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Abstract: 

Sustainable materials are increasingly needed in lithium ion batteries in order to reduce 

their environmental impact and improve their recyclability. This work reports on the 

production of separators using poly (L-lactic acid) (PLLA) for lithium ion battery 

applications. PLLA separators were obtained by solvent casting technique, by varying 

polymer concentration in solution between 8 wt.% and 12 wt.% in order to evaluate their 

morphology, thermal, electrical and electrochemical properties. It is verified that 

morphology and porosity can be tuned by varying polymer concentration and that the 

separators are thermally stable up to 250 ºC. The best ionic conductivity of 1.6 mS/cm 

was obtained for the PLLA separator prepared from 10 wt.% polymer concentration in 

solution, due to the synergistic effect of the morphology and electrolyte uptake. For this 

membrane, a high discharge capacity value of 93 mAh.g-1 was obtained at the rate of 1C. 

In this work, it is demonstrated that PLLA is a good candidate for the development of 

separator membranes, in order to produce greener and environmentally friendly batteries 

in a circular economy context. 
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1. Introduction 

 

Energy storage systems are necessary to supply energy and power in portable electronic 

devices and electrical vehicles, among others. In particular, considering the advances in 

electronic miniaturization, there is a demand for smaller and lighter batteries with 

enhanced performance [1]. Lithium-ion batteries are energy storage systems that meet the 

above specifications, with a global battery market of 75% which is expected to grow by 

around 7% annually until 2024 [2]. Lithium-ion batteries present specific advantages 

when compared to other battery types, such as high energy density, low self-discharge, 

no memory effect and higher number of charge/discharge cycles [3, 4]. 

To improve battery performance in lithium-ion batteries, key issues such as specific 

energy, power, safety and reliability must be addressed. These issues depend on the 

characteristics of the materials for the different battery components [5]. A lithium-ion 

battery consists of a negative electrode (anode) and a positive electrode (cathode), which 

are separated by a porous membrane called a separator [6, 7].The separator is essential to 

improve battery performance. It can be based on different types of porous materials, 

including microporous membranes, nonwoven membranes, electrospun membranes, 

membranes with external surface modification, composites or polymer blend membranes 

[8]. The main functions of the separator are to promote a medium for ions to transfer 

between the electrodes, prevent physical contact between the anode and the cathode, 

regulate cell kinetics and improve safety in the charge and discharge mechanism, as well 

as to warrant battery mechanical stability [4, 9]. Separator properties mainly depend on 

its physical-chemical characteristics including thickness, permeability, overall porosity, 

pore size and interconnectivity, wettability, electrolyte absorption and retention, and 

chemical, thermal and mechanical stability [10]. Regardless of the separator type, they 

are mostly based on porous membranes [8]. The incorporation of the lithium solution is 
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usually achieved by uptake, through the immersion of the polymer membrane directly 

within the lithium-ion solution until the weight remains unchanged [11]. 

Different processing techniques can be used to obtain porous materials, such as thermal 

induced phase separation, template synthesis, self-assembly or even electrospinning [12]. 

Different polymer materials including poly(ethylene), PE [13], poly(propylene), PP [14], 

poly(methyl methacrylate), PMMA [15], poly (ether-ether-ketone) (PEEK) [16],  

poly(acrylonitrile), PAN [17], polyimide (PI) [18], Nylon 6.6 [19],  poly(vinylidene 

fluoride), PVDF [20], poly(vinylidene fluoride-co-hexafluoropropene), PVDF-HFP [21] 

and poly(vinylidene fluoride-co-trifluoroethylene, PVDF-TrFE [20] are being explored 

for battery separator applications [7]. 

Commercial separators basically rely on polyolefin polymers based on their mechanical 

stability and chemical stability, good electrochemical performance and low cost [22]. The 

drawbacks of these separators are their hydrophobic behavior, high flammability and, 

considering environmental issues, their difficult recyclability, not being in agreement 

with the circular economy and sustainability paradigms [10]. Considering those issues, 

new types of separators based on natural polymers, including cellulose derivatives, 

eggshell membranes or poly(vinyl alcohol), have been proposed due to the low 

production cost, good physical and chemical properties and suitable performance as 

separators [23-25]. In this context, it is interesting to explore the suitability of poly-l-

lactic acid (PLLA) for battery separator applications. PLLA is a biocompatible and 

biodegradable enantiomeric polyester produced from lactic acid synthesis [26]. Further, 

PLLA presents a broad spectra of processing morphologies, including films [27, 28], 

electrospun fibers [29, 30] and membranes [31], as well as electroactive characteristics, 

with a piezoelectric constant of about 6-10 pC.N-1 [32], enabling the possibility to 

integrate smart and responsive materials in battery applications [33]. The suitable 
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characteristics of PLLA have been demonstrated in its applications in the field of tissue 

and biomedical engineering [34], agriculture [35], aquaculture [36], sensors [37] and 

electronics [37]. 

It is important to note that the interest in PLLA as a recyclable polymer has grown due to 

environmental concerns with conventional plastics [38]. The biodegradability of PLLA 

makes easier its recyclability, when compared with the most widely used polymers [39]. 

The life cycle assessment with respect to recycling of PLLA has proven the economic 

and environmental benefits of reusing the polymer instead of disposing or incinerating it 

[40]. 

PLLA has been recently investigated as gel polymer electrolytes (GPE) through the 

production of cellulose acetate (CA)/poly-L-lactic acid (PLLA)/Halloysite nanotube 

composite nanofibers. These CA/PLLA/HNT composite nanofiber membranes have been 

used as green skeleton materials in GPEs for lithium-ion batteries in search for high 

performance and environmental sustainability [41]. Also, PLLA was successfully used as 

a coating in a GPE, in order to suppress the growth of lithium dendrites in the battery, 

allowing high electrolyte uptake and retention, thermal stability, electrochemical stability 

and Li+ transference number [42]. Nevertheless, to our knowledge, there are still no 

applications of this polymer directly as separator membranes for lithium ion batteries or 

in the electrochemistry field. In the present work, porous membranes based on PLLA 

were developed by thermal induced phase separation by varying polymer concentration 

in solution. The effect of processing conditions on the physical-chemical properties of the 

membranes and on the performance of the fabricated batteries was investigated.  
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2. Experimental details 

2.1.Materials 

Poly(L-lactic acid) (PLLA) with an average molecular weight of 217.000–225.000 g mol-

1 (Purasorb PL18) was supplied by Purasorb. N, N-dimethylformamide (DMF), 

dichloromethane (MC), N-methylpyrrolidinone (NMP) and 1 M LiPF6 in a mixture of 

ethyl carbonate (EC) and dimethyl carbonate (DMC) (1:1 in vol. ratio) were obtained 

from Merck. The materials were used as provided. Lithium iron phosphate, C-LiFePO4 

(LFP), carbon black, and poly(vinylidene fluoride), PVDF (Solef 5130) were supplied by 

Phostech Lithium, Super P, Timcal Graphite & Carbon and Solvay, respectively. 

 

2.2.Poly(L-lactic acid)  membranes processing 

PLLA membranes were obtained by the dissolution of 8, 10 and 12 wt% PLLA polymer 

concentrations in dichloromethane (DMC)/dimethylformamide (DMF), in a 70:30 vol 

ratio, under magnetic stirring at room temperature. The choice of these solvents is due to 

the fact that they have different boiling points (39.6 ºC and 152 ºC, respectively). In the 

production of membranes using two solvents, one of them must present a high boiling 

point to increase the porosity of the structure. The used proportion of solvents has been 

previously optimized for electrospun PLLA membranes, where a viscosity below 1 Pa.s 

is needed [30].  After complete polymer dissolution, the solutions were placed in a Petri 

dish and let dry at room temperature.  

The produced membranes were identified as PLLA x, where x represents the polymer 

concentration. 
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2.3.Membrane morphological and physical-chemical characterization 

The morphology of the PLLA membranes was analyzed by scanning electron microscopy 

(SEM, Quanta 650, from FEI) with an accelerating voltage of 15 kV. The samples were 

previously coated with a thin gold layer using a sputter coating. 

Infrared measurements (FTIR) were performed at room temperature in a Jasco FT/IR-

4100 system apparatus in ATR mode from 4000 to 600 cm-1, collected with 64 scans and 

a resolution of 4 cm-1. 

Thermogravimetric (TGA) analysis was carried out in a Perkin–Elmer Pyris-1 TGA 

apparatus between 25 ºC and 400 ºC, at 10 ºC/min under a nitrogen atmosphere. 

Porosity and surface area were determined by mercury intrusion porosimetry (MIP) in a 

Quantachrome Instruments Poremaster-60 GT operating in the pressure range from 10-4 

MPa to 414 MPa. Samples were degassed in situ at 110 ºC during 12 h prior to 

measurement. A contact angle of 140º, a surface tension of 480 dyn·cm-1 for mercury and 

a pressure equilibration time of 11 s were used. Before the MIP measurements, the He 

density for all samples was measured in a Quantachrome Instruments automatic Micro 

Ultrapycnometer. 

 

2.4.Contact angle, uptake behavior and ionic conductivity  

The contact angle of the PLLA membranes was measured using a Data-Physics Contact 

Angle System and the OCA20 software, by separately depositing 3 μL of ultrapure water 

or electrolyte drop on the surface of the membranes. 

The membranes were immersed in the liquid electrolyte, consisting in a 1 M solution of 

1M LiPF6 in EC:DMC, for 20 minutes. The uptake of the electrolyte solution (ε) was 

evaluated by equation 1: 
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where M0 is the membrane weight and M is the mass of the membrane after immersion in 

the electrolyte solution. 

 

The ionic conductivity of the membranes soaked in electrolyte was determined using a 

constant volume support with the PLLA membranes placed between two gold blocking 

electrodes located inside a Buchi TO 50 oven. Impedance measurements were performed 

at frequencies between 500 mHz and 65 kHz using an Autolab PGSTAT-12 (Eco Chemie) 

at room temperature. The ionic conductivity (𝜎) of the PLLA membranes was calculated 

by: 

𝜎 =
𝑡

𝐴∗𝑅𝑏
                                                   (2) 

where t  is the thickness, A  is the area and 𝑅𝑏 is sample bulk resistivity, obtained from 

the Nyquist plots through the interception of the imaginary impedance (Z’’) and the real 

impedance (Z’). 

 

2.5.Electrodes and cathodic half-cells fabrication 

The cathode electrode slurry was prepared with LFP, carbon black and PVDF as active 

material, conductive agent and polymer binder, respectively, in a weight ratio (%) of 

80:10:10. The PVDF binder was dissolved in NMP (40 mg/mL) to form the binder 

solution and the active material and conductive additive were then mixed separately in 

the dried state. Then, small amounts of solid material (active material and conductive 

additive) were added to the PVDF binder solution under constant mechanical stirring. 

After adding all the solid material, it was kept 3 hours under magnetic stirring (Ika, model 
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no. C-MAG HS 7) at 1000 rpm in order to achieve a good dispersion. The slurry was then 

spread onto the aluminium foil using a blade coater with a slit width of 200 μm. The 

electrode slurry was dried in air atmosphere at 80 ºC by a conventional oven (ED 23 

Binder) in order to obtain the cathodes to be used for cathodic half-cells fabrication. For 

these cathodes, the active mass loading and thickness were ∼ 2 mg·cm-2 and 17 μm, 

respectively. 

Swagelok cells were assembled in an argon-filled glove box with Li metal as anode, the 

different PLLA membranes as separators and 1 M LiPF6 in a mixture of ethyl carbonate 

(EC) and dimethyl carbonate (DMC) (1:1 in vol. ratio) as electrolyte, and the previously 

prepared cathode electrode.  

Galvanostatic charge/discharge measurements were carried out from 2.5 to 4.2 V with a 

Biologic VMP at C/20, C/10, C/5 and C-rates (C= 170 mA g-1). Impedance values before 

and after cycling were recorded in a frequency range from 1 MHz to 10 mHz with an 

amplitude of 10 mV in an Autolab PGSTAT-12 (Eco Chemie) equipment. 
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3. Results and discussion 

3.1. Morphology, polymer phase and thermal stability 

Surface SEM images in two magnifications of the different PLLA separators are shown 

in Figure 1. Regardless of the polymer concentration in the original solution, all 

membranes are characterized by a porous morphology with interconnected pores 

homogenously distributed along the membrane. The obtained morphology is explained 

by the polymer- solvent interaction and evaporation temperature, which results in both 

liquid–liquid (Solvent (S)– Solvent (S)) and solid–liquid (Polymer (P)–S) demixing 

during the phase inversion [43]. 

 

Figure 1 – Surface SEM images of the different PLLA membranes. 

Figure 1 shows that the polymer concentration in the solution affects the morphology of 

the membranes. Increasing polymer concentration leads to a more dense and compact 

structure with a smaller amount of macro-voids, resulting from the increase in the 

viscosity of the solution [44]. The higher viscosity of the solution with a polymer 

concentration of 12 wt.% suppresses the exchange rate between solvents, resulting in a 

denser membrane structure when compared to the other polymer concentrations [45]. This 

higher viscosity leads to lower diffusion of solvents within the solution,  delaying the 

phase separation [46]. Further, the polymer concentration in the solution affects the 
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thermodynamic behavior and results in early demixing, which leads to a PLLA membrane 

with a homogeneous structure along the sample [47]. 

The effect of polymer concentration on the molecular characteristics of PLLA membranes 

was evaluated by FTIR (Figure 2), showing that the initial polymer concentration in 

solution does not affect the typical infrared absorption bands of the PLLA polymer. Thus, 

independently of the processing solution, the absorption bands are observed at 1083, 

1175, 1456 and 1754 cm-1 which correspond to s (C-O-C), as (C-O-C)+ras (CH3), 

as(CH3) and (C=O), respectively [30]. Basically, these absorption bands are 

characteristic of the amorphous phase of the PLLA polymer [30]. In order to evaluate the 

interaction of the electrolyte with PLLA membranes, FTIR spectra were also recorded 

after the electrolyte uptake process, as shown in Figure 2b). 
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Figure 2 - FTIR spectra of PLLA membranes a) before and b) after electrolyte uptake, c) 

TGA curves for the PLLA 8 membrane at 10ºC/min and d) photographic images of PLLA 

8 membrane before and after thermal treatment at 150 ºC for 1 h. 

Independently of the PLLA membrane, new absorption bands related to the electrolyte 

solution were observed at 844, 970 and 1390 cm-1, corresponding to ν3 (T1u) of the “free” 

PF6
- ion, C2-O2 and C5-C6 stretch and H2C scissor, as detected in Figure 2b) [48]. In 

addition, the interaction between the electrolyte solution and the PLLA polymer is also 

demonstrated in Figure 2b), based on the modification of the intensity of the absorption 

bands characteristics of the amorphous PLLA. 

The thermal degradation of the PLLA membranes is presented in Figure 2c). Only the 

degradation profile of the PLLA 8 membrane is shown, being representative for the 

behavior of all membranes. Figure 2c) shows that the degradation profile is very stable 

up to 250 ºC due to the hydrophobic nature of the polymer. The PLLA degradation occurs 

then in a single step above 300 ºC, with the formation of aldehyde groups [49]. The 

degradation products of the PLLA polymer include lactide and/or cyclic oligomer by 

interchange and by chain homolysis [49]. Considering the safety of the battery, thermal 

stability is an important factor that must be taken into account. Figure 2d) shows the 

photographic images of the PLLA 8 membrane (as representative of all membranes) 

d) 
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before and after thermal treatment at 150 ºC for 1 hour. Further, Figure 8 also shows that 

the PLLA membrane presents no shrinkage at 150 ºC, being suitable for lithium-ion 

battery applications, also due to the necessary mechanical flexibility (compression force, 

data not shown). The stress-strain curve of the PLLA membrane prepared from a polymer 

concentration in solution of 8 wt.% is shown in Figure S1 of the supplementary 

information. Figure S1 shows that the membranes present a Young modulus of 7.5 MPa 

and adequate mechanical properties for being used in lithium-ion batteries as a porous 

separator. The mechanical results are similar for the rest of the membranes. 

The porosity values and surface area values of the different PLLA membranes are 

presented in Table 1.  

 

Table 1 – Different Porosity values and surface area of the PLLA membranes as 

determined by mercury intrusion porosimetry. 

 Total 

Porosity 

(%) 

Interparticle 

porosity (%) 

Intraparticle 

porosity (%) 

Surface area / 

m2.g-1 

PLLA-8 74.7 ± 2.2 63.5 ± 2.2 11.2 ± 2.2 40.3 ± 1.2 

PLLA-10 72.7 ± 2.2 54.9 ± 2.2 17.8 ± 2.2 53.6 ± 1.6 

PLLA-12 71.7 ± 2.2 56.4 ± 2.2 15.3 ± 2.2 40.6 ± 1.2 

 

Through the analysis of Table 1, it is observed that the overall porosity of all PLLA 

membranes is very close to 72%. Table 1 shows that the polymer concentration affects 

the interparticle and intraparticle porosity values, the number and distribution of pores 

being different for the different PLLA membranes. The low value of the interparticle 

porosity of the PLLA membrane with a polymer concentration of 10 wt.% results from 

the small pore sizes between the particles, leading to pores with high interconnectivity 

and high surface area. The different interparticle and intraparticle porosity values of the 
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samples are related to the overall pore morphology and are important to improve 

wettability, electrical properties and mechanical stability [50]. 

 

3.2. Contact angle, uptake process and ionic conductivity value 

To assess the wetting behavior of the PLLA membranes, the contact angle was 

determined for a water solution. Further, the contact angle of the membranes was also 

evaluated after the deposition of a drop of the electrolyte solution. In this case, when a 

drop of the electrolyte solution was added to the surface of the PLLA membranes, it was 

absorbed immediately. Figure 3a) shows the contact angle values for the PLLA 

membranes. Contact angles below 100º are observed, with the lowest value of  61º ± 6 

being obtained for the PLLA 10 membrane, which presents a hydrophilic character [51]. 

The behavior of the contact angle is correlated with the surface area value, and the contact 

angle follows the order: PLLA 8 < PLLA 12 < PLLA 10. 
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Figure 3 – Measurements of a) contact angle, b) electrolyte uptake value, c) uptake as a 

function of the time and d) room temperature Nyquist plots of the PLLA membranes.  

 

The wettability of the membranes has significant influence in their electrolyte uptake 

capacity. A high wettability means improved affinity between the membrane and the 

electrolyte, which facilitates its penetration into membrane structure [52]. Also, the 

electrolyte uptake capacity is affected by the membrane’s porosity. The increase of the 

porosity leads to an increase of the surface area, enhancing the electrolyte uptake capacity 

[53]. The uptake value was determined after placing the PLLA membrane in the 

electrolyte solution for 20 minutes. Figure 3b) shows the uptake value for the PLLA 

membranes, showing that a maximum is obtained for PLLA 8 around 350%. For the other 

membranes, the uptake value is greater than 250%. The uptake process is in fact very fast 

and the weight of the PLLA membranes does not change after 1 minute in the solution 

(Figure 3c)). In addition, after 15 days, the PLLA separator does not break in the 

electrolyte solution.  

The uptake capacity is the main factor that influences the ionic conductivity of the 

membranes, as the addition of electrolyte increases the ionic conductivity of the 

separators [54]. After the uptake process, the ionic conductivity was determined by 
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placing the PLLA membrane with electrolyte solution between two gold blocking 

electrodes, i.e, gold / PLLA membrane / gold cell. Figure 3d) shows the Nyquist plots for 

all PLLA membranes in which the observed straight line represents the 

electrode/electrolyte double layer capacitance behavior [25]. In the Nyquist plot of Figure 

3d), the bulk resistance (Rb) of the PLLA separator is obtained by the high-frequency 

intercept on the Z' axis. The obtained values are 50 Ω, 38 Ω and 66 Ω for PLLA 8, PLLA 

10 and PLLA 12, respectively. The ionic conductivity value was the calculated using 

equation 2 and the values are presented in Table 2. 

Regardless of the polymer concentration in solution, the ionic conductivity of the 

membranes is greater than 10-4 S/cm [55], which is the minimum value for their use in 

lithium-ion batteries. The highest ionic conductivity value is obtained for PLLA 10 due 

to the combination of the uptake value and the high surface area resulting from the open 

pore structure.  

Table 2 – Ionic conductivity (σi), tortuosity (τ) and MacMullin number (NM) of the 

PLLA membranes 

 σi / mS.cm-1 τ NM 

PLLA-8 1.5 ± 0.2 2.4 8 ± 1 

PLLA-10 1.6 ± 0.2 2.3 7 ± 1 

PLLA-12 0.9 ± 0.1 3.0 13 ±2 

Celgard® 2400 [56]  0.6 ± 0.1 2.3 16 ± 2 

 

Through the ionic conductivity value, the tortuosity (τ) [57] and MacMullin number (NM) 

[58] were calculated, respectively, through the following equations: 

𝜏 = √
𝜎0𝜀

𝜎𝑖
                 (3) 

   𝑁𝑀 =
𝜎0

𝜎𝑖
                          (4)       
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where σ0 is the ionic conductivity of the electrolyte solution (11.19 mS.cm-1 at 25°), ε is 

the porosity of the PLLA membrane, and σi is the ionic conductivity of the membrane 

and the electrolyte solution at room temperature.       

The tortuosity describes the elongation of the transport path due to the porous structure, 

with respect to a straight line d, and the ideal value is 1 [57]. Table 2 shows that all PLLA 

membranes are characterized by a low tortuosity value. The tortuosity values of 

commercial separator are between 2.5 to 4.1 [57], being lower for the PLLA 8 and PLLA 

10 membranes obtained in the present work. These values are similar to the typical 

tortuosity of a commercial separator [56].   

The MacMullin number describes the resistance of the separator [58]. The PLLA 

membrane with the lowest MacMullin number is PLLA 10, which is related to its ionic 

conductivity and surface area values. This value is significantly lower than that found for 

commercial Celgard® 2400 membranes [56]. 

 

3.3. Battery performance  

Considering the ionic conductivity values obtained for the PLLA membranes (Table 2), 

galvanostatic measurements between 2.5 to 4.2 V were performed at room temperature. 

Different C-rates were used to demonstrate the viability of the PLLA membranes as a 

battery separator for lithium-ion batteries. Figure 4a) shows the charge/discharge profiles 

for PLLA 10 at C/20, C/10, C/5 and C-rates. For the rest of the PLLA membranes, these 

profiles are similar and are all described by two voltage plateaus for charge and discharge 

behavior. These plateaus represent the lithium removal and lithium insertion, 

respectively, through the redox reactions Fe2+/Fe3+ in the LFP cathode material [59]. 
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Figure 4 - a) Charge/discharge C-rate profiles for the half-cell with the PLLA 10 

membrane; b) first charge/discharge curve at C-rate for half-cells with the different PLLA 

membranes; c) rate performance as a function of the cycle number and d) capacity 

retention for all the membranes in half-cell batteries. 

 

Figure 4a) shows that the discharge capacity value decreases with increasing scan rate 

due to the electrochemical polarization effect, which is related to the slow charge transfer 

process caused by the electronic resistance in the electrodes [60, 61]. Figure 4b) shows 

the first charge/discharge profile at C-rate for all PLLA membranes. For this C-rate, it is 

observed that different discharge capacity values are obtained for the PLLA separators 

and that the PLLA membrane with the highest discharge capacity value is PLLA 10, 
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which presents the lowest polarization (Figure 4c)). Basically, this behavior is related to 

the ionic conductivity value of the PLLA membranes.  

The rate performance capability at the different C-rates for all PLLA membranes is shown 

in Figure 4c). It is observed that the discharge capacity value is very stable as a function 

of cycles at C-rates below C. For C-rate and regardless of the PLLA membrane, the 

discharge capacity value decreases according to the cycle number. This behavior is 

attributed to the increase of charge transfer resistance and the higher electrical resistance 

value that affects the insertion and reinsertion process of lithium-ions [62]. Figure 4c) 

shows the comparison of the battery performance of the PLLA separators with a 

commercial glass microfiber separator at different C rates. Analyzing Figure 4c), it is 

observed that the PLLA membranes present higher discharge values when compared to 

the glass microfibers at rates below C. At C-rate, only the PLLA 10 membranes show a 

discharge capacity similar to the commercial separator. 

Figure 4d) shows the discharge capacity retention as a function of the scan rate, in which 

the PLLA 10 and PLLA 12 show higher discharge capacity retention, 55% and 44%, 

respectively, at C-rate. This fact is attributed to the high ionic conductivity and surface 

area value of PLLA 10. 

In order to evaluate the cycling stability of the PLLA membranes, Figure 5a) shows the 

discharge capacity value of the PLLA 10 over 50 cycles. For other PLLA membranes, 

this behavior is similar. Analyzing Figure 5a), it is observed that the discharge capacity 

value is very stable as a function of cycle number and, for PLLA 10, the capacity fade is 

~ 7%. In addition, the coulombic efficiency for PLLA 10 is ~ 100%, which describes the 

reversibility of the process, as shown in Figure 5a) [63]. 

To assess the electrochemical performance of half-cell batteries with PLLA separators, 

the electrochemical impedance spectra of the Nyquist plot for these batteries were 
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performed before and after cycling, as shown in Figure 5b) and c), respectively. 

Regardless of the PLLA membrane, this Nyquist plot is characterized in the high and 

medium frequency regions by a semicircle that represent the sum of the ohmic resistance, 

contact film resistance and charge-transfer reaction resistance (Figure 5b)) [64]. Also, in 

the Nyquist plot low frequency region, a straight line is observed that is associated with 

the Li+ diffusion process [65]. 
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Figure 5 - a) Discharge capacity value and coulombic efficiency at C/5 rate for half-cells 

with PLLA 10 separator membranes. Electrochemical impedance spectroscopy b) before 

and c) after cycling of the batteries with all PLLA membranes and d) weight loss as a 

function of the degradation time for PLLA 10 in a NaOH solution. 
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Before cycling (Figure 5b)), the overall resistance values are 1668, 1235 and 1062 Ω for 

PLLA 8, PLLA 10 and PLLA 12, respectively, indicating that the resistance value is due 

to the solid electrolyte interface (SEI) layer formation. After cycling (Figure 5c)), the 

overall resistances values are 1333, 823 and 743 Ω for PLLA 8, PLLA 10 and PLLA 12, 

respectively, showing the formation of a very stable SEI layer for all PLLA membranes, 

which facilitates lithium ion transport. 

Considering the environmental issues and in order to evaluate the reuse of PLLA 

membranes, their degradability was confirmed by the evaluation of the weight loss as a 

function of time in a NaOH solution (Figure 5d)). The degradation process took place by 

immersing the membranes in a 0.1 M NaOH solution with pH 13 at room temperature. 

Only the weight loss curve for PLLA 10 is shown, being representative of the rest. 

Regardless of the PLLA membrane, Figure 5d) shows that after 70 hours, the membranes 

are completely degraded.  

Considering that it is essential to obtain sustainable materials for lithium-ion batteries, in 

order to reduce the environmental impact and contribute to the circular economy 

paradigm, Table 3 shows the comparison of the PLLA membrane with other natural 

polymers already used in this field and with commercial separator (Celgard® 2400), 

attending their porosity, uptake, ionic conductivity and discharge capacity. 

 

Table 3 – Left: Porosity and electrolyte uptake value of separator membranes based on 

natural polymers, as well as for a commercial separator. Right: comparison of the ionic 

conductivity and discharge capacity of the same separators with LiPF6 as electrolyte.  
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Cladophora 
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79/--- [24] 

PVA 62/230 [25] 

Silk fibroin 90/350 [67] 

PLLA 72/345 In this 

work 
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Porosity/
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(%) 

Ref 

Celgard® 2400 32/--- [56]  

 

Analyzing Table 3, it is observed that the battery performance of PLLA membranes is 

similar and, in certain cases, higher when compared to other natural polymers (Table 3, 

right). Just like other natural polymers, PLLA separators have significantly higher 

porosity and better ionic conductivity than conventional separators. Considering the high 

reusability potential for the PLLA polymer, its application in LIBs offers a different 

approach to the field of environmental friendlier and degradable batteries. Its similar 

performance when compared to other natural polymers, associated with the well-

established and simple processing and recycling processes, makes PLLA a good 

candidate for the production of greener and more environmentally friendly batteries. 

Thus, the present work demonstrates that PLLA is a suitable polymer for battery 

applications, allowing to tailor its morphology for the development of high-performance 

separator membranes and representing an advance in the development of environmental 

friendlier energy storage systems. 
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4. Conclusions 

Lithium-ion battery separator membranes based on poly (L-lactic acid) (PLLA) are 

presented in order to address the environmental impact of the polymers used in energy 

storage systems. 

PLLA separators were developed varying the polymer concentration between 8 wt.% to 

12 wt.% in a mixture of DMC/DMF solvent and produced by solvent casting technique 

with thermal induced phase separation.  

It is shown that the polymer concentration affects the microstructure and morphology of 

the membranes, being observed the presence of macro-voids as the polymer concentration 

increase. No chemical changes are observed before and after the electrolyte uptake. 

Additionally, the polymer concentration does not significantly change the thermal 

properties and dimensionality of the membrane. It was also demonstrated a correlation 

between surface area and ionic conductivity values for these membranes. The highest 

conductivity vale was observed for the PLLA membrane with 10 wt.% of polymer 

concentration in solution. For this membrane, the ionic conductivity value, tortuosity and 

MacMullin number are 1.6 mS.cm-1, 2.3 and 7, respectively.  

With respect to battery performance, the discharge capacity values at 1C-rate are 93, 82 

and 23 mAh.g-1 for PLLA 10, PLLA 12 and PLLA 8, respectively, a value which is related 

to the ionic conductivity value. This PLLA separator shows similar performance when 

compared to other separators produced from natural polymers as well as when compared 

to commercial separators, demonstrating its suitability for battery applications.  

Thus, it is concluded that PLLA is a suitable material for battery separators, leading to 

high battery performance and representing a suitable candidate for the transition to the 

use of sustainable materials and to improve the circular economy paradigm within the 

energy storage field. 
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