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Abstract

:

A solid-state polymer electrolyte membrane is formed by blending poly(vinylidene fluoride-co-hexafluoropropylene) with the synthesized copolymer of poly(methyl methacrylate-co-1-vinyl-3-butyl-imidazolium bis(trifluoromethanesulfonyl)imide, in which lithium bis(trifluoromethane)sulfonimide molecules are applied as the source of lithium ions. The accordingly formed membrane that contains 14 wt.% of P(MMA-co-VBIm-TFSI), 56 wt.% of PVDF-HFP, and 30 wt.% of LiTFSI manifests the best electrochemical properties, achieving an ionic conductivity of 1.11 × 10−4 S·cm−1 at 30 °C and 4.26 × 10−4 S·cm−1 at 80 °C, a Li-ion transference number of 0.36, and a wide electrochemical stability window of 4.7 V (vs. Li/Li+). The thus-assembled all-solid-state lithium-ion battery of LiFePO4/SPE/Li delivers a discharge specific capacity of 148 mAh·g−1 in the initial charge–discharge cycle at 0.1 C under 60 °C. The capacity retention of the cell is 95.2% after 50 cycles at 0.1 C and the Coulombic efficiency remains close to 100% during the cycling process.
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1. Introduction


After three decades of development, the lithium-ion battery (LIB) has become the most popular secondary battery because of its high energy density, high operating voltage, low self-discharging rate and good cycling stability. However, there are still safety issues arising from the flammable organic liquid electrolytes contained in the LIB. In recent years, solid-state electrolytes (SSEs) have become the focus of attention due to their excellent properties, including nonflammability, favorable thermal stability, wide electrochemical window, and enhanced compatibility with Li metal anodes [1,2]. SSEs can be classified into three major categories: inorganic ion conductors, solid polymer electrolytes, and organic–inorganic hybrid composites [3]. Compared to inorganic ion conductors, the advantages of solid polymer electrolytes (SPEs) include small interfacial resistance, good flexibility, and low cost [4]. The relatively low ionic conductivity of polymer electrolytes remains problematic. Thus, improving the ionic conductivity of solid polymer electrolytes is of great importance for their practical application.



The ionic transport mechanism of SPEs has been controversial. The widely-accepted theory is that Li ions coordinate with the polar functional groups in the polymer chains, hopping from one interaction site to another, which mostly occurs in the amorphous parts of the polymer electrolyte [5]. The segmental relaxation and lithium-ion conduction of the SPEs are coupled phenomena [6]. Therefore, the ionic transport in SPEs is mainly associated with segmental motions. As a result, the ionic conductivity of SPEs can be promoted by decreasing the crystallinity and improving the flexibility of polymer chains.



Poly(methyl methacrylate) (PMMA) and poly(vinylidene difluoride) (PVDF) are two commonly used polymers for SPEs. The carbonyl groups in the PMMA matrix provide coordination sites for Li ions, which makes lithium salts easier to dissociate. It also exhibits great dielectric properties and enhanced interfacial stability, but the poor mechanical flexibility hinders its practical application [7]. PVDF manifests high polarity and has a large dielectric constant owing to the strong electron-withdrawing group C–F, which assists in the dissolution of lithium salts [8]. Besides, it exhibits excellent thermal stability, mechanical strength, and chemical inertness [9]. However, PVDF shows a relatively high degree of crystallinity under room temperature (40–70%) [10]. To address the shortcomings of these two polymers, a variety of strategies have been suggested, such as blending with other polymers, incorporating other monomers into their matrixes, and introducing inorganic fillers to the systems. PMMA is usually used as a blender due to its good compatibility with other polymers [11]. Polymer blending combines the synergistic advantages to offset the respective weaknesses of different polymers [12]. For instance, blending PMMA with PEO decreases the crystallinity of PEO and the brittleness of PMMA [13]. Copolymer PVDF-HFP has been demonstrated to be a promising polymer host, whose structure consists of a crystalline region (formed by VDF unit) and an amorphous region (formed by HFP unit) [14]. The crystalline region promotes tensile strength and chemical stability, while the amorphous region reduces chain regularity and crystallinity [15]. The addition of nanoscale inorganic fillers such as Al2O3 or SiO2 can also enhance the tensile strength, interfacial stability, and ionic conductivity of SPEs by disrupting polymer crystallinity [16,17,18,19].



Ionic liquids (ILs), which are salts with a low melting point less than 100 °C, are considered solvents of the future because of their nonflammability, nonvolatility, high ionic conductivity, and wide electrochemical stability window. ILs have been applied to the electrolyte system of LIBs and have attracted tremendous attention in the past decade. They can be used as electrolyte solvents [20,21], additives in solid-state electrolytes [22,23], or fillers in polymer frameworks to obtain gel polymer electrolytes [24,25,26,27]. When ionic liquid units are linked together with themselves or other monomers, poly(ionic liquid)s (PILs) are formed, reflecting a combination of the excellent properties of both ILs and polymers [28,29,30].



In this study, methyl methacrylate was copolymerized with imidazolium-based ILs in order to produce a copolymer with high flexibility and ionic conductivity. As the most studied IL cation, imidazolium has a weak binding effect with anion, and is easy to graft with different functional groups. As a result, imidazolium-based ILs are characterized by low viscosity, high ionic conductivity and flexibility in design [31]. Bis(trifluoromethanesulfonyl)imide (TFSI−), compared with other IL anions, shows better thermal and electrochemical stability [32,33,34,35]. Hence, the IL 1-vinyl-3-butyl-imidazolium bromide (VBIm-Br) was chosen to be the polymeric monomer. After copolymerization, bromide ions are replaced by TFSI− via the anion exchange process. The thus-synthesized copolymer was blended with PVDF-HFP for further improvement of the electrochemical properties. The lithium salt, lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) was added to the system as the lithium-ion donor.




2. Materials and Methods


2.1. Material


1-Vinylimidazole (99%), 2, 2′-Azobis(2-methylpropionitrile) (AIBN) (99%, recrystallized), N, N-Dimethylformamide (DMF) (99.5%), methyl methacralyte (MMA), and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) were purchased from Aladdin. Ethyl acetate (99%), acetonitrile (99%), N-butyl bromide (98%), and poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) (average Mw~455,000) were purchased from Rhawn. Nano-scale LiFePO4 (99%) was purchased from Shenzhen Dynanonic. All other reagents were used as received.




2.2. Synthesis of the Ionic Liquid Monomer VBIm-Br


VBIm-Br was synthesized by using a traditional quaternary ammonization method according to the literature [36]. 1-Vinylimidazole and N-butyl bromide (mole ratio 1:1) were dissolved in ethyl acetate, refluxed at 80 °C for 20 h under nitrogen atmosphere. After static stratification of the solution, the hot ethyl acetate on the upper layer was removed, and the cool ethyl acetate was added. The sticky ionic liquid VBIm-Br in the lower layer was intensely stirred to make it recrystallized into white grains, which were subsequently vacuum-dried at 40 °C for 18 h to remove residue solvent.




2.3. Synthesis of the Copolymer P(MMA-co-VBIm-TFSI)


P(MMA-co-VBIm-Br) was synthesized by using a traditional free radical polymerization process. MMA and VBIm-Br (mole ratio 7:3) were dissolved in acetonitrile using AIBN (1 wt.% with respect to the monomers) as the initiator, refluxed at 65 °C for 16 h under nitrogen atmosphere. The solution was then added to a large amount of deionized water, allowing the raw product to precipitate as flocculent deposit, which was subsequently washed and dried using a lypholizer. Finally, P(MMA-co-VBIm-TFSI) was synthesized by anion exchange reaction. P(MMA-co-VBIm-Br) and LiTFSI (mole ratio 2:3) were dissolved in methanol separately, and then the P(MMA-co-VBIm-Br) solution was slowly added to the LiTFSI solution. After stirring for 12 h, the mixture was added to a large amount of deionized water to make P(MMA-co-VBIm-TFSI) precipitate to form a powdery deposit, which was subsequently washed and vacuum-dried at 70 °C for 12 h.




2.4. Preparation of Polymer Electrolyte Membranes


The polymer electrolyte membranes with different weight compositions were prepared by the solution casting method. PVDF-HFP, P(MMA-co-VBIm-TFSI), and LiTFSI were dissolved in DMF, then stirred for 12 h to obtain a homogeneous solution. The mixture was cast into a Teflon tray, vacuum-dried at 60 °C for 20 h, and then at 80 °C for 4 h. Finally, the membranes were cut into discs and stored in an argon-filled glove box. Lithium salts work as a Li-ion donor as well as a plasticizer in membranes. The addition of lithium salts increases the concentration of free Li-ions, but reduces the mechanical strength of the membranes. The optimized LiTFSI concentration was found to be 30%. The composition of the polymer electrolyte membranes are showed in Table 1.




2.5. Assembly of Cells


The cathode was composed of 80 wt.% LiFePO4, 10 wt.% acetylene black as the conductive agent, and 10 wt.% PVDF as the binder. The materials were dissolved in N-methyl-pyrrolidone (NMP), then stirred for 12 h to obtain a homogeneous paste. The paste was cast on aluminum foil and vacuum-dried at 70 °C for 12 h, and then air-blast-dried at 100 °C for 4 h. CR2016 button cells were assembled by sandwiching the SPE membrane between the LiFePO4 cathode and the Li metal anode in an argon-filled glove box.




2.6. Characterization


The functional groups and chemical bonds of the SPEs were confirmed by Fourier transform infrared spectroscopy (Thermo Scientific Nicolet 6700, Thermo Scientific, Waltham, MA, USA) over the wavenumber range of 4000 cm−1 to 400 cm−1. X-ray diffraction (Bruker D8 Advance, Bruker, Billerica, MA, USA) with Cu-Kα radiation was applied to analyze the crystallinity of the SPEs with different compositions. The diffraction angle (2θ) was set between 5° and 70° with a scan rate of 10° per minute. The melting point, glass transition temperature, and thermal stability of the SPEs were investigated by simultaneous thermal analysis (Netzsch STA449F3, Netzsch, Selb, Germany). Thermogravimetric (TG) and the differential scanning calorimetry (DSC) were conducted from 30 to 700 °C and −150 to 120 °C, respectively, with a heating rate of 10 °C per minute under nitrogen atmosphere. The mechanical properties of the SPEs were characterized by an electrical tension tester (Instron 5967, Instron, Norwood, MA, USA) at room temperature. The surface morphology of the SPEs was investigated by scanning electron microscopy (JEOL JSM-7500F, JEOL, Tokyo, Japan).




2.7. Electrochemical Properties


Electrochemical measurements were carried out on a multifunctional electrochemical workstation (Princeton VersaSTAT3, Princeton, Dublin, Ireland). The ionic conductivity (σ) of the SPE was measured by electrochemical impedance spectroscopy (EIS) over the frequency range of 100 kHz to 1 Hz under an AC amplitude of 10 mV at various temperatures (from 30 °C to 80 °C, measured every 10 °C) with the SS (stainless steel)/SPE/SS cell, calculated using the following equation:


  σ =  L   R b  · S    



(1)




where Rb is the bulk electrolyte resistance, and L and S are the thickness and contact area of the electrolyte membrane, respectively [37].



The electrochemical stability window of the SPE was evaluated by linear sweep voltammetry (LSV) and cyclic voltammetry (CV) at 60 °C with the SS/SPE/Li cell. LSV curves were recorded from 0 to 6 V with a scan rate of 10 mV·s−1, and CV curves were measured from −1 to 1.5 V with a scan rate of 0.5 mV·s−1.



The interfacial resistance between the lithium electrode and SPE was evaluated by EIS, and the Li-ion transference number of the SPEs was measured by combining EIS and DC polarization at 60 °C with the Li/SPE/Li asymmetric cell, calculated by the Bruce–Vincent equation:


   t  L  i +    =    I s   (  Δ V −  I 0   R 0   )     I 0   (  Δ V −  I s   R s   )     



(2)




where I0 and IS are the initial and stable state polarization current, R0 and RS are the initial and stable state interfacial resistance, respectively, ΔV is the applied polarization voltage. EIS was recorded over the frequency range of 100 kHz to 1 Hz under an AC amplitude of 10 mV. DC polarization was carried for 3000 s under an applied voltage of 10mV.



Furthermore, the cycling performance of the LiFePO4/SPE/Li full cell was evaluated by the galvanostatic charge–discharge tests from 2.5 V to 3.8 V at 60 °C on the battery cycler system (LAND CT2001A, LAND, Wuhan, China).





3. Results and Discussion


The designed poly(ionic liquid)s were synthesized through traditional free radical polymerization using AIBN as the initiator in the presence of MMA and pre-synthesized VBIm-Br, as schematically shown in Figure 1. FTIR spectra of P(MMA-co-VBIm-Br) and P(MMA-co-VBIm-TFSI) are shown in Figure 2a to qualitatively investigate the formation of poly(ionic liquid)s. The characteristic absorption bands at 1729 cm−1 and 1150 cm−1 originate from the stretching vibration of C=O and C-O-C bonds of MMA. The absorption band at 1569 cm−1 corresponds to the skeletal vibration of the imidazole ring. Moreover, the weak absorption band at 1633 cm−1 attributed to the stretching vibration of C=C suggests that most of the monomers has been polymerized. This indicates the successful synthesis of P(MMA-co-VBIm-Br). The synthesized copolymer is a random type according to the literature due to the similar reactivity ratio of the two applied monomers [36]. In addition, three new peaks appear in the spectra of P(MMA-co-VBIm-TFSI) after replacing bromide anions with TFSI− through ion exchange process. The absorption bands at 1352 cm−1 and 1193 cm−1 originate from the asymmetric and symmetric stretching vibration of S=O bond of TFSI−, respectively. The absorption band at 1058 cm−1 corresponds to the stretching vibration of C-F bond of TFSI−, demonstrating that the anion exchange reaction has been accomplished.



The strain–stress curves of the thus-cast SPE membranes with different compositions are displayed in Figure 2b. It is apparent that the addition of P(MMA-co-VBIm-TFSI) has a negative effect on the mechanical properties, resulting in the decline in both the tensile strength and breaking elongation rate. The introduction of ILs into PMMA chains improves the flexibility and weakens the mechanical strength. As can be seen, a membrane with a weight ratio of P(MMA-co-VBIm-TFSI) to PVDF-HFP that exceeds 3:7 becomes too fragile to be practically applied in batteries. Thus, membrane consisting of 20 wt.% poly(ionic liquid) moieties were applied in the following electrochemical measurements to ensure high ionic conductivity and reasonable mechanical strength. The XRD patterns of SPE membranes are shown in Figure 2c. With the increase in the content of P(MMA-co-VBIm-TFSI), a decrease in the intensity of the diffraction peak at around 2θ of 20° is observed. In addition, the intensity of two diffraction peaks at 2θ of around 37° and 39° decreased with the addition of P(MMA-co-VBIm-TFSI), which nearly disappear in the pattern of the PIL-30% sample. It can be thus concluded that the addition of P(MMA-co-VBIm-TFSI) to PVDF-HFP reduces the crystallinity of the SPE by augmenting the amorphous region, promoting the ionic conductivity of the SPE.



SEM images of the fabricated SPE membranes are showed in Figure 3. It can be observed that the blended membranes present a coarse and porous surface structure, and the surface of the PVDF-HFP/LiTFSI membrane is relatively smooth. SEM images with higher magnification are shown in the insets in Figure 3. Apparently, the crevices on the membrane become larger with the addition of P(MMA-co-VBIm-TFSI). This phenomenon suggests that the addition of P(MMA-co-VBIm-TFSI) to PVDF-HFP leads to a decrease in surface density, thus weakening the mechanical strength of the SPE membranes.



TG and DSC curves of the fabricated SPE membranes are presented in Figure 4. As observed in Figure 4a, a slight weight loss occurs from room temperature to about 150 °C due to the moisture evaporation. A massive weight loss starts at around 300 °C, resulting from the decomposition of the lithium salt and polymer backbone. With the addition of P(MMA-co-VBIm-TFSI), the decomposition temperature of the SPE slightly increases owing to the highly stable TFSI− anion, suggesting that the thermal stability can be improved by blending the IL copolymer with conventional polymer electrolyte. From the DSC curves in Figure 4b, it can be seen that the melting temperature (Tm) and glass transition temperature (Tg) of the SPE decrease with the addition of P(MMA-co-VBIm-TFSI). The decrease in Tm further demonstrates the reduced crystallinity, and the decrease in Tg suggests the increase in chain flexibility, both of which facilitate the mobility of the SPE chain segments, thus improving the ionic conductivity of the SPE.



Figure 5a shows the temperature-dependent ionic conductivity of SPE membranes. It can be observed that the ionic conductivity increases initially with the addition of P(MMA-co-VBIm-TFSI), reaching a peak value at the PIL content of 20%. With a further increase in the content of P(MMA-co-VBIm-TFSI), the ionic conductivity of the membrane starts to decrease. This phenomenon can be understood in that the addition of PIL fraction reduces the crystallinity and improves the flexibility of the SPE, thus accelerating the segmental motion of the polymer chains which in turn enhances the lithium-ion migration. Membranes containing either PIL or PVDF-HFP were prepared and the temperature-dependent ionic conductivity is displayed in Figure 5b. Since lithium salts can act as plasticizer in SPE membranes, the content of lithium salt is reduced from 30% to 15% to make the formation of PIL membrane with certain mechanical strength successful. Because the bulk ionic conductivity of P(MMA-co-VBIm-TFSI)/LiTFSI is less than PVDF-HFP/LiTFSI, the total ionic conductivity of the SPE decreases if excess PIL is added. Thus, the optimized weight ratio of PIL to PVDF-HFP is 1:4 with which the SPE exhibits a maximum ionic conductivity of 1.11 × 10−4 S·cm−1 and 4.26 × 10−4 S·cm−1 at 30 °C and 80 °C, respectively. It is found that temperature dependence of ionic conductivity of pure PVDF-HFP or PIL SPE is almost linear, thus suggests that its ion transport mechanism is Arrhenius type, implying that the ion transport occurs via a simple hopping mechanism decoupled from the segmental motion of polymer chains. However, temperature-dependent ionic conductivity of the blended modified SPE is non-linear, suggesting that its ionic transport mechanism is Vogel–Tamman–Fulcher (VTF) type, which implies that its ion transport involves polymer segmental relaxation [38]. These phenomena further indicate that improving the chain flexibility and accelerating the segmental motion are essential for enhancing ionic conductivity of the blended modified SPE.



The LSV curves of the membranes are displayed in Figure 6a to investigate the electrochemical windows of the fabricated SPEs. It is found that the electrochemical stability window of the PVDF-HFP membrane is approximately 4.7 V (vs. Li/Li+), whereas it slightly decreases with the addition of P(MMA-co-VBIm-TFSI). For example, an obvious drop from 4.7 to 4.6 V (vs. Li/Li+) is observed when the weight ratio of PIL to PVDF-HFP is up to 3:7. Similar phenomenon has been reported in previous research, which could be a result of the relatively low decomposition potential of PMMA (4.7 V vs. Li/Li+) in comparison to PVDF (5.0 V vs. Li/Li+) [39]. The PIL-20% sample exhibits the maximum ionic conductivity and an electrochemical stability window suitable for practical applications (about 4.7 V vs. Li/Li+) and the CV curve of such SPE is shown in Figure 6b. Only a lithium dissolution peak at 0.23 V (vs. Li/Li+) and lithium deposition peak at −0.27 V (vs. Li/Li+) were observed, further demonstrating its promising electrochemical stability.



The AC impedance spectra of the Li/SPE/Li symmetric cells assembled with the PIL-20% sample and PVDF-HFP sample after various storage times is displayed in Figure 6c. For comparison, the result of the PVDF-HFP sample is presented as the inset in the same figure and the derived values are displayed in Figure 6d. The initial interfacial resistances of the two samples are 75 and 76 Ω, very close to each other. Within a week the interfacial resistance of the PVDF-HFP sample increased from 75 to 109 Ω, whereas it increased from 76 to 96 Ω for the PIL-20% sample due to the formation of solid electrolyte interphase (SEI) between the SPE and Li metal. The lower resistance of the PIL-20% sample after a week of storage compared to the PVDF-HFP sample could be the result of the enhanced interfacial stability of PMMA, and the interaction between the IL and Li metal surface. It has been reported that IL with TFSI− anion favors uniform lithium deposition on the surface of Li anode, forming a SEI layer with low resistance [40]. Therefore, the interfacial resistance between the SPE and Li metal can be reduced by the addition of P(MMA-co-VBIm-TFSI).



Current–time curves and AC impedance spectra of the Li/SPE/Li symmetric cells assembled with the PVDF-HFP sample and PIL-20% sample are displayed in Figure 7. Calculated by Bruce–Vincent equation, the Li-ion transference number of the PIL-20% sample is 0.36, much larger than that of the PVDF-HFP sample (0.21). This indicates that the migration of Li ions can be facilitated by the blending of P(MMA-co-VBIm-TFSI) with PVDF-HFP, due to the decreased crystallinity and improved segmental flexibility. At a high current rate, Li-ion transference number of electrolytes is a decisive factor in the cell performance. Therefore, the blending modification can increase the discharging capacity and reduce the capacity loss of the cell testing at high current rates.



Since the PIL-20% sample exhibits the best electrochemical properties and acceptable mechanical strength, it was thus applied as solid electrolyte for the assembly of an all-solid-state LiFePO4/SPE/Li battery. The electrochemical performance of the battery was tested from 2.5 to 3.8 V at 60 °C. For comparison, the cells assembled from the PVDF-HFP sample were also tested under the same condition. The initial charge–discharge capacity of the cells at 0.1 C is shown in Figure 8a. It can be observed that the cell assembled with the PIL-20% sample exhibits a discharge capacity of 146.0 mAh·g−1 with the coulombic efficiency of 99.9%, remarkably higher than those of the cell assembled from the PVDF-HFP (133.5 mAh·g−1 with the coulombic efficiency of 97.6%). The cycling performance of the cells at 0.1 C is displayed in Figure 8b. After 50 charge–discharge cycles, the capacity retention of the cell assembled from the PIL-20% sample is 95.2% with an average coulombic efficiency of about 98.0% whereas the cell assembled from the PVDF-HFP sample has a capacity retention of 97.5% with an average coulombic efficiency of about 98%. The high discharge capacity of the cell assembled with the PIL-20% sample is attributed to the high ionic conductivity and low interfacial resistance of the blended SPE membrane. The constant coulombic efficiency indicates that the stable SEI is formed between the SPE and electrodes.



The charge–discharge capacity and cycling performance at various current rates were further investigated, as presented in Figure 9. It can be observed that the discharge capacity of the cell assembled from the PVDF-HFP sample evidently decreases from 133.8 to 46.8 mAh·g−1 with the increase of the current rate from 0.1 to 1 C, implying a capacity loss of 65% at 1 C. After a further decrease in the current rate to 0.1 C, the discharge capacity of the assembled cell is about 122.8 mAh·g−1 with a capacity recovery of 91.8%. By comparison, the cell assembled from the PIL-20% sample shows a slight decrease in discharge capacity from 148.4 to 127.5 mAh·g−1 with the increase in the current rate from 0.1 to 1 C, and only 14.1% of the capacity loss at 1 C. Moreover, the capacity recovery is 95.4% (141.5 mAh·g−1) after the current rate is switched back to 0.1 C. The superior performance at a high current rate of the cell assembled with the PIL-20% sample is attributed to the excellent electrochemical properties, particularly the enhanced Li-ion transference number. This is because enhancing the Li-ion transference number reduces the anion accumulation on the anode interface, resulting in a decrease in the internal polarization resistance of the cell. These results clearly indicate that the blended modified SPE exerts a positive influence on the cell performance.




4. Conclusions


In summary, a novel SPE membrane was prepared by blending copolymer P(MMA-co-VBIm-TFSI) with PVDF-HFP. The addition of P(MMA-co-VBIm-TFSI) promotes the ionic conductivity and Li-ion transference number, reducing the interfacial resistance between the SPE and Li metal. However, the addition of poly(ionic liquid) fractions had a negative effect on the mechanical properties of the formed membranes, resulting in a decreased mechanical strength and a slightly decreased electrochemical stability window. Under an optimized composition, the resulting SPE exhibits the maximum ionic conductivity (1.11 × 10−4 S·cm−1 at 30 °C and 4.26 × 10−4 S·cm−1 at 80 °C), an electrochemical stability window suitable for application in lithium-ion cells (about 4.7 V vs. Li/Li+), acceptable mechanical properties and a promising Li-ion transference number (0.36). The accordingly assembled all-solid-state LiFePO4/SPE/Li cell shows a remarkable cycling performance under various current rates. After 50 cycles at 0.1 C under 60 °C, the capacity retention is 95.2% with an average coulombic efficiency of about 98%. A relatively high discharge capacity is obtained at 1 C (127.5 mAh·g−1) and the capacity recovery is 95.4% after the rate is switched back to 0.1 C.







Author Contributions


Conceptualization, H.T. and H.Z.; methodology, F.Z. and Z.R.; formal analysis, H.P.; investigation, Z.R. and Y.D.; data curation, R.Z.; writing—original draft preparation, Z.R.; writing—review and editing, H.T. and H.Z.; supervision, F.Z. and H.Z.; funding acquisition, F.Z., H.Z. and R.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Natural Science Foundation of China (21878239 and 52006055) and Guangdong Key R&D Program (2020B0909040001 and 2019B090909003).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data that support the findings of this study are available on request from the corresponding author H. Zhang.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Zhang, H.; Li, C.; Piszcz, M.; Coya, E.; Rojo, T.; Rodriguez-Martinez, L.M.; Armand, M.; Zhou, Z. Single Lithium-Ion Conducting Solid Polymer Electrolytes: Advances and Perspectives. Chem. Soc. Rev. 2017, 46, 797–815. [Google Scholar] [CrossRef]

	



Mauger, A.; Armand, M.; Julien, C.M.; Zaghib, K. Challenges and Issues Facing Lithium Metal for Solid-State Rechargeable Batteries. J. Power Sources 2017, 353, 333–342. [Google Scholar] [CrossRef]

	



Zhao, W.; Yi, J.; He, P.; Zhou, H. Solid-State Electrolytes for Lithium-Ion Batteries: Fundamentals, Challenges and Perspectives. Electrochem. Energ. Rev. 2019, 2, 574–605. [Google Scholar] [CrossRef]

	



Zhang, X.-Q.; Zhao, C.-Z.; Huang, J.-Q.; Zhang, Q. Recent Advances in Energy Chemical Engineering of Next-Generation Lithium Batteries. Engineering 2018, 4, 831–847. [Google Scholar] [CrossRef]

	



Dam, T.; Karan, N.K.; Thomas, R.; Pradhan, D.K.; Katiyar, R.S. Observation of Ionic Transport and Ion-Coordinated Segmental Motions in Composite (Polymer-Salt-Clay) Solid Polymer Electrolyte. Ionics 2015, 21, 401–410. [Google Scholar] [CrossRef]

	



Dam, T.; Jena, S.S.; Pradhan, D.K. Coupled Ion Conduction Mechanism and Dielectric Relaxation Phenomenon in PEO20-LiCF3SO3-Based Ion Conducting Polymer Nanocomposite Electrolytes. J. Phys. Chem. C 2018, 122, 4133–4143. [Google Scholar] [CrossRef]

	



Arya, A.; Sharma, A.L. Polymer Electrolytes for Lithium Ion Batteries: A Critical Study. Ionics 2017, 23, 497–540. [Google Scholar] [CrossRef]

	



Xi, G.; Xiao, M.; Wang, S.; Han, D.; Li, Y.; Meng, Y. Polymer-Based Solid Electrolytes: Material Selection, Design, and Application. Adv. Funct. Mater. 2021, 31, 2007598. [Google Scholar] [CrossRef]

	



Barbosa, J.; Dias, J.; Lanceros-Méndez, S.; Costa, C. Recent Advances in Poly(Vinylidene Fluoride) and Its Copolymers for Lithium-Ion Battery Separators. Membranes 2018, 8, 45. [Google Scholar] [CrossRef] [PubMed]

	



Sobola, D.; Kaspar, P.; Částková, K.; Dallaev, R.; Papež, N.; Sedlák, P.; Trčka, T.; Orudzhev, F.; Kaštyl, J.; Weiser, A.; et al. PVDF Fibers Modification by Nitrate Salts Doping. Polymers 2021, 13, 2439. [Google Scholar] [CrossRef] [PubMed]

	



Gohel, K.; Kanchan, D.K. Effect of PC:DEC Plasticizers on Structural and Electrical Properties of PVDF–HFP:PMMA Based Gel Polymer Electrolyte System. J. Mater. Sci. Mater. Electron. 2019, 30, 12260–12268. [Google Scholar] [CrossRef]

	



Kang, S.; Yang, Z.; Yang, C.; Zhao, S.; Wu, N.; Liu, F.; Chen, X.; Shi, B. Co-Blending Based Tribasic PEO-PS-PMMA Gel Polymer Electrolyte for Quasi-Solid-State Lithium Metal Batteries. Ionics 2021, 27, 2037–2043. [Google Scholar] [CrossRef]

	



Yap, Y.L.; You, A.H.; Teo, L.L. Preparation and Characterization Studies of PMMA–PEO-Blend Solid Polymer Electrolytes with SiO2 Filler and Plasticizer for Lithium Ion Battery. Ionics 2019, 25, 3087–3098. [Google Scholar] [CrossRef]

	



Gohel, K.; Kanchan, D.K.; Machhi, H.K.; Soni, S.S.; Maheshwaran, C. Gel Polymer Electrolyte Based on PVDF-HFP:PMMA Incorporated with Propylene Carbonate (PC) and Diethyl Carbonate (DEC) Plasticizers: Electrical, Morphology, Structural and Electrochemical Properties. Mater. Res. Express 2020, 7, 025301. [Google Scholar] [CrossRef]

	



Prabakaran, P.; Manimuthu, R.P.; Gurusamy, S.; Sebasthiyan, E. Plasticized Polymer Electrolyte Membranes Based on PEO/PVdF-HFP for Use as an Effective Electrolyte in Lithium-Ion Batteries. Chin. J. Polym. Sci. 2017, 35, 407–421. [Google Scholar] [CrossRef]

	



Liang, B.; Tang, S.; Jiang, Q.; Chen, C.; Chen, X.; Li, S.; Yan, X. Preparation and Characterization of PEO-PMMA Polymer Composite Electrolytes Doped with Nano-Al2O3. Electrochim. Acta 2015, 169, 334–341. [Google Scholar] [CrossRef]

	



Ramesh, S.; Wen, L.C. Investigation on the Effects of Addition of SiO2 Nanoparticles on Ionic Conductivity, FTIR, and Thermal Properties of Nanocomposite PMMA–LiCF3SO3–SiO2. Ionics 2010, 16, 255–262. [Google Scholar] [CrossRef]

	



Lim, Y.S.; Jung, H.-A.; Hwang, H. Fabrication of PEO-PMMA-LiClO4-Based Solid Polymer Electrolytes Containing Silica Aerogel Particles for All-Solid-State Lithium Batteries. Energies 2018, 11, 2559. [Google Scholar] [CrossRef]

	



Li, J.; Hu, R.; Zhou, H.; Tao, S.; Wang, Y. Nano-SiO2@PMMA-Doped Composite Polymer PVDF-HFP/PMMA/PEO Electrolyte for Lithium Metal Batteries. J. Mater. Sci. Mater. Electron. 2020, 31, 2708–2719. [Google Scholar] [CrossRef]

	



Seki, S.; Kobayashi, Y.; Miyashiro, H.; Ohno, Y.; Usami, A.; Mita, Y.; Kihira, N.; Watanabe, M.; Terada, N. Lithium Secondary Batteries Using Modified-Imidazolium Room-Temperature Ionic Liquid. J. Phys. Chem. B 2006, 110, 10228–10230. [Google Scholar] [CrossRef] [PubMed]

	



Egashira, M.; Todo, H.; Yoshimoto, N.; Morita, M.; Yamaki, J.-I. Functionalized Imidazolium Ionic Liquids as Electrolyte Components of Lithium Batteries. J. Power Sources 2007, 174, 560–564. [Google Scholar] [CrossRef]

	



Elamin, K.; Shojaatalhosseini, M.; Danyliv, O.; Martinelli, A.; Swenson, J. Conduction Mechanism in Polymeric Membranes Based on PEO or PVdF-HFP and Containing a Piperidinium Ionic Liquid. Electrochim. Acta 2019, 299, 979–986. [Google Scholar] [CrossRef]

	



Shojaatalhosseini, M.; Elamin, K.; Swenson, J. Conductivity—Relaxation Relations in Nanocomposite Polymer Electrolytes Containing Ionic Liquid. J. Phys. Chem. B 2017, 121, 9699–9707. [Google Scholar] [CrossRef] [PubMed]

	



Eftekhari, A.; Liu, Y.; Chen, P. Different Roles of Ionic Liquids in Lithium Batteries. J. Power Sources 2016, 334, 221–239. [Google Scholar] [CrossRef]

	



Ye, H.; Huang, J.; Xu, J.J.; Khalfan, A.; Greenbaum, S.G. Li Ion Conducting Polymer Gel Electrolytes Based on Ionic Liquid/PVDF-HFP Blends. J. Electrochem. Soc. 2007, 154, A1048. [Google Scholar] [CrossRef]

	



Ferrari, S.; Quartarone, E.; Mustarelli, P.; Magistris, A.; Fagnoni, M.; Protti, S.; Gerbaldi, C.; Spinella, A. Lithium Ion Conducting PVdF-HFP Composite Gel Electrolytes Based on N-Methoxyethyl-N-Methylpyrrolidinium Bis(Trifluoromethanesulfonyl)-Imide Ionic Liquid. J. Power Sources 2010, 195, 559–566. [Google Scholar] [CrossRef]

	



Yeon, S.-H.; Kim, K.-S.; Choi, S.; Cha, J.-H.; Lee, H. Characterization of PVdF(HFP) Gel Electrolytes Based on 1-(2-Hydroxyethyl)-3-Methyl Imidazolium Ionic Liquids. J. Phys. Chem. B 2005, 109, 17928–17935. [Google Scholar] [CrossRef]

	



Yin, K.; Zhang, Z.; Yang, L.; Hirano, S.-I. An Imidazolium-Based Polymerized Ionic Liquid via Novel Synthetic Strategy as Polymer Electrolytes for Lithium Ion Batteries. J. Power Sources 2014, 258, 150–154. [Google Scholar] [CrossRef]

	



Kausar, A. Research Progress in Frontiers of Poly(Ionic Liquid)s: A Review. Polym.-Plast. Technol. Eng. 2017, 56, 1823–1838. [Google Scholar] [CrossRef]

	



Li, Y.; Wong, K.W.; Dou, Q.; Ng, K.M. A Single-Ion Conducting and Shear-Thinning Polymer Electrolyte Based on Ionic Liquid-Decorated PMMA Nanoparticles for Lithium-Metal Batteries. J. Mater. Chem. A 2016, 4, 18543–18550. [Google Scholar] [CrossRef]

	



Liu, K.; Wang, Z.; Shi, L.; Jungsuttiwong, S.; Yuan, S. Ionic Liquids for High Performance Lithium Metal Batteries. J. Energy Chem. 2021, 59, 320–333. [Google Scholar] [CrossRef]

	



Brinkkötter, M.; Lozinskaya, E.I.; Ponkratov, D.O.; Vlasov, P.S.; Rosenwinkel, M.P.; Malyshkina, I.A.; Vygodskii, Y.; Shaplov, A.S.; Schönhoff, M. Influence of Anion Structure on Ion Dynamics in Polymer Gel Electrolytes Composed of Poly(Ionic Liquid), Ionic Liquid and Li Salt. Electrochim. Acta 2017, 237, 237–247. [Google Scholar] [CrossRef]

	



Balducci, A. Ionic Liquids in Lithium-Ion Batteries. Top. Curr. Chem. (Z) 2017, 375, 20. [Google Scholar] [CrossRef] [PubMed]

	



Madria, N.; Arunkumar, T.A.; Nair, N.G.; Vadapalli, A.; Huang, Y.-W.; Jones, S.C.; Reddy, V.P. Ionic Liquid Electrolytes for Lithium Batteries: Synthesis, Electrochemical, and Cytotoxicity Studies. J. Power Sources 2013, 234, 277–284. [Google Scholar] [CrossRef]

	



Younesi, R.; Veith, G.M.; Johansson, P.; Edström, K.; Vegge, T. Lithium Salts for Advanced Lithium Batteries: Li–Metal, Li–O2, and Li–S. Energy Environ. Sci. 2015, 8, 1905–1922. [Google Scholar] [CrossRef]

	



Green, M.D.; Salas-de la Cruz, D.; Ye, Y.; Layman, J.M.; Elabd, Y.A.; Winey, K.I.; Long, T.E. Alkyl-Substituted N-Vinylimidazolium Polymerized Ionic Liquids: Thermal Properties and Ionic Conductivities. Macromol. Chem. Phys. 2011, 212, 2522–2528. [Google Scholar] [CrossRef]

	



Vadhva, P.; Hu, J.; Johnson, M.J.; Stocker, R.; Braglia, M.; Brett, D.J.L.; Rettie, A.J.E. Electrochemical Impedance Spectroscopy for All-Solid-State Batteries: Theory, Methods and Future Outlook. ChemElectroChem 2021, 8, 1930–1947. [Google Scholar] [CrossRef]

	



Long, L.; Wang, S.; Xiao, M.; Meng, Y. Polymer Electrolytes for Lithium Polymer Batteries. J. Mater. Chem. A 2016, 4, 10038–10069. [Google Scholar] [CrossRef]

	



Ma, T.; Cui, Z.; Wu, Y.; Qin, S.; Wang, H.; Yan, F.; Han, N.; Li, J. Preparation of PVDF Based Blend Microporous Membranes for Lithium Ion Batteries by Thermally Induced Phase Separation: I. Effect of PMMA on the Membrane Formation Process and the Properties. J. Membr. Sci. 2013, 444, 213–222. [Google Scholar] [CrossRef]

	



Wang, L.; Liu, J.; Yuan, S.; Wang, Y.; Xia, Y. To Mitigate Self-Discharge of Lithium–Sulfur Batteries by Optimizing Ionic Liquid Electrolytes. Energy Environ. Sci. 2016, 9, 224–231. [Google Scholar] [CrossRef]








[image: Polymers 14 01950 g001 550] 





Figure 1. Synthesis of ionic liquid monomer VBIm-Br (a) and copolymer P(MMA-co-VBIm-TFSI) (b). 
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Figure 2. (a) FTIR spectra of P(MMA-co-VBIm-Br) and P(MMA-co-VBIm-TFSI). (b) Stress–strain curves and (c) XRD patterns of SPE membranes with different compositions as indicated in the figure. 
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Figure 3. SEM images of SPE membranes with different compositions: (a) PVDF-HFP; (b) PIL-10%; (c) PIL-20%; (d) PIL-30%. 
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Figure 4. TG (a) and DSC (b) curves of the fabricated SPE membranes with different compositions. 
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Figure 5. Temperature dependence of ionic conductivity of the SPE membranes with different weight ratio of PIL to PVDF-HFP (30 wt.% LiTFSI) (a) and containing either PIL or PVDF-HFP (15 wt.% LiTFSI) (b). 
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Figure 6. (a) LSV curves of the fabricated SPE membranes. (b) CV curve of the PIL-20% sample. (c) AC impedance spectra of the Li/SPE/Li symmetric cells assembled with the PIL-20% sample and PVDF-HFP sample after various storage times. (d) The interfacial resistance derived from AC impedance spectra. 
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Figure 7. Current–time curves and AC impedance spectra (presented as the inset) of the Li/SPE/Li symmetric cells assembled with PVDF-HFP sample (a) and PIL-20% sample (b). 
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Figure 8. The initial charge–discharge capacity (a) and the cycling performance (b) of the cells assembled with the PVDF-HFP sample and PIL-20% sample at 0.1 C under 60 °C. 
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Figure 9. The charge–discharge capacity (a,b) and cycling performance (c,d) of cells assembled with PVDF-HFP and PIL-20% samples at various current rates under 60 °C. 
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Table 1. Composition of the prepared SPE membranes.
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	Sample
	PMMA-IL (wt.%)
	PVDF-HFP (wt.%)
	LiTFSI (wt.%)
	Weight Ratio of PMMA-IL/PVDF-HFP





	PVDF-HFP
	0
	70
	30
	-



	PIL-10%
	7
	63
	30
	1:9



	PIL-20%
	14
	56
	30
	2:8



	PIL-30%
	21
	49
	30
	3:7
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