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Abstract 

 

Solid-state electrolytes have been considered as a promising candidate to address the safety 

issues for next-generation lithium batteries. Organic ionic plastic crystals (OIPCs) are 

attracting increasing interest as solid electrolyte materials due to their unique advantages. In 

this study, an OIPC-based composite electrolyte consisting of the OIPC 1-ethyl-1-

methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (Pyr12TFSI), lithium 

bis(trifluoromethylsulfonyl)imide (LiTFSI) and the polymer polyvinylidene fluoride (PVDF) 

has been developed by a facile solution casting strategy. Free-standing and flexible 

OIPC/polymer composite membranes were fabricated by the solution casting method, which 

not only provides flexibility and better electrode/electrolyte contact, but also is more 

compatible with current battery processing methods. The thermal behavior and ionic 

conductivity of the OIPC-based composites with different molar proportions (10 mol% to 67 

mol%) of LiTFSI in LiTFSI/Pyr12TFSI as well as different weight fractions (20 wt% to 50 wt%) 

of PVDF were studied to understand the effect on transport properties. Among all the 

compositions studied, the Li0.33Pyr0.67TFSI/30wt%PVDF composite exhibited high ionic 

conductivity (e.g. 1.2 × 10−4 S cm-1 at 30 °C). The Li0.33Pyr0.67TFSI/30wt%PVDF composite 

membrane was evaluated in Li/Li symmetric cell and was cycled stably over 900 h at a current 

density of 0.1 mA cm−2 at 50 °C, demonstrating that this OIPC/polymer composite electrolyte 

enabled the reversible and stable lithium plating and stripping behaviors. Further tests of the 

Li0.33Pyr0.67TFSI/30wt%PVDF composite membrane as solid electrolyte in LiFePO4/Li cell 

presented a high specific capacity of 149 mAh g−1 at 0.1 C and a long cycle life of over 440 

cycles with capacity retention of 89% at 0.5 C at 50 °C, which showed improved rate capability 

and cycling stability in comparison with the composites with similar compositions but obtained 

by powder pressing method. This study demonstrated the potential of the OIPC/polymer 
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composite solid electrolyte prepared by solution casting method and will promote the 

development of high-performance OIPC-based composite electrolytes for solid-state batteries. 

 

Keywords: Pyrrolidinium, OIPC, Lithium battery, Conductivity, Solid-state electrolyte, 

Membrane 
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1. Introduction 

 

Lithium-ion batteries (LIBs) have been widely used in many applications ranging from portable 

electronics to electric vehicles and even large-scale electrical grids. So far traditional 

commercialized LIBs are heavily dependent on the utilization of volatile and flammable 

organic liquid solvents as electrolytes, which can trigger a series of safety issues, such as 

leakage, combustion, and even explosion. 1-3 To eliminate these safety concerns, replacing 

liquid electrolytes with solid-state electrolytes is considered as an effective solution. 

Meanwhile, solid-state electrolytes allow the use of lithium metal anode, which can further 

boost the energy density of LIBs. 1-3 

 

Organic ionic plastic crystals (OIPCs) are solid-state analogues of ionic liquids (ILs). As an 

emerging class of solid-state electrolyte materials, OIPCs have attracted growing interest in 

recent years due to their appealing advantages, such as plasticity, nonflammability, good 

thermal and electrochemical stability. 4-6 OIPCs have regular crystal structures of long-range 

order with short-range disorder. They generally exhibit one or more solid–solid phase 

transitions prior to melting with a low entropy of fusion (∆Sfusion < 20 J K-1 mol-1) 7, which is 

associated with the orientational or rotational motions of the ions, and thereby a progressive 

disordered structure. The disordered feature endows OIPCs with plasticity, which facilitates 

ion conduction and is also desirable for solid-state electrochemical devices as it may improve 

the contact between electrode and electrolyte. 4-6, 8 OIPCs on their own usually have relatively 

low ionic conductivity (between 10-6 and 10-9 S cm-1) at ambient temperature. 8-12 To be used 

as solid-state electrolytes in Li batteries, target Li ions must be added with the OIPCs to support 

charge/discharge processes, and it has been demonstrated that adding lithium salt into OIPC 

can significantly enhance their ionic conductivity. 8-12 Particularly, based on the fact that the 
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electrolytes with high Li salt concentration (> 1 M) have demonstrated the inhibition of 

aluminum current collector corrosion, the suppression of Li dendrite growth, higher target ion 

transport and better cycling performance, 13-16 OIPC-based electrolytes with high 

concentrations of Li salt are increasingly been studied recently. 8, 11, 17  

 

Unfortunately, the mixtures of OIPCs and Li salt are usually rather soft or in some cases a 

liquid phase is formed when Li salt is added, which makes them difficult to use alone as solid-

state electrolyte. Incorporating OIPCs into a polymer matrix to form an OIPC/polymer 

composite electrolyte is a potential strategy that can simultaneously achieve desirable ionic 

conductivity, low electrode/electrolyte interfacial resistance, and sufficient mechanical 

strength. 18, 19 Progress has been made to develop OIPC-based composites as solid electrolytes 

for Li battery applications. 8, 12, 17, 20-25 For example, thin and flexible OIPC-based composites 

using polyvinylidene fluoride (PVDF) nanofiber matrix were prepared by electrospinning or 

co-electrospinning. 21-24 The Li | LiFePO4 (LFP) cell using such OIPC-based composites 

delivered a capacity of 140 mA h g-1 at C/15 and 80 °C. 21-24 It was also evidenced that the 

interfacial reaction between PVDF and OIPC promoted a more disordered interphase, which 

facilitated ion mobility and contributed to the ionic conductivity enhancement. 21-24 However, 

the random distribution of the electrospun nanofiber results in an inhomogeneous interfacial 

area between the polymer and OIPCs, which plays an important role in ion transport in the 

composite. To better control the interfacial area, Howlett’s group proposed to use PVDF 

nanoparticles to prepare the OIPC-based composites by an easier powder pressing method. The 

OIPC/polymer composite electrolyte prepared using this approach with N-ethyl-N-

methylpyrrolidinium bis(fluorosulfonyl)imide (Pyr12FSI), lithium bis(fluorosulfonyl)imide 

(LiFSI), and PVDF nanoparticles exhibited relatively high ionic conductivity (10-4 S cm-1 at 

30 °C) and high Li+ transference number (0.44 ± 0.02 at 50 °C). The applicability of these 
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composites was demonstrated in the Li/LiNi1/3Mn1/3Co1/3O2 (NMC) cells which showed a 

better capacity retention of 80% over 360 cycles at 1 C and 50 °C, compared to the standard 

LP30 liquid electrolyte (1 M LiPF6 in ethylene carbonate : dimethyl carbonate (vol. 1:1)). 12, 17 

More recently, a new family of pyrrolidinium-zwitterion OIPCs and their use in composite as 

solid electrolyte has been reported, which can increase target ion transport and support stable 

lithium metal cell cycling. 8, 26 

 

The OIPC/polymer composites have shown great promise as solid electrolytes. However, the 

OIPC/polymer composites made by pressing of the components (pellets) were brittle and 

needed to add liquid to support the contact between electrode and electrolyte.  A facile 

preparation method that offers a flexible OIPC/polymer composite is required to achieve better 

electrode/electrolyte contact and thus enhanced electrochemical performance. Solution casting 

strategy is probably a good choice. There are only a few studies using solution casting method 

to prepare the OIPC/polymer composite reported. 27-29 Therefore, it is of importance to explore 

the OIPC/polymer composite prepared by solution casting method to advance the promise of 

the OIPC as solid electrolyte materials. Herein, the OIPC/polymer composites composed of the 

OIPC, 1-ethyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (Pyr12TFSI), lithium 

bis(trifluoromethylsulfonyl)imide (LiTFSI) and PVDF were prepared by a straightforward 

solution casting method. Since using the solution casting method to prepare the OIPC/polymer 

composites is less studied, the impact of the composition on the properties of this composite 

electrolyte are ill-defined. Thus, the effect of the proportion of each component in the 

composites, including different molar proportions (10 mol% to 67 mol%) of LiTFSI in 

LiTFSI/Pyr12TFSI as well as different fractions (10 wt% - 50 wt%) of PVDF on the thermal 

property and ionic conductivity of the composites were initially determined. Free-standing and 

flexible OIPC/polymer composite films were obtained for the compositions with above 20 wt% 
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PVDF by the solution casting method. The advantage of this solution casting method is that it 

not only provides flexibility and better contact between electrode and electrolyte, but also is 

more compatible with current battery processing methods. Considering ionic mobility and 

mechanical strength, Li0.33Pyr0.67TFSI and 30 wt% PVDF were chosen as the composition of 

the OIPC/polymer composite electrolyte for further investigations. The microscopic 

morphology, thermal stability and electrochemcial stability of the 

Li0.33Pyr0.67TFSI/30wt%PVDF composite film were characterized, and its application as solid 

electrolyte was evaluated in Li/Li symmetric cells as well as LFP/Li cells. 

 

2. Experimental 

 

2.1 Preparation of the OIPC/polymer composites 

The OIPC/polymer composites were prepared by a solution casting method. LiTFSI (Solvionic, 

99.9%, water content <20ppm) and Pyr12TFSI (Iolitec, 99%) in calculated mole ratios were 

mixed with corresponding amount of PVDF (Kynar 301F) in dimethoxyethane (DME) and 

sonicated for 10 min to form a homogeneous suspension. The suspension was stirred and 

heated at 100 °C for 90 s and then cast on a glass plate before drying under vacuum at 60 °C 

for 24 h. Self-standing and flexible composite films were obtained except for the composite 

with 10 wt% of PVDF, and the thickness of the resulting composite films measured by 

micrometer is about 150 μm. 

 

2.2 Physicochemical characterization of the OIPC/polymer composites 

The thermal behavior of the composites was characterized by differential scanning calorimetry 

(DSC) on a PerkinElmer DSC 6000 instrument. Samples of 3-4 mg were sealed in Al pan in 

an Ar-filled glovebox. The samples were cooled from room temperature to -50 °C and kept at 
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this temperature for 10 min. Then the samples were heated to 180 °C at a scan rate of 5 °C min-

1. The thermal stability of the composite was determined by thermogravimetric analysis (TGA) 

using a PerkinElmer TGA 8000 instrument equipped with an AccuPik sampler. The 

measurement was carried out on 5.5 mg sample sealed in Al pan in an Ar-filled glovebox, from 

30 °C to 500 °C at a heating rate of 5 °C min-1 under argon atmosphere. X-Ray Diffraction 

(XRD) was performed on an Empyrean, Malvern Panalytical X-ray diffractometer to identify 

the crystallographic structure of the composite at room temperature and 50 °C. The data were 

collected using Mo Kα radiation source with 2θ from 1.5° to 20°. The morphology of the 

composite was examined by a JEOL JSM-7600F scanning electron microscope (SEM) coupled 

with an X-ray energy dispersive spectrometer (EDS) with a 5 kV accelerating voltage. 

 

2.3 Electrochemical measurements of the OIPC/polymer composite electrolyte 

A BioLogic VMP3 potentiostat was used for all electrochemical tests of the composite 

electrolytes. Those were done on CR2032 coin cells that were assembled in an Ar-filled 

glovebox. Lithium metal foil used here was purchased from Thermo Scientific Chemicals with 

a thickness of 0.75mm. 

 

Ionic conductivity 

The ionic conductivity of the composite electrolytes at different temperatures was measured 

by sandwiching the composite electrolyte between two stainless steel (SS) substrates in coin 

cells. The ionic conductivity plots were obtained by electrochemical impedance spectroscopy 

(EIS) with frequency range from 1 MHz to 0.5 Hz at temperatures from room temperature to 

80 °C. 

 

Linear sweep voltammetry (LSV)   
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The electrochemical stability of the composite electrolyte was tested with Li/SS cells through 

LSV from open circuit voltage (OCV) to 6.0 V at a scanning rate of 1.0 mV s−1 at room 

temperature. 

 

Li/Li symmetric cell cycling 

Li/Li symmetric cells were assembled to evaluate the compatibility and cycling stability of the 

composite electrolyte with lithium metal. The symmetric cells were cycled by galvanostatic 

charge-discharge technique at 50 °C. Meanwhile, EIS was also recorded at every 200 cycles to 

investigate the evolution of impedance. 

 

LFP/Li cell assembly and cycling 

The LFP electrode was prepared by a solution casting method. LFP, Carbon 65 and PVDF in 

a weight ratio of 8:1:1 were mixed in 1-methyl-2-pyrrolidone (NMP) and ball-milled for 4 h to 

form a homogeneous slurry. Then, the slurry was cast onto a carbon-coated aluminum current 

collector and dried at 110 °C under vacuum for 24h. Coin cells were assembled by stacking the 

LFP electrode as cathode, the OIPC/polymer composite film as electrolyte and Li metal as 

anode. The mass loading of LFP is around 1.5 mg cm-2 except that the amount for one test with 

higher loading of LFP was 3.1 mg cm-2. The cycling performance of the LFP/Li cells with the 

composite electrolyte was evaluated by galvanostatic charge-discharge experiments at various 

C rates at 50 °C. All cells were kept at this temperature for 1 h before measurements to ensure 

homogeneous temperature of the cell. The cut-off voltage for the cycling of LFP/Li cells were 

from 2.5 V to 4.0 V.  

 

 

3. Results and discussion 
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3.1 Thermal behavior 

The thermal phase behavior of the OIPC/polymer composites with different compositions was 

investigated by DSC measurements. The influence of the concentration of LiTFSI on the 

thermal property of the composites was first studied. Figure 1a and b show the DSC traces of 

the composites containing different molar proportions (10 mol% to 67 mol%) of LiTFSI in 

LiTFSI/Pyr12TFSI and 30 wt% PVDF, labeled LixPyryTFSI/30wt%PVDF (where x and y 

represent molar ratio between LiTFSI and Pyr12TFSI). The traces for the pure components 

LiTFSI, Pyr12TFSI and PVDF are also shown for comparison. The pure Pyr12TFSI, as a 

representative OIPC, shows two solid-solid phase transitions at 15 °C and 45 °C before melting 

at 90 °C, which are consistent with the previous work. 9, 10 When the Pyr12TFSI and LiTFSI are 

incorporated into the polymer PVDF to form composites, the thermal phase behavior of the 

composites is significantly changed. The endothermic peaks of the composites become broad 

and asymmetric in comparison with the neat components, especially for the peaks found in the 

temperature range between 10 °C and 50 °C, indicating that the introduction of LiTFSI and 

PVDF significantly enhances the disorder of OIPC. As the amount of LiTFSI is increased, the 

endothermic peaks are increasingly broadened, reflecting the effect of LiTFSI on the 

enhancement in the disorder of the OIPC.  Meanwhile, the solid-solid phase transition peak at 

45 °C is still clearly visible until high molar concentration (50 mol% and 67 mol%) of LiTFSI 

is reached. It is a well-known phenomenon that the melting point of OIPC might be lowered 

upon the addition of alkali metal salts such as Li salt. 11, 21, 30, 31 Here, when low molar 

concentration (10 mol%) of LiTFSI is used, the melting of the OIPC in the composite shifts to 

a lower temperature around 74 °C. The peak associated with melting of the composite 

disappears at higher LiTFSI concentrations (20 mol% and 33 mol%). There are two 

possibilities to explain this disappearance. The melting peak might further shift to a lower 
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temperature around 45 °C and become overlapped with the solid-solid phase transition peak. 

Alternatively, the melting peak may disappear as the OIPC in the composite does not melt but 

changes to an amorphous state. To better understand the phase transition around this 

temperature, the XRD measurement for the composite with 33 mol% LiTFSI 

(Li0.33Pyr0.67TFSI/30wt%PVDF) were conducted at room temperature and 50 °C, respectively. 

As shown in Figure S1, the XRD pattern of the composite at room temperature presents sharp 

diffraction peaks at 2θ = 4.6°, 5.0°, 7.8°, 11.8° and 15.8°, whereas these peaks disappear at 

50 °C. This result confirmed the change from a crystalline phase at room temperature to an 

amorphous phase at 50 °C. It is worth noting that the diffraction peaks of the composite at room 

temperature do not match with either pure LiTFSI or pure Pyr12TFSI, indicating a new 

crystalline phase formed by the solution casting method. Looking back at the DSC (Figure 1b), 

a new small peak appearing at 26 °C for the composite with 10 mol% LiTFSI and a new broad 

small peak at a similar temperature near 29 °C for the composite with 33 mol% LiTFSI are 

observed, which is probably attributed to the transition of an eutectic phase as reported for the 

LiTFSI-Pyr12TFSI systems. 9, 10 Thus, a slight amount of liquid phase is likely to coexist with 

the solid phase beyond this temperature, which may have a positive impact on the ionic 

mobility. When the LiTFSI molar concentration in the composite is very high (50 mol% and 

67 mol%), the endothermic peaks are extremely broad and the melting transitions shift less to 

lower temperature compared with the composite with 33 mol% LiTFSI, i.e. ca. 68 °C for the 

composite with 50 mol% LiTFSI and ca. 83 °C for the composite with 67 mol% LiTFSI, 

respectively. In addition to the OIPC, the melting peak of PVDF and the solid-solid phase 

transition of LiTFSI in the composites that are broadened and superimposed with each other 

are also shifted to a lower temperature compared with that of pure PVDF and LiTFSI. This is 

indicative of the interactions between the PVDF and Pyr12TFSI/LiTFSI, which may benefit the 

ion diffusion and electrochemical performance. 21, 24, 32, 33 Undeniably, since the solid-solid 
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phase transition peak, the eutectic transition peak, and the melting point of the composites are 

so broad and intensively overlapped, it is difficult to analyze each individual phase transition.  

 

The effect of the weight fraction of PVDF on the thermal phase behavior of the composites 

was also studied. Figure 1c shows the DSC traces of the mixture of Li0.33Pyr0.67TFSI (i.e. 0 wt% 

of PVDF) and the composites containing Li0.33Pyr0.67TFSI and different fractions of PVDF (10 

wt% - 50 wt%), labeled x wt%PVDF/Li0.33Pyr0.67TFSI (where x represents the weight fraction 

of PVDF). The mixture of Li0.33Pyr0.67TFSI presents a small solid-solid phase transition (phase 

Ⅲ to phase Ⅱ) peak at 15 °C and a sharp peak at 33 °C overlapped with a small broad peak 

centered at 43 °C. The sharp peak at 33 °C is likely assigned to the eutectic phase and the broad 

peak centered at 43 °C might be attributed to either the overlapped phase Ⅱ to phase Ⅰ transition 

peak and melting peak or only the phase Ⅱ to phase Ⅰ transition peak as discussed above. As 

the PVDF fraction is increased, the endothermic peaks of the composites in the temperature 

range between 10 °C and 50 °C are increasingly broadened and reduced in intensity. In 

particular, the eutectic peak (at 33 °C) is significantly suppressed for PVDF fraction of 30 wt% 

and above, and all endothermic peaks in the temperature range between 10 °C and 50 °C are 

no longer visible when 50 wt% of PVDF is added. Increasing the fraction of PVDF to higher 

values results in increased disorder of the OIPC and suppression of the phase transitions of the 

OIPC. In addition, the melting peak of PVDF and the solid-solid transition of LiTFSI in the 

composites that are broadened and superimposed with each other were also shifted to a lower 

temperature compared with that of pure PVDF and LiTFSI. Specifically, the overlapped peak 

shifts to lower temperature when less amount of PVDF is added, indicating the interactions 

between the PVDF and Pyr12TFSI/LiTFSI are reduced with increasing addition of PVDF. 
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Figure 1. (a) DSC traces of pristine Pyr12TFSI, LiTFSI, PVDF and the 

LixPyryTFSI/30wt%PVDF composites. (b) An enlargement of the curves in (a) in the 

temperature range between 0 °C and 100°C highlighting the temperature of the various 

transitions. (c) DSC traces of the mixture of the x wt%PVDF/Li0.33Pyr0.67TFSI composites. The 

curves were scaled up by a magnification of 3 to better show the peaks. The samples were 

cooled from room temperature to -50 °C and kept at this temperature for 10 min. Then the 

samples were heated to 180 °C at a scan rate of 5 °C min-1.  
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LixPyryTFSI/30wt%PVDF were studied at first. Figure 2a shows the Arrhenius plot for the 

ionic conductivity of the LiTFSI/30wt%PVDF composite, the Pyr12TFSI/30wt%PVDF 

composite and the LixPyryTFSI/30wt%PVDF composites as a function of temperature. A linear 

relationship was obtained between the conductivity and temperature for the composites and 

could be fitted by the Arrhenius equation. The activation energy (Ea) values were calculated 

from the slope the curves in Figure 2a (shown in Table S1 of the Supporting Information). The 

composite with the lowest amount (10 mol%) of LiTFSI presents the highest activation energy 

of 0.51 eV.  The ionic conduction activation energy of the other composites with high contents 

in Li salt (20 mol% and above) are very similar and the values are found between 0.21 and 0.32 

eV. The Pyr12TFSI/30wt%PVDF composite presents the lowest ionic conductivity in the 

measured temperature range, with a conductivity lower by up to two orders of magnitude than 

the other samples. This reflects that Li salt has a dominant effect on the ion transport of the 

composite electrolyte. This result is consistent with the poor dissociation of Pyr12TFSI by the 

polymer and the poor conductivity of the undoped OIPC. Adding LiTFSI into the composite 

highly enhanced the ionic conductivity, which is higher than the composites without either 

LiTFSI or Pyr12TFSI except the case of the composite with 10 mol% LiTFSI. The composite 

with 33 mol% LiTFSI shows the highest ionic conductivity values from room temperature to 

50 °C among the studied composite compositions and the ionic conductivity value of this 

sample is promising in terms of solid electrolyte in Li battery applications. For example, the 

ionic conductivity of the sample is 1.2 × 10−4 S cm-1 at 30 °C and 4.2 × 10−4 S cm-1 at 50 °C, 

which is similar or higher compared to other OIPC-based electrolytes reported. 17, 21, 22 

Therefore, the composition of Li0.33Pyr0.67TFSI was chosen for the study of the effect of the 

PVDF fraction. 
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Figure 2b shows the Arrhenius plot for the ionic conductivity of the composites containing 

different weight fractions (20 wt% to 50 wt%) of PVDF and Li0.33Pyr0.67TFSI as a function of 

temperature. The ionic conductivity of the composite with 20 wt% of PVDF presents a 

nonlinear dependency with temperature, which can be fitted by the Vogel–Fulcher–Tammann 

(VFT) equation. This nonlinear character is likely due to the obvious phase transitions 

occurring between room temperature to 50 °C. The conductivity of the composites with more 

than 30 wt% of PVDF increases nearly linearly with temperature as the phase transitions are 

hindered by the increasing fraction of PVDF, which is consistent with the above DSC results. 

The linear dependency can be fitted by the Arrhenius equation and the activation energy was 

calculated. The Ea values (0.21 to 0.27 eV) are close and similar to those obtained with 20 wt% 

LiTFSI and above with 30 wt% PVDF (Figure 2a). Increasing the fraction of PVDF leads to a 

decrease in ionic conductivity, suggesting that increasing loading of PVDF would impede the 

interconnected ion transport pathways. 

   

Figure 2. Ionic conductivity plot of (a) the LiTFSI/30wt%PVDF composite, the Pyr12TFSI/30 

wt%PVDF composite and the LixPyryTFSI/30wt%PVDF composites, and (b) the z 

wt%PVDF/Li0.33Pyr0.67TFSI composites at varying temperatures from room temperature to 

80 °C. 
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The utilization of adequate amounts of PVDF ensures strong mechanical integrity for 

composite electrolytes, a crucial factor for the long-term cycling of batteries. Figure S2 of the 

Supporting Information displays photographs of the Li0.33Pyr0.67TFSI composites with different 

weight fractions of PVDF. The composites containing 10 wt% and 20 wt% of PVDF are 

transparent, while those containing 30 wt% and above form white films. The composite 

containing 10 wt% PVDF exhibits inadequate mechanical strength, making the formation of a 

free-standing film impossible. Similarly, the composite with 20 wt% PVDF is too brittle to 

serve as a solid electrolyte, despite being capable of forming a free-standing film. The 

Li0.33Pyr0.67TFSI/30wt%PVDF composite has the highest conductivity among the films that are 

strong enough to be incorporated in electrochemical cells. This composite was therefore 

selected for further physicochemical and electrochemical characterization.  

 

3.3 Physicochemical characterization of the OIPC/polymer composite electrolyte 

The Li0.33Pyr0.67TFSI/30wt%PVDF composite forms a self-standing and flexible white film as 

seen in Figure 1a and the microscopic morphology of the composite film is shown in Figure 

1b-e. The flexibility and softness of the composite film provides good contact between the 

electrolyte and electrodes, which is beneficial for electrochemical performance. At the 

microscopic level, the pristine PVdF are discrete spherical nanoparticles with an average 

diameter of approx. 250 nm (Figure 1f). After the OIPC and lithium salt were added together 

with PVDF to prepare the composite film by solution-casting method, the OIPC and lithium 

salt are incorporated within the polymer matrix, forming a continuous porous network that is 

composed of spherical particles with diameter of about 2 micron, as illustrated in Figure 1b-d. 

The spherical particles are dispersed homogeneously and entangled with each other to form 

many pores (Figure 1c and d), which is also evenly distributed. The SEM observation 
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demonstrated that the solution-casting method can effectively result in a uniform dispersion of 

components. Chemical mapping was also performed by EDS, further supporting the 

homogeneity of elemental distribution of the composite electrolyte, as shown in Figure S4. The 

homogeneous distribution and porous network of the composite electrolyte are favorable for 

the Li-ion transport and further cycling performances. 34, 35 

  

 

 

Figure 2. (a) Photographs of the flexible Li0.33Pyr0.67TFSI/30wt%PVDF composite film. SEM 

images of (b)-(d) the surface of the Li0.33Pyr0.67TFSI/30wt%PVDF composite film at different 

magnification, (e) the cross section of the composite film and (f) pristine PVDF. 

 

 

TGA was used to study the thermal stability of the Li0.33Pyr0.67TFSI/30wt%PVDF composite 

film. The TGA profile in Figure S3 of the Supporting Information shows that no weight loss 

due to either decomposition or volatilization was observed until 280 °C, indicating a sufficient 

stability for battery applications. The TGA analysis also shows that DME solvent used during 

10 μm 
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the preparation process was successively removed by the vacuum treatment (see Experimental 

section). The high thermal stability of the composite electrolyte provides more safety for their 

applications in electrochemical devices. 

 

 

3.4 Electrochemical stability against Li metal 

To assess the applicability of the OIPC/polymer composite electrolyte for Li batteries, the 

electrochemical stability of the Li0.33Pyr0.67TFSI/30wt%PVDF composite electrolyte was 

firstly evaluated by LSV in a Li/SS cell. The linear sweep voltammogram (Figure S5) shows 

that the electrochemical stability of the composite electrolyte reaches 4.6 V, at which the 

current density increases above 2 µA cm-2. The electrochemical stability of this composite 

electrolyte is close to the similar Pyr12FSI/PVDF composite system prepared by powder 

pressing method 12, 17 and matches with the requirement of many high-voltage cathode materials. 

 

Then, Li/Li symmetric cells were assembled to test the long-term cycling stability of lithium 

plating/stripping process with the Li0.33Pyr0.67TFSI/30wt%PVDF composite electrolyte. As 

seen in Figure 3a-c, the Li/Li symmetric cell cycled by galvanostatic charge-discharge 

experiment at a current density of 0.1 mA cm−2 at 50 °C exhibited stable voltage profiles for 

periods up to 900 h. The cell shows low overpotential, which was initially only 35 mV and 

remained as low as 62 mV after 900 h. There is no obvious voltage spike or sudden short circuit 

observed during cycling, demonstrating stable and uniform lithium plating/stripping process 

without short circuiting caused by severe Li dendrite growth. The Nyquist plot obtained during 

cycling in Figure 3d showed a slight increase in the intercept at the real impedance axis at high 

frequencies with the number of cycles. This increase in the cell resistance is probably due to 

the morphology evolution of electrolyte or the depletion of Li and electrolyte 36, 37.  A gradual 
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increase in the semi-circle radius associated with interfacial resistance is also noted, which is 

attributed to the formation of a stable solid electrolyte interphase (SEI) layer on the lithium 

anode 38, 39. It has been demonstrated that a stable SEI layer can effectively mitigate against the 

loss and consumption of both active Li and electrolyte and suppress the growth of Li dendrite. 

40, 41 Thus, these results not only reveal that the composite electrolyte can lead to homogeneous 

Li deposition/dissolution and effectively inhibit the Li dendrite growth-induced short circuiting, 

but also verify the applicability of the composite electrolyte with Li metal. 

 

The rate capability of Li/Li symmetric cell with the composite electrolyte was also investigated, 

in which the cell was cycled with successive current densities from 0.05 to 0.35 mA cm−2 as 

seen in Figure 3e. The result indicates that the Li plating/stripping with the composite 

electrolyte can be stably operated at various current densities (0.05 to 0.3 mA cm−2), while a 

higher current density of 0.35 mA cm−2 leads to cell failure. 
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Figure 3. (a) Voltage profile of Li/Li symmetric cell cycling at 0.1 mA cm–2 at 50 °C with 1 h 

duration for each half cycle. (b, c) The detailed voltage profiles of Li/Li symmetric cell cycling 

at 0.1 mA cm–2 at 50 °C in different cycle stages highlighted by the red boxes in the full profile. 

(d) Nyquist plots of electrochemical impedance spectra during Li/Li symmetric cell cycling at 

(b) (c) (d) 

(a) 

(e) 
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0.1 mA cm–2 at 50 °C. (e) Voltage profile of Li/Li symmetric cell cycling with increasing 

current density from 0.05 mA cm–2 to 0.35 mA cm–2 at 50 °C; 1 h duration for each half cycle 

and 10 cycles at each current density. 

 

3.5 LFP/Li cell performance 

Considering the good electrochemical stability of the composite electrolyte with Li metal, the 

Li0.33Pyr0.67TFSI/30wt%PVDF composite electrolyte was further tested in full cells with LFP 

as the cathode material and Li metal as the anode. The LFP/Li cell with the composite 

electrolyte was cycled at a range of C rates from 0.1 C to 2 C at 50 °C. As shown in Figure 4a 

and b, when the cell was cycled at 0.1 C and 0.2 C, it delivered high specific capacities of 149 

mAh g−1 and 148 mAh g−1, respectively. As 0.5 C, 1 C and 2 C were applied, the specific 

capacities were 142 mAh g−1, 129 mAh g−1 and 56 mAh g−1, respectively. When the charging 

rate was set back to 0.1 C afterwards, the discharge capacity recovered back to 151 mAh g−1, 

a specific capacity value slightly higher than the initial capacity. A more stable capacity was 

noted after cycling at different rates, showing a stabilization period, although the resistance 

appeared to be higher as the profiles are less rectangular than that in the first 0.1 C cycles. The 

improvement of the capacity could come from more active material being accessible by the 

electrolyte and better contact between the membrane and the composite electrode. It is also 

worth noting that the cell with this composite electrolyte delivered higher capacities at 1 C and 

below in comparison with the Pyr12FSI/PVDF composite electrolyte prepared by powder 

pressing method (maximum 128 mAh g−1) 8-12, which is due to the higher flexibility of the film 

electrolyte allowing access to more material in the composite LFP cathode. Moreover, the LFP 

loading was doubled in the cathode (3.1 mg cm-2), the cell can still maintain high capacities of 

149 mAh g−1, 145 mAh g−1 and 128 mAh g−1 at C rate ranging from 0.1 C to 0.5 C. The specific 

capacities were significantly lower (34 mAh g−1 and 21 mAh g−1) at C rates of 1 C and 2 C, as 
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shown Figure S6a and b, due to the Li+ transport limitation in the solid electrolyte. The cells 

with the composite electrolyte were also cycled at different C rates at ambient temperature 

(Figure S7a and b of the Supporting Information). In this case, the discharge capacities obtained 

were very low, (for example, 32 mAh g−1 at 0.1 C due to limited ionic conductivity and crystal 

phase of the composite electrolyte at ambient temperature. This is also supported by the high 

resistance observed on the charge-discharge profiles. 

 

Figure 4. Electrochemical performances of the LFP/Li cells with the 

Li0.33Pyr0.67TFSI/30wt%PVDF composite electrolyte at 50 °C. The mass loading of LFP in the 

cathode is 1.5 mg cm-2. (a) Voltage profile of the LFP/Li cell at different charging rates. (b) 

Rate performance of the LFP/Li cell at different charging rates. 

 

The long-term cycling stability of the LFP/Li cell with the composite electrolyte at 0.5 C at 

50 °C was further evaluated. The cell was cycled at low charging rate of 0.1 C for 5 cycles first 

for activation before being cycled at 0.5 C. As shown in Figure 5, the cell showed an initial 

discharge capacity of 136 mAh g−1 at 0.5 C, following a sharp drop in capacity to 133 mAh g−1 

in the second cycle owing to the sudden change in charging rate. From the second cycle on, the 

cell was able to be cycled for 440 cycles with a capacity retention of 89 % and coulombic 

efficiency above 99.6%. The spike around 366 cycles is due to external factors (temperature 

(a) (b) 
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decrease caused by a power outage in the lab). It also noted that when the cell was cycled 

initially at 0.5 C without activation cycling at low C rate, the discharge capacity was low 

initially and gradually increased to 130 mAh g-1 over 30 cycles as shown in Figure S8. Despite 

the cycling performance of this cell not being as stable as the activated one, the capacity 

retention was superior (95 % retention over 430 cycles). The excellent rate performance and 

long-term cycling performance of the LFP/Li cell highlighted the great potential of this 

OIPC/polymer composite electrolyte in the application of Li batteries. 

 

Figure 5. Long-term cycling performance of the LFP/Li cell with the 

Li0.33Pyr0.67TFSI/30wt%PVDF composite electrolyte at 0.5 C (initially at 0.1 C for 5 cycles) at 

50 °C. The mass loading of LFP in the cathode is 1.5 mg cm-2. 

 

 

4. Conclusions 

 

In summary, free-standing and flexible OIPC/polymer composite films were fabricated by a 

simple solution casting method. The thermal behavior and ionic conductivity of the composites 

with different proportions of components were investigated. Li salt concentration in the 

composites has distinct impacts on the thermal behavior and ionic conductivity of the 
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composites. Increasing loading of PVDF in the composites suppresses the phase transitions 

and reduces ionic conductivity of the composites. The OIPC/polymer composite electrolyte 

with a high Li salt concentration, i.e. Li0.33Pyr0.67TFSI/30wt%PVDF exhibited relatively high 

ionic conductivity (up to 10-4 S cm-1 at 30 °C) and was cycled stably in the Li/Li symmetric 

cell for more than 900 h at a current density of 0.1 mA cm−2 at 50 °C, showing a good 

compatibility with Li metal. The LFP/Li cell (1.5 mg cm-2 LFP in the cathode) with this 

OIPC/polymer composite electrolyte not only displayed excellent rate performance and 

particularly the discharge capacity of 149 mAh g−1 at 0.1 C at 50 °C, but also can sustain stable 

cycling for a long cycle life of over 440 cycles with capacity retention of 89% at 0.5 C at 50 °C. 

The Li0.33Pyr0.67TFSI/30wt%PVDF OIPC/polymer composite in this work shows great 

potential for their application as solid electrolyte in Li battery and the preparation strategy 

demonstrated here can be extended to other OIPC systems, opening an avenue to explore more 

high-performance OIPC-based composite electrolyte for Li battery and other battery devices. 
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