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Abstract: 

Electrospun poly(vinylidene fluoride) (PVDF) fiber membranes doped with different 

ionic liquids (ILs) and sharing the same anion were produced and their potential as 

separator membranes for battery applications was evaluated. Different types of ILs 

containing the same anion, bis(trifluoromethylsulfonyl)imide [TFSI]-, were used with IL 

concentrations ranging between 0 and 15 wt.% The morphology, microstructure, thermal 

and electrical properties (ionic conductivity and electrochemical window) of the 

membranes were evaluated. The presence of ILs in the PVDF polymer matrix influences 

the fiber diameter and the content of the polar β phase within the polymer, as well as the 

degree of crystallinity. The thermal stability of the membranes decreases with the 

incorporation of IL. Impedance spectroscopy tests show a maximum ionic conductivity 

of 2.8 mS.cm-1 for 15% of 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide ([Emim][TFSI]) at room temperature. The 

electrochemical stability of the samples ranges from 0.0 to 6.0 V. When evaluated as 

battery separator membranes in C-LiFePO4 half-cells, a maximum discharge capacity of 

119 mAh.g-1 at C-rate was obtained for the PVDF membrane with 15% [Emim][TFSI], 

with a coulombic efficiency close to 100%. The results demonstrate that the produced 

electrospun membranes are suitable for applications as separators for lithium ion batteries 

(LIBs). 
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1. Introduction 

Since the industrial revolution, a continuous growth in world energy demand has been 

observed. In an economy dependent on the consumption of fossil fuels, such as oil and 

coal, the growing demand for energy also increases the pressure on the environment, with 

a continuous extraction of non-renewable natural resources, impacts on the climate and 

problems associated with greenhouse gases emissions [1]. Hence, a transition to a 

sustainable development, based on cleaner and renewable energy resources to 

decarbonize the economic system is needed. However, as renewable energies do not 

guarantee a permanent supply of power into the grids, complementary systems allowing 

the storage of energy in hours of high production, to be used later, whenever needed, are 

sought [2].  

Lithium ion batteries (LIBs) are widely used to power mobile devices, such as 

smartphones, laptops or electric vehicles, mainly due to their high energy density and 

long cycle life [3]. A typical LIB is composed by two electrodes (anode, negative 

electrode and cathode, positive electrode) and a separator/electrolyte [4]. 

The separator/electrolyte is therefore a key component in LIBs. The separator is placed 

between the electrodes, preventing their physical contact, avoiding short circuits and 

allowing the flow of ions between them. Its ideal properties are high ionic conductivity 

and chemical stability, high wettability and excellent mechanical strength [5]. Some of 

the most used materials in separators are poly(ethylene oxide) (PEO) [6-9], 

poly(acrylonitrile) (PAN) [8, 10, 11] and poly(vinylidene fluoride) (PVDF) and its 

copolymers [10, 12-14].  

PVDF is an electroactive polymer suitable for application in energy storage devices, due 

to its non-toxicity, mechanical stability, high dielectric constant and dipolar moment, and 

the ability to be processed in a wide variety of forms and shapes [15]. However, this 
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material does not meet all the desired properties of battery separators. Consequently, the 

addition of electrolytes is essential to facilitate the ion flow, increasing the ionic 

conductivity. Another valid approach is the addition of fillers into the polymeric matrix 

to enhance the ionic conductivity without the requirement to introduce liquid components 

that hinder both the safety and the cycle life of the LIB. Some well-studied fillers are 

silicon dioxide (SiO2) [16], aluminum oxide (Al2O3) [17] and ionic liquids (ILs) [18-20]. 

ILs are defined as salts with melting temperatures below 100 °C. Their high ionic 

conductivity and non-volatility make them excellent candidates as fillers in LIBs, as 

organic solvents or electrolytes [21]. Several experimental techniques can be used to 

produce membranes with ILs, including solvent casting [22], doctor blade [23], hot 

pressing [24] and electrospinning [25]. 

Electrospinning involves the application of a high voltage to a polymer solution to form 

nonwoven fibers. It is a simple, low-cost, efficient and highly reproducible technique, 

successfully employed in a wide range of applications [26, 27], with special relevance in 

separators for battery application in the form of monolayer, multilayer, composite, surface 

modified, and gel polymer electrolytes [28].  

Typically, electrospun composite membranes are based on different polymer matrices, 

being polyimide (PI) [29], poly(acrylonitrile) (PAN) [30] and PVDF [31] the most used. 

For these polymer matrices, the most studied fillers are SiO2 [32], titanium dioxide (TiO2) 

[33], Al2O3 [34], lithium lanthanum titania (LLTO) [35] and lithium aluminum titanium 

phosphate (LATP) [36]. Electrospinning has been used to obtain fiber membranes based 

on poly(ethylene)/SiO2 composite membranes with suitable electrochemical properties 

[37-39]. SiO2 nanoparticles were also dispersed in a poly(vinylidene fluoride)-co-

hexafluoropropylene (PVDF-HFP) matrix. The addition of ILs into these membranes 

allows the formation of a gel polymer electrolyte with improved safety and cycling 
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stability for lithium sulfur batteries [40], and LIBs [41]. ILs are still not well studied as 

fillers. Just one study has been reported, in which the use of 1-butyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide ([Bmim][TFSI]) allowed high electrochemical 

stability, wettability and battery performance [42]. ILs are also utilized as electrolytes, 

where electrospun PAN membranes using ILs as electrolyte presented higher porosity 

and wettability than commercial Celgard® separators, as well as suitable mechanical 

properties. They also showed high cycling stability and discharge capacity at all tested 

rates [43]. The addition of 1-propyl-1- methyl piperidinium 

bis(trifluoromethanesulfonyl)imide ([Pmpip][TFSI]) into an electrospun PVDF-HFP gel 

polymer electrolyte matrix proved to suppress the lithium dendrite formation in LIBs and 

showed high electrolyte uptake and lithium transference number [44].  

Despite these interesting works, there is still a lack of systematic knowledge that allows 

the proper selection of ILs in order to improve the membrane performance for battery 

applications. Thus, the objective of this work is to understand the effects of different ILs 

sharing the same anion, on separator membrane conductivity and battery performance, in 

order to optimize separator membranes for LIB applications. This study reports on the 

production of electrospun separator membranes based on PVDF and ILs sharing the same 

anion, [TFSI]-, but different cations (trihexyl(tetradecyl)phosphonium [P66614]+, 1-

methyl-1-propylpiperidinium [Pmpip]+, 1-ethyl-3-methylimidazolium [Emim]+, 1-ethyl-

3-dimethylimidazolium [Edmim]+) and different amounts of [Emim][TFSI]. The effect 

of the ILs on the PVDF membrane microstructure, thermal stability and ionic 

conductivity were evaluated. In addition, the battery performance incorporating these 

membranes is presented. 
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2. Experimental 

 

2.1. Materials 

Poly(vinylidene fluoride) (PVDF, Solef 5130) and N, N-dimethyl formamide (DMF, 

99%) were purchased from Solvay and Merck, respectively. N,N′-dimethylpropyleneurea 

(DMPU, 99%) and 1 M LiPF6 in ethylene carbonate-dimethyl carbonate (EC-DMC, 1:1 

vol) were purchased from LaborSpirit and Solvionic, respectively. For the electrospun 

composites, the different ILs share the same anion, [TFSI]-, as it is widely used in battery 

applications due to its electrochemical stability, low volatility and high thermal stability 

[45]. The selected ILs were purchased from Iolitec (>99%) and present different ionic 

conductivity and viscosity values, affecting the membrane final characteristics. The most 

relevant properties of the selected ILs are shown in Table 1.  

Table 1 - ILs types used and their characteristics. Data obtained from the provider. 

Anion Cation 
Ionic conductivity 

(mS cm-1) 

Viscosity 

(mPa s-1) 

[TFSI]- 

 

 

[Emim]+ 

 
 

6.63 39.4 

[Edmim] + 

 

 

3.18 68.5 

[Pmpip] + 

 

 

2.12 176 

[P66614]+ 

 

 

0.14 304 
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2.2. Electrospun membranes preparation 

 

PVDF and PVDF/IL fibers were processed by electrospinning, following the general 

guidelines presented in [46]. In short, a 15 wt.% solution of PVDF in DMF was prepared 

under magnetic stirring at room temperature until the complete polymer dissolution. For 

PVDF/[Emim][TFSI] fibers, prior to polymer dissolution, different amounts of 5, 10 and 

15 wt.% [Emim][TFSI] IL, relative to the polymer, were dispersed in the DMF. For the 

other ILs, 15 wt.% IL content was used. Then, the polymeric solution was placed in a 

plastic syringe (10 mL) equipped with a steel needle with an inner diameter of 0.5 mm. 

After an optimization procedure, the process was conducted at 15 kV with a high voltage 

power supply from Glassman (model PS/FC30P04) with a solution feed rate of 0.2 mL.h−1 

with a syringe pump. The electrospun fibers were collected on an aluminum plate. The 

viscosity of the solutions was between 1.54 and 3.97 Pa.s for 340 to 26.9 s-1. 

2.3. Characterization techniques 

For the morphological analysis, the PVDF and PVDF/IL electrospun fibers have been 

covered with a thin gold layer by sputter coating (Polaron, model SC502) and the 

morphology was investigated with a scanning electron microscope (SEM) (FEI NOVA 

200). The distribution and fiber average diameter were calculated on at least 30 fibers 

using the SEM micrographs and the ImageJ software. 

Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) was 

carried out with a JASCO FT/IR- 4100, using 32 scans with a resolution of 4 cm-1. 

Thermal analysis of the samples was evaluated by differential scanning calorimetry 

(DSC) measurements (Mettler Toledo DSC822e) between 20 to 200 ºC at a scan rate of 

10 ºC min-1. The experiments were carried out under nitrogen purge and the obtained data 

were standardized for the weight of the polymer. The thermal degradation was evaluated 

by thermogravimetry under a nitrogen flow rate of 50 mL.min-1. Measurements were 
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performed between 25 and 900 °C at a heating rate of 10 °C.min-1 in a Pyris1TGA, Perkin-

Elmer set-up. 

 

2.4. Electrochemical performance  

 

2.4.1. Ionic conductivity and cyclic voltammetry 

The ionic conductivity value of the membranes, placed between gold electrodes, was 

measured by impedance analyses on an Autolab PGSTAT-12 (Eco Chemie) at 

frequencies between 500 mHz and 65 kHz and temperatures from 20 to 140 oC (Buchi 

TO 50 oven). Ionic conductivity (𝜎) was determined by: 

𝜎 =
𝑡

𝐴∗𝑅𝑏
                                                        (1) 

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

by the interception of the minimum value of Z´´ with the slanted line in the real impedance 

(Z´). 

The electrochemical stability of the membranes was evaluated by cyclic voltammetry, 

carried out within a dry argon-filled glovebox through the Autolab PGSTAT-12 (Eco 

Chemie) at a scan rate of 10 mV.s-1 using a two-electrode cell configuration with a gold 

microelectrode as working electrode [47].  

 

2.4.2. Battery preparation and cycling tests 

The cathode was prepared using 80 wt.% of lithium iron phosphate C-LiFePO4 as active 

material, 10 wt.% of carbon black as conductive material and 10 wt.% of poly(vinylidene 

fluoride), PVDF as a binder in 2.25 mL of DMPU solvent to 1g of solid material. More 

details about the electrode preparation are reported in [48]. The resulting slurry was then 

casted into aluminum foil by doctor-blade technique and dried at 100 ºC for 2 h. The 

active mass loading was ~ 1.5 mg.cm-2. 
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Swagelok type Li/C-LiFePO4 half-cells were assembled in an argon-filled glove box and 

prepared using electrospun membranes as separator (10 mm diameter) soaked in 

electrolyte solution – 1M LiPF6 in EC: DMC. Metallic lithium (8 mm diameter) was used 

as the anode and the C-LiFePO4 based electrode as cathode (8 mm diameter). The charge-

discharge tests were evaluated at room temperature in the voltage range of 2.5 V to 4.2 V 

at current rates of C/8 to 2C (C = 170 mAh.g-1), using a Landt CT2001A Instrument.  

The electrical properties of Li/C-LiFePO4 half-cells with IL before and after cycling were 

evaluated by electrochemical impedance spectroscopy (EIS) with an Autolab PGSTAT12 

instrument, in the frequency range from 1 MHz to 10 mHz, with an amplitude of 10 mV. 

 

3. Results and discussion 

 

3.1.Electrospun fiber membranes morphology 

Pristine PVDF and PVDF/IL comprising different IL cations were electrospun into fibers 

by electrospinning. Figure 1a shows the highly porous PVDF electrospun membrane with 

a smooth surface. Analogous results are observed for samples containing different ILs 

(Figure 1b-1c). Independently of the IL cation, the incorporation of IL led to a decrease 

in fiber diameter (Figure 1d), from ~250 µm for pristine PVDF to ~180 µm for fibers 

with different contents of [Emim][TFSI]. No significant changes were observed with 

increasing IL content  from 5 to 15 wt.%. However, the fiber diameter increases with 

increasing alkyl cation chain length for an IL content of 15 wt.%. Similar fiber diameters 

were observed for the PVDF/[Pmpip][TFSI] and PVDF/[P66614][TFSI] fibers. The 

parameters that most influence the fiber diameter in the present case are associated with 

the electrical solution conductivity and the solution viscosity. The observed decrease in 

the fiber diameters is mainly related to the presence of the ionic charges of the different 

ILs, which promote a higher stretching of the solution jet when compared to pristine 

PVDF [49]. In this case, the effect of viscosity, with small variations for different 
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solutions, on the final size of the fibers is negligible when compared to the presence of 

the ionic charges. This decrease in fiber diameter is more marked for PVDF/IL fibers 

containing the imidazolium cations due to the highest ionic conductivity of these ILs [50].  

Figure 1 - SEM images of electrospun a) pristine PVDF and PVDF/IL membranes 

containing different contents of [Emim][TFSI]: b) 15 wt.%., c) 15 wt.%. [Pmpip][TFSI] 

and d) average fiber diameter for the different PVDF and PVDF/IL fibers.  
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3.2.Physical-chemical properties 

 

3.2.1.  Polymer phase 

In order to evaluate the effect of IL incorporation on the chemical structure of the PVDF 

and the influence of the different ILs on the PVDF polymer phase, the ATR-FTIR spectra 

were recorded (Figure 2a).  
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Figure 2 - a) ATR-FTIR spectra of the PVDF and PVDF/IL electrospun fibers and b) 

quantification of the electroactive β phase content of the different samples.  

Figure 2a shows that the main characteristic absorption bands of PVDF are presented in 

the ATR-FTIR spectra, independently of the IL type and content. The CF2 and CH2 

characteristic absorption bands of PVDF are observed approximately at 795, 766, 678 

and 976 cm-1 [51, 52]. These absorption bands are indicative of the presence of the PVDF 

α phase. The absorption bands indicative of the presence of the electroactive β phase, 

associated with the stretching vibration of the CH2 group, are observed at 840, 879, 1071, 

1176, 1275 and 1402 cm-1 [51, 52]. The weak absorption band observed at 1232 cm-1 is 

attributed to the PVDF γ phase [51].  

Upon incorporation of the different ILs, no changes in the PVDF chemical structure 

occurred. For PVDF/IL composites, the absorption bands of the IL anion [TFSI]- are 

identified: the absorption band at 740 cm-1 ascribed to the cis [TFSI]- conformation and 
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the asymmetric and symmetric stretching vibration modes characteristic of the SO2 group 

at 1132 and 1349 cm-1 [53]. The absorption bands at 612, 1051 and 1479 cm-1, attributed 

to the stretching vibration mode of SO2 group, to the asymmetrical S–N–S stretching 

mode, and to the C–H bending of methyl group, respectively, are overlapped with those 

of PVDF [54].  

Assuming that there is not  phase, the electroactive β phase present in the PVDF and 

PVDF/IL fibers was quantified from the ATR-FTIR spectra using equation 2 [51]: 

baab

b

ba

b
b

AAKK

A

XX

X
F







)/(
)(                             (2) 

where, F(β) represents the β phase content; Aα and Aβ the absorbances at 766 and 840 

cm−1 that corresponds to the α and β phases material; Kα and Kβ are the absorption 

coefficients at the respective wave number and Xα and Xβ the degree of crystallinity of 

each phase. The value of Kα is 6.1×104 and the value of Kβ is 7.7×104 cm2.mol-1  [51]. 

 

Figure 2b shows the electroactive β phase content for the PVDF and PVDF/IL electrospun 

fibers. The PVDF fibers present a high β phase content mainly due to the room 

temperature processing, which promotes the PVDF crystallization in β phase. Upon 

addition of [Emim][TFSI] to the polymer solution, the β phase content remained almost 

constant, with variation within the experimental error, after the IL content was increased 

from 5 to 10 wt.%. The higher β phase content for electrospun membranes, after 

comparison with PVDF/IL films [50], is indicative that during the electrospinning process 

and together with the effect of room temperature solvent evaporation [46], the 

electrostatic interactions between the IL and the strong dipolar moment of the polymer 

further promotes the orientation of the CH2-CF2 dipoles in the β phase ‘‘trans-planar’’ 

zig-zag characteristic conformation. Independently of the IL type, the β phase content 

remains nearly constant with the incorporation of 15 wt.% of IL within the PVDF matrix, 
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with PVDF/[Emim][TFSI] presenting the lowest β phase value (88%), when compared to 

the other electrospun membranes (~91%). From Figure 2b it is also possible to conclude 

that the electrostatic interactions between IL and PVDF are favored by an increase in the 

alkyl IL chain, as observed for the [Emim]+ and [Edmim]+ cations. The higher β-phase 

content in the polymer leads to a higher polarity that will enhance the lithium ion 

migration within the separator [55]. 

 

3.2.2. Thermal and mechanical properties  

The thermal properties of the electrospun fibers were determined by DSC measurements, 

in order to detect possible modifications in the thermal stability and melting behavior of 

the PVDF after the IL incorporation. The DSC curves for the pristine PVDF and PVDF/IL 

membranes, presented in Figure 3a, show that there were no significant changes in the 

melting peak of PVDF (~160ºC) after the incorporation of the different ILs types and 

content. Only a broader melting peak is observed for samples containing different IL 

cations ([Pmpip]+ and [P66614]+). It is also observed that the melting peak area decreases 

for all PVDF/IL electrospun fibers compared to pristine PVDF, an indication of a 

decrease in the degree of crystallinity of the polymer because of the hindering of the 

crystallization process due to the IL-polymer chain electrostatic interactions [50].  

The degree of crystallinity (ΔXc) of the PVDF and PVDF/IL electrospun fibers was 

calculated using the Equation 3 [51]:  

𝛥𝑋𝐶 =
𝛥𝐻𝑆

𝑥𝛥𝐻𝛼+𝑦𝛥𝐻𝛽
                                            (3) 

where Hs represents the melting enthalpy of the sample and Ha (93.07 J.g-1) and Hb 

(103.4 J.g-1) are the melting enthalpies of a 100% crystalline a and b PVDF sample, 

respectively.  x and y represent the fraction of a and b phase present in the sample.  
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Figure 3b shows that the degree of crystallinity decreased upon IL incorporation within 

the polymer matrix. For the electrospun fibers containing different [Emim][TFSI] 

amounts, the degree of crystallinity decreased from ~62 to 42 % for increasing IL content 

from 5 to 15 wt.%, respectively. No significant changes occur between electrospun fibers 

containing imidazolium cations with different size ([Emim]+ and [Edmim]+) and cations 

nature ([Pmpip]+ and [P66614]+). Thus, these results are an indication that for the 

different electrospun fibers, the IL-polymer interaction hindered polymer crystallization 

process and promoted defects around the IL sites in the lamellae of the spherulites.  
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Figure 3 - a) DSC thermograms, b) degree of crystallinity, c) thermal degradation 

measurements and d) thermal decomposition temperature (Td) for the different PVDF and 

PVDF/IL electrospun fiber mats.  
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The influence of IL content and nature on the thermal stability of electrospun fibers was 

studied by thermogravimetric analysis (TGA). The TGA curves for the different pristine 

PVDF and PVDF/IL electrospun membranes are shown in Figure 3c. All membranes are 

characterized by a single thermal degradation process related to the thermal 

decomposition of the -CH2-CF2- groups of the PVDF polymer chain [50], with an onset 

temperature (Tonset) (determined by initial point of the degradation step) at ~450 ºC for 

pristine PVDF. 

Independently of the IL content and cation nature, the thermal stability of the PVDF/IL 

electrospun fibers decreased upon IL content incorporation. Figure 3c shows a decrease 

in the thermal stability, by shifting to a lower degradation temperature, with an increase 

of [Emim][TFSI] content (Tonset [Emim 5%]+ ~ 426 ºC, [Emim 10%]+ ~ 418 ºC and [Emim 

15%]+ ~ 411 ºC). The highest decrease in thermal stability was observed for the 

PVDF/[Edmim][TFSI] fibers (Tonset ~395 ºC). This decrease in the thermal stability of 

the PVDF/IL membranes results from the ILs interaction with the fluorinated polymer 

matrix, which promotes a destabilization of the PVDF polymer structure [49].  

Figure 3d shows the decomposition temperature (Td) of the different samples calculated 

as the point of maximum derivative. The decomposition temperature of pristine PVDF 

occurs at 471 ºC, being observed a decrease in the decomposition temperature with the 

addition of different ILs types and contents. In PVDF/[Emim][TFSI] membranes with 5 

wt.% IL content, this effect is not significant due to the low IL content, but increasing the 

IL content up to 15 wt.%, the decomposition temperature decreases down to 458 ºC. 

All membranes with the same content of different imidazolium cations ([Emim]+ and 

[Edmim]+) show the same decomposition temperature, suggesting that the cation size has 

no influence in the thermal degradation of PVDF. Furthermore, samples with ILs of 

different nature ([Pmpip]+ and [P66614]+) also show the same decomposition 
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temperature, but higher than those of the ILs mentioned above for the same IL content. 

Thus, ILs with different nature allow tuning the degradation temperature of PVDF 

through varying IL-polymer chain electrostatic interactions [50]. 

The mechanical properties of the electrospun membranes were evaluated in pristine 

PVDF with and without electrolyte, as presented in Figure S1 in the supplementary 

information. The IL addition influences the PVDF polymer structure to induce a 

plasticizing effect [50]. Since the prepared samples present a low IL amount percentage 

(up to 15%), the mechanical properties show for the different samples a similar response 

to that shown in Figure S1. The incorporation of the electrolyte solution decreases the 

Young Modulus of the PVDF electrospun fibers from 17 to 3 MPa. It is observed that the 

addition of the electrolyte solution maintains the samples mechanically suitable (>1 MPa) 

[56] for being used as separator in LIBs. 

 

3.3.Ionic conductivity and electrochemical stability 

The ionic conductivity values of the different electrospun membranes were determined 

by electrochemical impedance spectroscopy (EIS).  

Figure 4a shows the ionic conductivity value (calculated by equation 1) as a function of 

temperature, calculated through the Nyquist plot (real impedance - Z´ - vs imaginary 

impedance - Z´´) from the interception at high-frequency with the real axis (Nyquist plots 

are shown as supplementary information, Figure S2). For the pristine PVDF and PVDF/IL 

membranes doped with an [Emim][TFSI] content up to 10 wt.%, the Nyquist plots at 

lower temperatures (data not shown) are characterized by three different regions: a semi-

circle located at the high frequency range, that corresponds to a charge transfer process, 

a straight line at lower frequencies, characteristic of charge diffusion processes, and 

finally, the transition between these two phenomena [57]. For higher IL contents (15 

wt.%), the Nyquist plots of the samples are characterized by a straight line for the whole 
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frequency range resulted from high ionic conduction (data not showed) [58]. As 

represented in figure 4a, the ionic conductivity increases with increasing temperature and 

IL content. The IL content improves the number of charge carriers whereas temperature 

improves the intrachain ion mobility and dissociation of IL, favoring the inter-chain 

hopping and enhancing ionic conductivity value [47, 59].  

PVDF/IL electrospun membranes show a conductivity value more than 2 orders of 

magnitude higher than that exhibited by the pristine PVDF membranes. This fact is due 

to the increase in the ionic charge content within the polymer matrix. Thus, the ionic 

conductivity value increases when the IL content increases (Figure 4a), as demonstrated 

for the [Emim][TFSI]/PVDF membranes [47]. 

The increase in ionic conductivity with temperature is associated to a hopping conduction 

mechanism between local structural relaxations and segmental motions of polymer salt 

complexes. As temperature increases, the IL viscosity is reduced and the polymer chains 

acquire faster internal modes in which bond rotations produce intra-chain ion movements 

that will increase the IL conductivity [60].  

2,6 2,8 3,0 3,2 3,4

-11

-10

-9

-8

-7

-6

-5

a)

 

 

L
o

g
 

 /
 S

.c
m

-1

1000/T / K
-1

 PVDF

 5% Emim

 10% Emim

 15% Emim

 15% Edmim

 15% Pmpip

 15% P66614

 

0 1 2 3 4 5 6
-2,0

-1,5

-1,0

-0,5

0,0

0,5

1,0

1,5

2,0

 PVDF

 15% Emim

 15% Edmim

 15% Pmpip

 15% P66616

b)

 

 

C
u

rr
e

n
t 
/ 
n

A

Potential / V  

Figure 4 – a) Ionic conductivity as a function of temperature and b) electrochemical 

stability of the electrospun membranes. 
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The temperature (𝑇) dependence of the conductivity is described by the Arrhenius 

equation in the measured range: 

𝜎 = 𝜎0𝑒
(−𝐸𝑎/𝑅𝑇)                                                       (4) 

where 𝐸𝑎 is the apparent activation energy, 𝑅 is the gas constant (8.314 J.mol-1.K-1) and 

𝜎0 is a pre-exponential factor. The apparent activation energy was calculated through the 

slope of temperature dependence of the ionic conductivity as is represented in figure 4a.  

 

Table 2 shows the ionic conductivity value at 25 ºC and the activation energy of all 

electrospun membranes, where the electrospun membrane with the highest ionic 

conductivity value is the PVDF/[Emim][TFSI] with 15 wt.% (2×10-8 S.cm-1). 

 

Table 2 – Ionic conductivity value at 25 ºC and apparent activation energy obtained from 

equation 1 and 4, respectively for all electrospun membranes. 

IL cation σi / S.cm-1 at 25 ºC (±3%) Ea / kJ.mol-1  (±3%) 

0% 7×10-13 63 

5% Emim+ 7×10-12 36 

10% Emim+ 2×10-9 28 

15% Emim+ 2×10-8 26 

15% Edmim+ 4×10-9 35 

15% Pmpip+ 8×10-10 27 

15% P66614+ 6×10-10 21 

 

Regarding the activation energy, increasing the amount of [Emim][TFSI] in the polymer 

matrix decreases its value, which is lower for the 15 wt.% sample. For the same amount 

of IL (15 wt.%), the ionic liquid properties (molecular weight and viscosity) affect this 

value, with the higher amount of ions in the electrospun membranes decreasing the energy 

barrier for ion transport [47].  

Cyclic voltammetry was used to evaluate the electrochemical stability of the samples, an 

essential parameter to ensure a good battery performance. Figure 4b shows the cyclic 

voltammogram curves for the pristine PVDF and 15 wt.% PVDF/IL membranes in the 
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potential range from 0.0 to 6.0 V (vs. Li/Li+) at a scan rate of 10 mV.s-1 on a gold working 

electrode at 25 ºC. The pristine PVDF membrane shows a stable electrochemical behavior 

at the considered potential [61]. An electrochemical window stability between ~0.0 and 

6.0 V (vs. Li/Li+) was observed for all PVDF/IL composites.  

Considering the voltage range of certain cathodes, such as LiNiCoMnO2, LiMn2O4 and 

C-LiFePO4, the evaluated ionic liquids can be used in LIBs applications due to the high 

ionic conductivity value and good electrochemical stability. 

 

3.4.Cycling performance 

The obtained electrospun membranes show an enhanced ion-dipole interaction, the ion 

dynamics increasing when compared to the pristine electrospun membranes, which is an 

advantage for LIBs. 

To obtain LIBs with good electrochemical performance in terms of capacity value and 

electrochemical stability, an ionic conductivity value of at least 10-4 S.cm-1 is required. 

Taking into account this fact and the values presented in table 2, the various electrospun 

membranes were immersed in the electrolyte solution and tested in batteries. The 

electrolyte uptake and ionic conductivity value of the PVDF/IL membranes after the 

uptake process are shown in the supplementary information (Figure S3), leading to ionic 

conductivity values above 0.5 mS.cm-1. Since the pristine PVDF sample presents similar 

ionic conductivity and charge/discharge behavior when compared to 5 wt.% 

[Emim][TFSI], only the results for electrospun membranes doped with IL are shown in 

Figure 5a.  

For Li/LiFePO4 half-cells prepared with the electrospun membrane with 15 wt.% of 

[Emim][TFSI], Figure 5a shows the 5th curve of charge-discharge voltage curves at C/8, 

C/5, C/2, C and 2C, between 2.5 and 4.2 V. Figure 5a displays the typical flat voltage 
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plateau around 3.2-3.6 V that indicates the presence of a two-phase Fe2+/Fe3+ redox 

reaction between FePO4
- and LiFePO4, the plateau being independent of the scan rate and 

cycling number [62]. The flat voltage plateau is detected for scan rates up to C/2 and for 

scan rates of C and 2C, an oblique line is distinguished that represents a capacitive 

behavior (Figure 5a) [63].  

In addition, Figure 5a) shows that the charge-discharge curves decrease with increasing  

C-rate due to the influence of ionic transport on the ohmic polarization, but also on the 

interfacial reaction resistance on the lithium electrode [64]. This fact is also observed for 

the other electrospun membranes. Figure 5b shows the charge-discharge curves at C rate 

for the 5th cycle for all electrospun membranes, showing that the charge-discharge value 

is proportional to the ionic conductivity value for each electrospun membranes (Figure 

S4).  Figure 5c shows the discharge capacity value as a function of the number of cycles 

for all electrospun membranes from C/8 to 2C. For all electrospun membranes, excepting 

for the membrane with 5% of [Emim][TFSI] up to C-rate, the discharge capacity is very 

stable as a function of the cycle number.  The differences observed in the cycling behavior 

are related to the different ionic conductivity values of the IL and to the variations in the 

membrane uptake percentage value, both leading to a different ionic conductivity of the 

electrospun membranes with the electrolyte. The low ionic conductivity and low IL 

content lead to a low discharge capacity. 

At C-rate, electrospun membranes with 15 wt.% IL content led to discharge capacity 

values of 119, 118, 104, and 95 mAh.g-1 for [Emim]+, [P66614]+, [Edmim]+ and [Pmpip]+, 

respectively, indicating excellent electrochemical behavior. 
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Figure 5 – a) 5th charge and discharge room temperature cycle profiles at rates from C/5 

to 5C  for electrospun membranes with 15 wt.% of [Emim][TFSI], b) 5th cycle of charge 

and discharge at C-rate for all electrospun membranes, c) rate performance as a function 

of the cycling number and d) cycle life at C and 2C, for all electrospun membranes. 

 

Considering the excellent electrochemical results represented in Figure 5c, Figure 5d 

shows the discharge capacity of the different membranes at C- and 2C-rates for 50 cycles. 

For these high scan-rates, good cycling stability as a function of the cycle number is 

observed. The sample with the best cycling behavior is the electrospun membrane with 

15 wt.% of [Emim][TFSI], which after 50 cycles at 2C-rate exhibits 70 mAh.g-1 and a 

capacity fade < 3%. Furthermore, all electrospun membranes reveal excellent reversibility 

of the process, since the coulombic efficiency (CE) is ~ 100% (Figure 5d). 
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In order to better understand the electrochemical performance of the cathodic half-cells 

assembled with the electrospun membranes, the EIS spectra of the half-cells were 

recorded before and after cycling, as shown in the Nyquist plot reproduced in Figure 6.  

Figure 6a represents the Nyquist plots for all electrospun membranes obtained before 

cycling. Nyquist plots are characterized by a semicircle (representing the overall 

resistance, which is the sum of the ohmic resistance, that represents the contact film 

resistance, and resistance contributions from the charge-transfer reaction resistance) in 

the high and medium frequency regions, and a straight line that is associated to the Li+ 

diffusion process in the low frequency region. This behavior is also similar for all 

electrospun membranes after cycling, as it is demonstrated in Figure 6b, being the main 

difference the variation of the overall resistance.  
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Figure 6 – Impedance spectroscopy of the cathodic half-cells for different electrospun 

membranes a) before and b) after cycling. 

 

The overall resistance values for the different electrospun membranes before and after 

cycling were obtained by impedance spectroscopy and are shown in Table 3 

 

 

Table 3 – Overall resistance before and after cycling for the different electrospun 

membranes. 
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 Rs / Ω 

 IL cation Before cycling After cycling 

5% Emim 1432 2438 

10% Emim 1240 1200 

15% Emim 1474 1418 

15% Edmim 1352 2700 

15% Pmpip 1750 850 

15% P66614 1542 3700 

 

The overall resistance of the electrospun membranes containing 5 wt.% of [Emim]+, 15 

wt.% of [Edmim]+ and 15 wt.% of [P66614]+ increases due to the formation of a solid 

electrolyte interface (SEI) layer during cycling [65]. For high amounts (10 and 15 wt.%) 

of [Emim]+ and [Pmpip]+, the presence of IL reduces the SEI layer formation, which 

results in an improvement of the interface between the separator and the electrode. 

Considering the excellent charge-discharge results presented in Figure 5, Table 4 

compares the electrochemical properties of the electrospun membranes obtained in this 

work with other electrospun membranes reported in the literature for the same electrode. 

 

Table 4 –Ionic conductivity and discharge capacity for different electrospun membranes 

reported in the literature for C-LiFePO4 cathodes. 

Polymer 

matrix 

Fillers Electrolyte Porosity

/Uptake 

(%) 

Ionic 

condutivity 

(S/cm) 

Discharge 

capacity 

(mAh/g) 

Ref 

Cellulose HNT LiPF6 86.3/311 1.36E-3 125.31 (1C) [66] 

FPEEK - LiPF6 

(EMC/DM

C/ EC 1:1:1 

v/v/v) 

88/559 3.12E-3 150.5 (C/2) [67] 

Poly(ethylene 

oxide) 

SiO2 LiTFSI, 

Pyr14TFSI 

-/- 1E-4 (30˚C)  150 (C/5) [37] 

Polyacrylonitri

le 

- PYR13TFSI 83/- - ~140 (C/10) [43] 

Polyethylene 

Carbonate 

SiO2 LiTFSI, 

Pyr14TFSI 

-/- 1E-7 (30˚C) 100 (C/15) [38] 

Polyimide AlOOH LiPF6 

(EC/DEC 

1:1 w/w) 

65.8/337.

5 

2.18E-3 154 (1C) [68] 
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Polytetrafluoro

ethylene 

- LiPF6 

(EC/DMC 

1:1 v/v) 

80/325 1.87E-3 142 [69] 

Polyurethane Graphene 

oxide 

LiPF6 (EC/ 

EMC/ 

DMC) 

(1/1/1, 

w/w/w) 

90.7/733 3.73E-3 154 (C/5) [70] 

PVA/chitosan - EmimCl -/- 1E-4 - [71] 

PVDF [Emim][T

FSI] 

LiPF6 

(EC/DMC 

1:1 w/w) 

---/4186 3.1E-3 112 (2C) In this 

work 

PVDF-CTFE Sb2O3 LiPF6 

(EC/DEC 

1:1 w/w) 

72/356 2.88E-3 167 (1C) [72] 

PVDF-HFP - LiTFSI, 

EmimTFSI 

58/250 9.9E-3 

(25˚C) 

80 (1C) [41] 

PVDF-HFP SiO2PPTF

SI 

- 83/552 6.4E-4 119 (1C) [44] 

PVDF-HFP PMIA - -/- 1.21E-3  153.8 (C/2) [73] 

PVDF-

HFP/PPEGM

A 

- BMITFSI, 

LiTFSI 

87/420 2.3E-3 

(25˚C) 

125 (1C) [42] 

PVDF-TrFE Al2O3 LiPF6 

(EC/DMC 

1:1 v/v) 

80/375 5.8E-3 

(25˚C) 

154 (C/10) [29] 

 

Table 4 demonstrates that the electrochemical results of the present work are similar or 

even better than those reported in the literature for other electrospun membranes. Thus, 

taking into account the ionic conductivity value and the excellent electrochemical 

behavior of the PVDF/[Emim][TFSI] membrane, it is concluded that the addition of ILs 

leads to electrospun functional membranes with improved ionic conductivity, and good 

thermal and mechanical stability, allowing improved battery performance, particularly at 

higher scan rates. 

The novel electrospun membranes presented in this work can be successfully used as 

separators, where the addition of IL increases the electrochemical properties, and the 

cation type plays a relevant role for lithium ion battery applications. 
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4. Conclusions 

PVDF electrospun fiber membranes with different contents of ILs sharing the same anion 

[TFSI]- were obtained. Independently of the IL cation type, the fiber diameter decreased 

due to the presence of ionic charges in the solution. Although the PVDF fibers show a 

high β phase content, mainly due to the room temperature solvent evaporation, the 

incorporation of high IL contents does not, however, have a significant influence on this 

value. The thermal stability and degree of crystallinity are reduced in the presence of IL 

within the PVDF matrix, which is caused by the strong electrostatic interactions between 

the IL and the highly polar polymer chains. Impedance spectroscopy analysis allowed the 

determination of the ionic conductivity, with a maximum of 2.8 mS.cm-1 at room 

temperature for 15 wt.% [Emim][TFSI]. All electrospun membranes showed 

electrochemical stability in the voltage range of 0.0 to 6.0 V and the assembled battery 

half-cells presented good performances, reaching a maximum discharge capacity of 119 

mAh.g-1 at C-rate, and a 100% of coulombic efficiency. The results reported here prove 

the applicability of electrospun PVDF/IL membranes in the production of separator 

membranes for LIB applications. 
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