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Abstract 

A porous polylactic acid (PLA) film was investigated as a separator for supercapacitors (SCs) and 

compared with commercial separators, for example, NKK-MPF30AC and Celgard 2400. The porous PLA 

film was fabricated via a facile phase inversion method, and the cross-sectional scanning electron 

microscope images of the PLA separator film exhibited highly porous interconnected morphology for 

ion diffusion. The surface modification of separators was performed by radio frequency (RF) air plasma 

to improve wettability. The plasma modification enhanced the water uptake and swelling properties 

of the separators and decreased the water contact angles of PLA and Celgard 2400 films. The 

mechanical and dielectric properties of separators were also studied. The ionic conductivities of RF-

PLA in 1 M H2SO4 and 1 M Na2SO4 were found to be 1.1 x 10-1 S/cm and 0.6 X 10-2 S/cm at room 

temperature, respectively. The electrochemical impedance spectroscopy of the RF-PLA SCs showed 

the lowest solution resistance and internal resistance. 
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1 | INTRODUCTION 

Supercapacitors (SCs) are promising energy storage devices in various applications requiring high 

power density, such as portable devices, hybrid power systems for electric vehicles, aircraft vehicles 

(UAVs, UGVs, etc.), and smart grids.[1-3] The main components of SCs are electrodes (cathode, anode), 

electrolytes, and separators. To improve the performance of SCs, extensive work has been focused on 

increasing the specific capacitance of electrodes[4] and widening the cell voltage by newly developed 

electrolytes and separators. [5,6] Synthetic polymer-based solid electrolytes or separators have been 

widely used in SCs, and their biodegradable alternatives from renewable sources have always been 

sought after because of environmental and economic concerns.[7,8] 

The major advantages of polymer electrolytes and separators are that they are flexible, easy to 

fabricate, free of leakage, nonvolatile, and low flammable. [9] Much attention has been given to the 

development of high performance SCs by enhancing the ionic conductivity and chemical and 

electrochemical stability of polymer electrolytes and separators. The usage of different polymers or 

polymer blends that are well matched to electrodes enables one to widen the potential window and 



broaden the operating temperature range. The most widely used hydrogel electrolyte separator is the 

poly(vinyl alcohol) (PVA) for flexible SCs. Wan and his coworkers prepared a flexible and self-healable 

PVA hydrogel electrolyte crosslinked by hydrogen bonds for an SC with all-in-one configuration. [10]  A 

flexible sandwich-structured SC with a PVA/H3PO4-soaked cotton fabric as the electrolyte matrix and 

separator was reported for potential applications in smart textiles and wearable electronics.[11] To 

improve the network structure and mechanical properties, cellulose/PVA composite gels are prepared 

as separators for quasi-solid state electrical double layer capacitors (EDLCs). Compared with the PVA 

gel, composite gels showed good cycling stability with capacitance retention of 88% after 1,500 

cycles.[12] 

A semi-interpenetrating polymer network (semi-IPN) based on poly(ethylene oxide) (PEO) and 

noncrosslinked nitrile butadiene rubber system has been reported for high thermal and dimensional 

stability. The produced semi-IPN membranes exhibit an operating temperature range of from -80 to 

120°C, which is wider than that of the classical cellulose separator.[13] The SCs based on a porous 

polyacrylonitrile nanofibers separator[14] and a crosslinked quaternized poly(arylene ether sulfone) 

membrane[15] showed good cycle stability. These polymer electrolytes or separators are expected to 

meet the fundamental requirements to be ideal materials for energy storage devices with high 

energy/power density and good cycling stability. However, most of these materials are not 

biodegradable and environmentally friendly. Moreover, they are not manufactured from renewable 

sources. 

Considering the environmental effects, biodegradable, and environmentally friendly polymer 

electrolytes/sepa-rators have been taken more attention in the design of SCs due to the abundance in 

nature, renewable sources, and low cost. A blend of chitosan (CS) and poly(ethylene glycol) (PEG) was 

used as a biodegradable polymer electrolyte for SCs.[16] Lithium perchlorate (LiClO4)-doped plasticized 

blend exhibited a maximum conductivity of 1.1 X 10-4 S/cm and high coulombic efficiency. CS was also 

blended with starch and doped with LiClO4,[17] and the fabricated SC showed a good electrochemical 

performance with a specific capacitance of 133 F/g. Another kind of biodegradable electrolyte was 

produced from corn starch, which was doped with lithium acetate and plasticized with glycerol.[18] The 

maximum ionic conductivity was improved to 1.04 X 10-3 S/cm. 

Biomass-derived and bio-inspired materials have recently been used as both electrode and electrolyte 

in SCs, such as waste-bone,[19] eggshell,[20] lignin,[21] wood,[22] soybean leaf,[23] and kelp.[24] These bio-

derived materials play an important role in sustainable energy storage systems and have not only 

unique mechanical and physicochemical properties but also a characteristic chemical structure; that 

is, they are rich in N, O, and S heteroatoms in their structures. Hence, the presence of these self-doped 

heteroatoms (especially O and N) is useful in electrolytes/separators for high performance SCs. 

3D porous polymer separators facilitate ion conductivity. Hence, the innovative alternatives are 

attractive for the fabrication of porous polymer films. When compared with electrospinning, the phase 

inversion is a simpler, cheaper, and more efficient technique for the preparation of porous polymer 

membranes. The phase inversion method was used for the preparation of a mesoporous cellulose 

membrane in solid-state SCs by Zhao et al.[25] Poly(vinylidene fluoride) (PVDF) porous membranes as a 

separator for a symmetric SC were also fabricated by the phase inversion technique.[26] Another work 

on PVDF-ceramic composite based separators demonstrated that the phase inversion precipitation 

technique is a feasible and scalable method for the fabrication of these porous polymer composite 

membranes.[27] 

The aim of this study was to prepare porous polylactic acid (PLA) based biodegradable separators for 

SCs. To this end, we applied the phase inversion technique to fabricate a highly porous structure of a 



PLA film: we used PEG 4000 as the sacrificial polymer and constructed interlinked PLA with porous 

morphology by removing the sacrificial polymer. The separator films were subjected to radio frequency 

(RF) air plasma treatment for 60 s to improve wettability. In addition, we compared the chemical and 

electrochemical properties of the porous PLA separator with those of typical commercial separators, 

namely, NKK-MPF30AC-100 (cellu-losic separator paper) and Celgard 2400 (polypropylene-based 

separator). 

 

2 | EXPERIMENTAL 

2.1 | Materials 

PLA 4,032 D in pellet form was purchased from Nature Works (Blair, NE, melt density: 1.08 g/ml at 

230°C, specific gravity: 1.24 kg/m3, semicrystalline). PEG (BioUltra, mp: 58-61°C and fp: 229°C, clear, 

colorless) with a molecular weight of 4,000 was purchased from Sigma-Aldrich, Germany. 

Dichloromethane (99.8%, density: 1.325 g/ml at 25° C, Sigma-Aldrich) solvent was used as received. 

Carbon black (Super-P, conductive, 99+% [metals basis]) was purchased from Alfa Aesar, and 

commercial separators NKK-MPF30AC (cellulose based, 89 μm, 30 g/m2, Nagano-ken, Japan) and 

Celgard 2400 (polypropylene based, thickness: 24 μm, area: 0.6 m2) were used as reference separators. 

 

2.2 | Fabrication of a porous PLA separator 

The phase inversion method was used to produce a PLA film with porous structure (Figure 1). 

 

FIGURE 1 Fabrication technology of PLA-based separator: preparation of porous PLA separator by phase inversion 

technique; surface treatment by RF air plasma [Color figure can be viewed at wileyonlinelibrary.com] 

 

Briefly, porous films were prepared by a solution casting-porogen leaching technique. However, 

instead of using NaCl salt or particulates, we used PEG 4000 itself as a sacrificial polymer for pore 

generation. The weight ratio of PLA to PEG was 25:75. The PLA and PEG 4000 were dissolved in 

dichloromethane, and the solution concentration was adjusted to 0.143 g/ml. The viscous polymer 

blend (PLA and PEG4000) solution was poured onto a clean glass plate and spread by the doctor-blade 



method as 73 mm x 97 mm dimensions films. Then the wet films that spread on glass plates were 

soaked in deionized water without completely drying it. The polymer blend film peeled off the glass 

plate in deionized water bath spontaneously and became a freestanding film. The deionized water is 

solvent for PEG 4000, but it is nonsolvent for PLA. Hence, the phase inversion process was started for 

the PLA transformation from a liquid phase to solid phase and the dissolution of PEG 4000 in water 

started simultaneously for obtaining highly porous films. The films were placed in deionized water for 

48 hr at 25° C for leaching out the PEG porogens, and water was changed every 12 hr. The full removal 

of PEG porogens resulted in the formation of an interconnected PLA skeleton with highly porous 

structure. The films were dried at 50° C in an oven for 12 hr. The dimensions of the films did not change 

after drying process and RF plasma treatment. 

The separator films were exposed to RF plasma treatment for 60 s to increase their hydrophilicity by 

including hydrophilic functional groups (hydroxyl, carboxyl) on the surface, as well as increasing the 

surface area by physical etching. RF plasma was generated by a PICO (Diener, Germany) plasma reactor 

with a power of 50 W and frequency of 13.56 MHz. Air was used as a carrier gas with a flow rate of 20 

sccm under the chamber pressure of 50 Pa. 

 

2.3 | Characterization of separator films 

2.3.1 | Morphology of separator films: SEM analysis 

The morphology of the separator films was investigated by a NANOSEM 450 (FEI) scanning electron 

microscope (SEM) operated at 5 kV under a pressure of 90 Pa. The films were frozen in liquid nitrogen 

and then broken into two parts to reveal the lateral section in its original state. Images were taken at 

magnifications of x5k and x10k. 

 

2.3.2 | Water contact angle measurements 

The wettability behavior of the separator films was investigated by the sessile drop method via SEE 

System (Advex Instruments, Czech Republic) equipped with a CCD camera to reveal its surface 

hydrophilicity. Ten separate distilled water droplets of 5 pl in volume were applied to each film to 

obtain the average water contact angle value (Qw) at 23° and 62% relative humidity. 

 

2.3.3 | Water absorption test 

Water uptakes of PLA, NKK, and Celgard 2400 separators with and without RF-plasma treatment were 

measured by immersing the samples into deionized water at room temperature until swelling 

equilibrium was attained. The weight gain of the separator films was recorded as a function of time, 

and the equilibrium swelling ratio (SR) of the films was calculated according to Equation (1): 

 

where Wt is the weight of a wet sample at equilibrium after a certain period of immersion in water and 

W0 is the weight of the fully dried sample. 

 



2.3.4 | Dielectric relaxation spectroscopy 

Dielectric measurements were performed as frequency sweeps in the range 0.1-10 MHz at ambient 

temperature at a measuring voltage amplitude of i V using a Novocontrol impedance analyzer 

(Germany) on samples in the form of 10-mm diameter discs with a thickness of about 20 μm. AC 

conductivity of separators before and after plasma treatment was calculated using the measured 

dielectric loss parameter (Ɛ") by applying Equation (2): 

where 𝜖0 is permittivity free space (8.854 x 10 -12 F∙m) and ꙍ = 2πf is the angular frequency.[28] 

 

2.3.5 | Mechanical (tensile) test 

All films were tested and compared in terms of their mechanical properties. Samples were carefully 

cut using a 10 x 80 mm2 press knife. Tensile test was carried out according to the methodology 

described in Reference [29] using a Testometric M350 tensile machine (Testometric Company, Ltd. UK.) 

under ambient conditions with crosshead speeds of 50 mm/min. The stress-strain parameter values 

were taken from an average of five specimens. 

 

2.4 | Electrochemical characterization of separator films 

2.4.1 | Ionic conductivity 

All separators were immersed in 1 M aqueous electrolyte solutions of sulfuric acid (H2SO4) and sodium 

sulfate (Na2SO4). The ionic conductivity of the samples was measured by electrochemical impedance 

spectroscopy (EIS) by placing the samples between two round stainless steel plates. The impedance 

data were collected by Autolab PGSTAT128N (Metrohm, Netherlands) in the frequency range from 0.1 

to 100 kHz with amplitude of 10 mV. The conductivity of the samples was calculated by following 

formula: 

 

where σ is the ionic conductivity, Rb is the bulk resistance, I is the thickness of a separator, A is the 

contact area between the separator and the stainless steel plate.[30,31] 

 

2.4.2 | Electrochemical performance in a symmetric activated carbon cell 

The SC cells were fabricated using commercial activated carbon (DARCO, 100 mesh particle size, 

powder). Super-P was added as a conducting additive, and poly-tetrafluoroethylene (PTFE, 60wt% 

dispersion in H2O) was used as a binder material. The composite: Super-P: binder ratio was maintained 

at a value of 80:10:10. The electrode films with diameter of 4.5 mm were pressed onto titanium 

meshes. The electrodes were dried at 80° C in an oven overnight. Symmetric cells were fabricated in 1 

M aqueous electrolyte solutions of sulfuric acid (H2SO4), using different separators (NKK-MPF30AC, 

PLA, Celgard 2400, and their RF-plasma treated samples) between two stainless steel collectors in a 

Teflon Swagelok system. Cyclic voltammograms (CVs) and EIS(frequency range of 0.1 Hz-100 kHz) 

measurements were performed using an Autolab PGSTAT128N potentiostat (Metrohm, Netherlands). 



Galvanostatic charge-discharge cycling of the cells was conducted over a potential range of 0-0.8 V 

using a battery testing equipment (BCS-810, Bio-Logic) under a constant current density in 1 A/g at 

room temperature. 

 

3 | RESULTS AND DISCUSSION 

Supercapacitor separators must perform some important tasks such as ensuring high ionic 

conductivity, nonconductive property, compensating the pressure and volume changes, and resistance 

to chemicals. Porous polymer membranes are promising separator materials for SCs in view of their 

enhanced electrolyte uptake, ease of fabrication, and mechanical robustness. Therefore, porous 

polymer separators, particularly cost-effective and environmentally friendly ones, have been studied 

more extensively. The main limitation of polymer separators is their low surface energy, which results 

in poor wettability. A plasma surface modification technique was used to circumvent this limitation by 

controlling the surface functionality and surface energy of polymers. The prepared PLA films and 

commercial separators (NKK and Celgard 2400) were subjected to RF plasma treatment to increase the 

number of hydrophilic groups and to improve surface wettability. The effect of RF plasma on separator 

films was tested by water uptake and water contact angle measurements. The tensile properties of 

films were determined, and the pore structure morphologies were examined by SEM. The ionic 

conductivity of a separator in electrolyte, which is one of the most important parameters for its 

application in SCs, was measured in two most common aqueous electrolytes. Several symmetric SCs 

were assembled using different separators. The performance of these separators in SCs was studied 

through their electrochemical properties. 

 

3.1 | SEM analysis 

After the RF-treatment of separator films, their topographies and cross section morphologies were 

investigated by SEM analysis. The SEM images of an RF-NKK film in Figure 2a,b clearly show that the 

cellulose separator is composed of nonoriented interlinked cellulose fibers. The porous structure is 

formed by a fibrous network with disordered arrangement. Hence, the porous micromorphology of 

the RF-NKK separator provides an efficient ion transport pathway. During the fabrication of a PLA 

separator by the phase inversion technique, the removal of PEG 4000 porogens from the PLA matrix 

resulted in a sponge-like structure, as shown in the crosssectional SEM images (Figure 2d,e). A highly 

porous interconnected structure can facilitate the ion diffusion through the channels and provide 

sufficient space to uptake liquid electrolytes. However, the cross-sectional SEM images of the RF-

Celgard 2400 separator film exhibited nonporous monolithic morphology, which is micromorphology 

of the RF-NKK separator provides an efficient ion transport pathway. During the fabrication of a PLA 

separator by the phase inversion technique, the removal of PEG 4000 porogens from the PLA matrix 

resulted in a sponge-like structure, as shown in the crosssectional SEM images (Figure 2d,e). A highly 

porous interconnected structure can facilitate the ion diffusion through the channels and provide 

sufficient space to uptake liquid electrolytes. However, the cross-sectional SEM images of the RF-

Celgard 2400 separator film exhibited nonporous monolithic morphology, which is not feasible for SC 

separators (Figure 2g,h). The ionic motion is directly affected by the pore structure of the separator, 



so porous systems are essential for the Celgard 2400 separator film even if its wettability was improved 

by surface treatment. 

 

FIGURE 2 SEM images (a, b, and c) for RF-NKK-MPF30AC; (d, e, and f) for RF-PLA; (g, h, and i) for RF-Celgard 2400 separators 

[Color figure can be viewed at wileyonlinelibrary.com] 

 

The chemical and mechanical stabilities of RF-NKK (Figure 2c), RF-PLA (Figure 2f), and RF-Celgard 

(Figure 2i) separators were investigated by SEM after electrochemical measurements. All separators 

maintained their structural integrity mechanically and none of them showed deformations after 

electrochemical measurements. It can be seen that some part of the activated carbon penetrated into 

the RF-NKK separator (Figure 2c). The permeation of the small amount of active material is due to the 

fibrous network structure of cellulose fibers. The SEM analysis of RF-PLA separator revealed that the 

active materials stayed on only the surface of the film and no penetration of activated carbon through 

the film (Figure 2f). The morphological changes were not observed for RF-Celgard film after 

electrochemical measurement (Figure 2i). 

 

3.2 | Water contact angle 

The separators were treated with air RF-plasma to improve surface wettability and hydrophilicity of 

their surfaces. The water contact angle measurement is one of the common and simple methods to 

ascertain the wettability of material surfaces. Table 1 and Figure 3 represent the values of the water 

contact angle of SC separator films. A significant decrease can be seen in the water contact angles of 

all samples after plasma treatment. The contact angle of Celgard 2400 separator decreased from 115.3 

to 52.1°. For the NKK cellulosic separator film, the contact angle was 0° both before and after plasma 



treatment, which indicates that this film has a superhydrophilic surface (Supporting Information). 

Superhydrophilic PLA surfaces (with water contact angle dropped from 82.4 to 0°) were obtained after 

air RF-plasma treatment for 60 s. The improved wettability was clearly observed for Celgard 2400 and 

PLA films after plasma treatment. This is attributed to the formation of an oxidized nanolayer and the 

introduction of polar functional groups onto the separator surfaces. The air RF-plasma treatment made 

the surface more hydrophilic, thus improving its wettability characteristics. Similar results were 

reported by Ren and his coworkers for PLA nonwo-ven fabrics.[32] Atmospheric dielectric barrier 

discharge (DBD) plasma was applied to improve the surface wettability of PLA fabrics. DBD plasma 

treatment for 90 s sharply decreased the water contact angle from 123 to 0° and resulted in super-

hydrophilic PLA surfaces. The effect of plasma treatment on the water contact angle reduction was 

also observed in a polylactic acid/hydroxyapatite (PLA/HA) composite[33] and a porous poly(lactic-co-

glycolic acid) scaffold.[34] Jabbarnia et al. fabricated an electrospun polyvinylidene 

fluoride/polyvinylpyrrolidone-based (PVDF/PVP) separator for an SC.[35] UV irradiation changed the 

surface wettability of PVDF/PVP nanofibers. The hydrophilic surface of the SC separator displayed 

improved wettability with a contact angle of 37°. 

 

TABLE 1 Water contact angle values of separators before and after RF-plasma treatment 

 

3.3 | Water absorption test 

The water uptake (WU) data of separator films at room temperature are presented in Figure 2. Since 

RF-plasma introduces more hydrophilic functional groups into separator films, the tests were 

performed for both non-RF-treated (Figure 4a) and RF-treated (Figure 4b) separator films. After 

soaking nontreated separator films in water for 72 hr, the water uptake values were found to be 34.7%, 

17.1%, and 3.2% for NKK, PLA, and Celgard 2400, respectively (Figure 4a). A cellulose based NKK 

separator showed the highest water absorption by hydrophilic (—NH and —OH) functional groups. 

Obviously, the polypropylene based Celgard 2400, which has a hydrophobic main chain structure, 

possesses the lowest water uptake value and low wettability. After the RF-treatment of separator 

films, the water uptake values increased to 186.6%, 149.9%, and 4.1% in RF-NKK, RF-PLA, and RF-

Celgard 2400, respectively (Figure 4b). As expected, NKK and PLA separator films can absorb a huge 

amount of water after RF-treatment due to the surface modification toward a more hydrophilic 

character. There is a good correlation between the water uptake of all separator films and their water 

contact angle. One can see that there is a small increase in water uptake (from 3.2 to 4.1%) of the 

Celgard 2400 separator film after RF-treatment. This is attributed to the nonporous structure of the 

Celgard 2400 separator film. The porosity of the separator is crucial to achieve a higher aqueous 

electrolyte uptake and, consequently, improved ion transfer. Highly porous structures of NKK and PLA 

separators were also confirmed by SEM analysis. 

In Figure 4b, all samples reach a maximum water uptake within 8 hr, followed by a gradual decrease 

until an equilibrium is reached. This behavior is called the overshooting phenomenon. Initially, water 



diffuses into the porous films very rapidly. Then, polymer chains relax to their equilibrium 

conformations and release some amount of water. Similar behavior of sodium alginate-g-acrylic acid 

copolymer was reported in the literature.[36] 

 

3.4 | ATR-FTIR analysis 

The changes of the surface functional groups of separators were monitored by ATR-FTIR spectroscopy 

before and after RF air plasma treatment. Figure 5a,b is related with untreated and RF air plasma 

treated Celgard 2400 separator film. 

FIGURE 3 (a) Water contact angle images of Celgard 2400 before RF-treatment, (b) water contact angle images of Celgard 

2400 after RF-treatment, (c) NKK-MPF30AC before RF-treatment, (d) NKK-MPF30AC after RF-treatment, (e) PLA before RF-

treatment, and (f) PLA after RF-treatment [Color figure can be viewed at wileyonlinelibrary.com] 

FIGURE 4 (a) WU% values before RF-treatment, (b) WU% values after RF-treatment [Color figure can be viewed at 

wileyonlinelibrary.com] 

 



The strong peaks between 2,953 and 2,837 cm-1 are attributed to the —CH3 and —CH2 asymmetric 

and symmetric stretching vibrations. The two peaks at 1,456 and 1,372 cm-1 correspond to the 

asymmetric and symmetric deformation vibrations of —CH2 and —CH3, respectively. The medium 

peak at 1,166 cm-1 showed the C—H wagging vibrations and C—C bending of polypropylene. The —

CH3 rocking can be seen clearly at 973 cm-1. Researchers have used air plasma technique for 

modification of the polypropylene surface by incorporating hydrophilic oxidative functional groups, for 

example, carboxyl (—C=O—O—H), carbonyl (—C=O), and hydroxyl (—OH).[37] The formation of the 

oxygen containing functional groups on the surface of RF air plasma treated Celgard 2400 was 

confirmed by the FTIR spectrum given in Figure 4b. The new peak at 1,726 cm-1 is due to carbonyl (—

C=O) groups stretching. Also, —O—H stretching and bending vibrations were identified as small peaks 

appeared at 3,441 and 1,621 cm-1, respectively. The FTIR spectra of pristine and plasma treated NKK 

cellulose separator paper are presented in Figure 5c,d. The characteristic stretching vibrations of —

CH2 groups were observed at 295,7 cm-1 and 2,917 cm-1. The small peak at 1,734 cm-1 was observed 

for —C=O stretching vibration. The peaks at 1,456, 1,376, 1,162, and 994 cm-1 correspond to the —

CH2 bending; —CH bending; C—O—C stretching; and ring vibrations of C—C, C—OH, and C—H groups, 

respectively.[38,39] The treated NKK surface showed almost same absorption peaks as the FTIR spectrum 

of untreated film. The only difference can be found as the increase in the peak intensity which 

corresponds to the carbonyl (—C=O) groups stretching at 1,734 cm-1. The carbonyl peak intensity 

increment can be explained by addition of more hydrophilic oxidative functional groups onto the 

surface of NKK cellulose film by RF air plasma. The FTIR spectroscopic investigation was done for 

untreated and RF air plasma treated PLA films (Figure 5e,f).  

FIGURE 5 (a) FTIR spectra of Celgard 2400, (b) FTIR spektra of RF-Celgard 2400, (c) FTIR spectra of NKK-MPF30AC, (d) FTIR 

spectra of RF-NKK-MPF30AC, (e) FTIR spectra of PLA, and (f) FTIR spectra of RF-PLA [Color figure can be viewed at 

wileyonlinelibrary.com] 



The typical absorption peaks of PLA at 2,998, 1,754, 1,453, 1,367 cm-1 were assigned to the —CH 

stretching in —CH3 groups, —C=O stretching, asymmetric, and symmetric —CH bending in —CH3 

group, respectively. The strong peaks at 1,187 and 1,086 cm-1 were due to the C—O and C—O—C 

stretching vibrations. The oxidation of PLA with oxygen after plasma treatment was explained by the 

reaction of oxygen and free radicals to form peroxide groups in literature.[33,40] The proposed 

mechanism of the formation of peroxides was explained as the ejecting the hydrogen atom from —

CH3 group with the production of free radicals and subsequently react with O2 to create peroxides and 

hydroperoxides.[41] The clear differences were observed for the RF air plasma treated PLA film in Figure 

4f. The new peaks appeared at 3,469 and 1,637 cm-1 were related to the stretching and bending 

vibrations of the newly formed —OH groups onto the PLA surface. Hence, ATR-FTIR analysis confirmed 

that the RF air plasma modified the surface of PLA into the more hydrophilic character. 

 

3.5 | Dielectric properties of separators 

Figure 6 shows the frequency dependence of the complex permittivity of commercial separators NKK-

MPF30AC and Celgard 2400 before and after RF plasma treatment. 

All samples demonstrate frequency dispersion of permittivity in the studied frequency range. Plasma 

treatment has a pronounced effect on the dielectric properties of Celgard 2400 and PLA-based 

separators, but has little effect on the NKK separator. After plasma treatment, Celgard 2400 and PLA-

based separators show an increase in the real part (dielectric constant) and imaginary part (dielectric 

losses). At the same time, the plasma treatment changes the character of the dielectric loss spectrum 

of both separators: the vanishing of β-relaxation in PLA at higher frequencies, and the vanishing of 

broad-band p-relaxation in Celgard 2400 in the low frequency region (Figure 6). This can be explained 

by the increase in the dipole polarizability due to the change in the surface chemical composition of 

the separators. Indeed, the surface of the PLA separator changes from hydrophobic to hydrophilic. The 

hydrogen atom in methyl groups (—CH3) are likely to be removed and subsequently form radicals with 

the air oxygen, giving rise to hydroperoxides. After the plasma treatment, the chemical composition 

of the PLA separator surface is changed by incorporation of functional groups, for example, -C=O and 

—O—H; this leads to an increase in the number of dipoles in PLA.[42] These results are in a good 

agreement with the water contact angle and water uptake measurement results of the separators. 

Similar results were obtained for an oxygen plasma treated PVDF film: fluorine atoms were removed, 

radicals were formed, oxygen related functional groups were incorporated, and the PVDF film 

displayed improved hydrophilicity.[43] Table 2 presents the AC conductivity of separators before and 

after plasma treatment. The AC electrical conductivity of the separators increases slightly after the 

plasma treatment, but the separators still exhibit electrically insulating properties, which is what is 

expected for SC separators. 

 

3.6 | Mechanical test 

The stress-strain representative curves of the Celgard 2400, PLA, and NKK films are shown in Figure 7, 

and the film materials can be classified as brittle, plastic, and ductile, respectively. Their basic tensile 

properties are presented in Table 3. 

 

 

 



 

FIGURE 6 Dielectric spectra of commercial and PLA-based separators before and after RF plasma treatment [Color figure 

can be viewed at wileyonlinelibrary.com] 

 

TABLE 2 AC conductivity of separators at frequency 100 Hz 

 

 



It is shown that the RF-Celgard 2400 exhibits the highest ultimate tensile strength of 20.5 MPa and the 

highest Young’s modulus of 481.6 MPa; however, it has the lowest elongation at break, 6.7%. This 

indicates that the RF-Celgard 2400 is a brittle material, as is shown in Figure 7. The RF-PLA has the 

second highest ultimate tensile strength of 15.2 MPa and a Young’s modulus of 327.1 MPa. It has 

higher elongation at break (10.9%) than that of the RF-Celgard 2400. The mechanical properties of the 

RF-NKK-MPF30AC are different than those that it has the lowest ultimate tensile strength and Young’s 

modulus, but the highest elongation at break. Thus it is a ductile but a low strength material compared 

to RF-Celgard 2400 and RF-PLA. It should be noted that the comparison of tensile test results is 

acceptable when the geometry of the samples for different materials is similar. Different thickness of 

samples can definitely affect the results of mechanical tests.[44] However, such comparison is possible 

in the case when for the same application is supposed to be used the different thickness for different 

materials with a view to achieve certain physical parameter. The results of tensile tests revealed that 

the RF-PLA separator has beneficial mechanical properties that allow it to withstand stress during 

assembly and operation. 

 

3.7 | Electrochemical characterization 

3.7.1 | Ionic conductivity 

The electrolyte, that is, the electrolyte salt + solvent, is one of the key components of SCs. It provides 

ionic conductivity and thus facilitates the charge compensation on each electrode in the cell such as 

forming electric double layer (EDL) in capacitive behaviors and participating in the redox reactions of 

pseudocapcitors. Due to high ionic conductivity of strong acidic and alkaline electrolytes such as 1 M 

H2SO4 and 6 M KOH, they are widely used in EDLCs to achieve higher specific capacitance. Recently, 

neutral electrolytes such as 1 M Na2SO4 have drawn more attention in asymmetric SCs due to the wider 

work potential of electrodes in neutral electrolytes. Na2SO4 also has a superiority of noncorrosion to 

stainless steel current collector compared to Cl- containing electrolyte.[45] However, due to the 

decomposition of PLA in 6 M KOH, we have chosen two electrolytes for the separators, 1 M H2SO4 and 

Na2SO4, to test their performance 

 

FIGURE 7 The stress-strain representative curves of RF-PLA, RF-NKK-MPF30AC, and RF-Celgard 2400 films [Color figure can 

be viewed at wileyonlinelibrary.com] 



Table 4 shows the ionic conductivities of various separators in 1 M H2SO4 and 1 M Na2SO4. It was 

found that RF plasma treated samples have higher ionic conductivity in both electrolytes due to their 

improved hydrophilic-ity and that samples in 1 M H2SO4 have higher ionic conductivity than those in 

1 M Na2SO4. Among them, RF-PLA in 1 M H2SO4 exhibits the second highest ionic conductivity of 1.1 

x 10-1 S/cm, which is comparable to that of RF-NKK-MPF30AC (1.3 x 10-1 S/cm), which is attributed to 

its hydrophilicity and highly interconnected porous structure. 

 

TABLE 3 Mechanical properties of Celgard 2400, NKK-MPF30AC, and polylactic acid samples 

 

TABLE 4 Ionic conductivities of various separators in 1 M H2SO4 and 1 M Na2SO4, respectively 

 

a The contact area between the stainless steel and separator (A) is a constant of 2 cm2 

 

3.7.2 | Electrochemical performance of 

Activated carbons are the most widely used materials for SCs because of their high specific surface 

area and moderate cost. Using activated carbon as active materials, SCs store charge electrostatically 

using reversible adsorption of ions of the electrolyte onto the surface of activated carbon, which is as 

called as EDLCs.[46] A typical CV of a two-electrode EDLC has a rectangular shape as these of RF-NKK-

MPF30AC and RF-PLA in Figure 8. However, the CV of RF-Celgard 2400 has a spindle-like shape, which 

indicates that the formation of EDL is postponed owing to the limited ion mobility by the RF-Celgard 

2400. 

Figure 9 shows the CV curves of supercapacitors with different separator at various scan rates between 

10 and 90 mV/s. The dependence of their current density on scan rate is summarized in the following 

graphs. Since there are no anodic or cathodic peaks in EDLCs, the current densities were selected at a 

potential of 0.8 V for charging and of 0.2 V for discharging. Typically, EDL capacitance formed via the 

reversible adsorption of ions on the surface of active electrode materials 



 

FIGURE 8 Cyclic voltammograms at scan rate of 20 mV/s of assembled supercapacitors with RF treated separators (RF-NKK-

MPF30AC, RF-PLA, and RF-Celgard 2400) and activated carbon electrodes in 1 M H2SO4 [Color figure can be viewed at 

wileyonlinelibrary.com] 

 

The capacitive current (ic) from EDL capacitance has a linear dependence on the scan rate according to 

the equation: ic = ACcv, where Cc is the capacitance from capacitive process and A is a constant. This 

equation can be further simplified to ic = kcv, when all the reaction conditions are fixed except the scan 

rate. [47-50] Indeed, in the cases of RF-NKK-MPF30AC and RF-PLA, it displays a typical linear relationship, 

indicating the pure capacitive behavior without ions diffusion control. The b-values (the slopes of 

fitting lines) of RF-PLA are both higher than these of RF-NKK-MPF30AC at 0.8 and 0.2 V, which indicates 

it has a better capacitive behavior. The reason might be related to the permeated active material in 

the fibrous network structure of cellulose fibers in RF-NKK-MPF30AC. However, for RF-Celgard 2400, 

it presents a linear relationship until the scan rate became larger than 50 mV/s, where indicate it 

started to be limited by ion diffusion due to the hydrophobicity and low water absorption of “RF-

Celgard 2400” in aqueous electrolyte. 

EIS is among the most common techniques for the investigation of supercapacitors. In the 

measurement, the supercapacitor is charged/discharged within a narrow amplitude around a given 

potential. Therefore, the frequency can be directly correlated with the potential scan rate in cyclic 

voltammetry.[51] At the high frequency region, the semicircle indicates the charge transfer resistance 

(Rct) formed at the electrode/electrolyte interface. Then it is the Warburg impedance associated with 

the diffusion. At the low frequent region, it represents the capacitive behavior. Figure 10a displays the 

Nyquist plots of SCs with RF-NKK-MPF30AC, RF-PLA, and RF-Celgard 2400. The low ionic mobility 

passing through RF-Celgard 2400 makes it has the highest Rct and longest Warburg impedance region 

among three EDLCs at high frequency region and reach capacitive region (-phase > 45°) at lowest 

frequency of 0.019 Hz compared to these of RF-PLA RF-NKK (0.79 Hz) and RF-PLA (0.63 Hz). The 

impedance behaviors of RF-PLA RF-NKK and RF-PLA (0.63 Hz) were very similar. However, the slope of 

RF-PLA was higher than the one of RF-PLA RF-NKK at the capacitive behavior region at low frequency, 

which indicates a better capacitive process at low scan rate. All these were correlated with the results 

of CV analysis. 

 

 



 

FIGURE 9 Cyclic voltammograms curves for scan rate from 10 to 90 mV/s of supercapacitors with (a) RF-NKK-MPF30AC, (b) 

RF-PLA, and (c) RF-Celgard 2400; the relationship between scan rate versus current density of each sample [Color figure can 

be viewed at wileyonlinelibrary.com] 

FIGURE10 (a) Nyquist plots of supercapacitors with RF-NKK-MPF30AC, RF-PLA, and RF-Celgard 2400 and (b) their fitting 

result by equivalent circuit model of Rs(Q[Rct{W]])CL [Color figure can be viewed at wileyonlinelibrary.com] 

 

 

TABLE 5 Rs(Q[Rct{W]])CL equivalent circuit model parameter values for supercapacitors with RF-NKK-MPF30AC, RF-PLA, and 

RF-Celgard 2400, respectively 

 

 



The Rs(Q[Rct{W}])CL equivalent electrical circuit model was given on the bottom of Figure 10b for the 

fitting analysis of the impedance data of RF-NKK-MPF30AC, RF-PLA, and RF-Celgard 2400 using 

ZSimpWin program. [52-54] The electrochemical parameters obtained from fitting the impedance data 

by the given circuit are shown in Table 5. In the circuit, Rs represents the solution resistance, Rct is the 

charge transfer resistance, CL is the capacitance at low at low frequencies, W is Warburg impedance, 

which shows the ion diffusion and CPE is the constant phase element (Q). [55] The highest solution 

resistance (Rs) was found as Rs = 0.77 Ω/cm2 for RF-Celgard 2400 compared to Rs = 5.33 X 10-2 Ω /cm2 

for RF-NKK-MPF30AC and Rs = 6.23 X 10-2 Ω /cm2 for RF-PLA. It was also clear that RF-Celgard 2400 

obtained the highest the charge transfer resistance (Rct). The highest capacitance (CL) was obtained as 

CL = 3.13 X 10-1 F/cm2 for RF-PLA, which was consistent with the result in CV analysis. 

 

FIGURE 11 Cycling life of assembled supercapacitors with RF-NKK-MPF30AC, RF-PLA, and RF-Celgard 2400 [Color figure can 

be viewed at wileyonlinelibrary.com] 

 

FIGURE 12 Cyclic voltammograms curves before and after cycling of supercapacitors with (a) RF-NKK-MPF30AC, (b) RF-PLA, 

and (c) RF-Celgard 2400 at scan rate of 50 mV/s [Color figure can be viewed at wileyonlinelibrary.com] 

 

In order to reduce the effect of the electrode material on the cycling life of the SC, the EDLC cell was 

assembled using stable activated carbon as the electrode material and tested in a narrow potential 

window of 0.8 V. Figure 11 shows the cycling life of EDLCs of all separators, that is, RF-Celgard 2400, 

RF-NKK-MPF30AC, and RF-PLA. Both RF-NKK and RF-PLA have a good cycling stability of 97.5 and 93.7% 



after 5,000 cycles at 1 A/g, respectively, while RF-Celgard 2400 has only 86.6%. It is because the 

polarization caused by the low ionic mobility in RF-Celgard 2400 might leads to the degradation of the 

active materials. CV measurements were conducted to compare the electrochemical behaviors before 

and after the cycling. The results are present in Figure 12. For all three samples, there were only slight 

changes on the shape of CV curves, which indicates that there were only limited degradation occurring 

during the cycling. All the separators exhibit good stability in the 1 M H2SO4 electrolyte, which is 

correlated with the SEM results for the morphology changes before and after cycling. Throughout the 

electrochemical measurements, RF-PLA has a performance comparable to that of RF-NKK-MPF30AC 

but much better than that of RF-Celgard 2400. 

 

4 | CONCLUSIONS 

Porous PLA films were prepared via phase inversion by using a PLA:PEG polymer blend (25:75 wt%). 

The full removal of the PEG sacrificial polymer resulted in PLA films with highly porous structure. All 

separators were subjected to RF-plasma treatment to obtain more hydrophilic surfaces. RF-plasma 

treatment not only improved the wettability but also increased the water uptakes of the NKK and PLA 

separator films. For PLA, the water contact angle decreased from 82.4 to 0°, and, for Celgard 2400, the 

water contact angle decreased from 115.3 to 52.1°. The contact angle of the NKK cellulosic separator 

film did not change upon RF plasma treatment, thus indicating its super hydrophilic surface. There was 

a small change in water uptake value (from 3.2 to 4.1%) of the Celgard 2400 separator after RF-

treatment, but the water uptake of the PLA and NKK increased. The AC electrical conductivity of RF-

PLA separator increases slightly after the plasma treatment, but it still exhibits electrically insulating 

properties, which is expected for SC separators. Moreover, PLA separator film exhibited a good 

mechanical resistance with tensile strength of 15.2 MPa, Young’s modulus of 327.1 MPa despite its 

highly porous morphology. The SCs with an RF-PLA separator in electrolytes have ionic conductivity of 

about 1.1 X 10-1 S/cm. Its use in combination with activated carbon results in SC with typical EDLC 

behavior demonstrating a low internal resistance of 1.9 Ω and a good cycling life of 93.7% over 5,000 

cycles. 
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