppm; 
c) 3000 ppm; d) 5000 ppm. Inset shows the higher 

magnification of each sample. 
 
The fiber diameter was obtained by measuring the fiber 

size from the SEM images using ImageJ software. Fig. 6 
shows the fiber size distribution of PVDF-A/SiO2 and 
PVDF-E/SiO2. The PVDF-A/SiO2 (Fig. 6 (a)) fiber size 
was smaller than that obtained for PVDF-E/SiO2 
membranes (Fig. 6 (b)). Since the fiber diameter size is  

 

Fig. 6: Fiber size distribution of a) PVDF-A/SiO2 and b) 
PVDF-E/SiO2. 

 
directly correlated to the solution viscosity 35), the 
viscosity difference between acetone and ethanol affected 
the measured fiber size. Specifically, at 295.15 K, the 
viscosity of acetone (0.3 mPa·s) 36) is lower than that of 
ethanol (1.1 mPa·s) 37). The average diameters for PVDF-
A/SiO2 and PVDF-E/ SiO2 membranes were ~254.14 nm 
and ~336.54 nm, respectively.  

Porosity, electrolyte uptake, and fiber size uniformity 
are important parameters affecting the specific capacity of 
a battery 38). For all membranes, the obtained porosities 
and electrolyte uptakes reported in Table 2 were higher 
than the corresponding values obtained for the 
commercial separator selected as a comparison (PP, 38 ± 
6 %). Nanofiber membranes have smaller fiber sizes and 
higher porosities than non-woven membranes, such as PP 
24).  

For both nanofiber membrane types, the addition of 
SiO2 increased the porosities and electrolyte uptakes. The 
porosity increase is ascribable to two main factors: first, 
SiO2 porous structure (pore diameter ~7 nm 39)) acts as a 
lithium-ion reservoir. Second, the position of SiO2 on the 
fiber surface reduces the distance between the fibers 
(pores). Therefore, the porosity and the electrolyte uptake 
of the material increase. 

 
Table 2. Porosities and electrolyte uptakes for the prepared 

nanofiber membranes and the commercial PP separator. 
Membrane

s 
Separator 

Porosity [%] Electrolyte Uptake [%] 
PVDF-A PVDF-E PVDF-A PVDF-E 

SiO2 0 60 ± 1.6 54 ± 1.5 779 ± 10 787 ± 12 
SiO2 1000 73 ± 2.1 56 ± 1.9 961 ± 14 683 ± 14 
SiO2 3000 79 ± 2.4 64 ± 2.5 1198 ± 28 843 ± 24 
SiO2 5000 82 ± 2.2 71 ± 2.8 1265 ± 31 1181 ± 28 

PP 38 ± 3.4 184 ± 12 
 
Noticeably, the porosity and electrolyte uptake of 

PVDF-A/SiO2 are higher than those of PVDF-E/SiO2, 
which is agreement with the difference in fiber sizes. 
Previous studies 40) correlated the small fiber size to a 
limited pore size. Accordingly, a reduction in the pore size 
caused the membrane porosity to increase and a 
consequent enhancement in the electrolyte uptake 33). 
Significantly, the porosities and electrolyte uptakes of 
PVDF/SiO2 membranes were higher than those of other 
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