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Abstract

:

The low ionic conductivity and unstable interface of electrolytes/electrodes are the key issues hindering the application progress of lithium-ion batteries (LiBs). In this work, a cross-linked gel polymer electrolyte (C-GPE) based on epoxidized soybean oil (ESO) was synthesized by in situ thermal polymerization using lithium bis(fluorosulfonyl)imide (LiFSI) as an initiator. Ethylene carbonate/diethylene carbonate (EC/DEC) was beneficial for the distribution of the as-prepared C-GPE on the anode surface and the dissociation ability of LiFSI. The resulting C-GPE-2 exhibited a wide electrochemical window (of up to 5.19 V vs. Li+/Li), an ionic conductivity (σ) of 0.23 × 10−3 S/cm at 30 °C, a super-low glass transition temperature (Tg), and good interfacial stability between the electrodes and electrolyte. The battery performance of the as-prepared C-GPE-2 based on a graphite/LiFePO4 cell showed a high specific capacity of ca. 161.3 mAh/g (an initial Coulombic efficiency (CE) of ca. 98.4%) with a capacity retention rate of ca. 98.5% after 50 cycles at 0.1 C and an average CE of about ca. 98.04% at an operating voltage range of 2.0~4.2 V. This work provides a reference for designing cross-linking gel polymer electrolytes with high ionic conductivity, facilitating the practical application of high-performance LiBs.
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1. Introduction


LiBs have been extensively used in consumer electronic and storage devices, owing to their high specific energy density, stable cycling performance, high open circuit potentials, low memory effects, light weight, and so forth [1,2,3]. Electrolytes play a critical role in high-performance LiBs. However, commercial liquid electrolytes (LEs) generate lithium dendrite, an unstable solid electrolyte interface (SEI), and leakage and flammability of the LE [4,5,6]. Polymer electrolytes have been extensively studied to solve this problem due to their significant advantages of low flammability, excellent processability, high electrochemical stability, good mechanical flexibility, and durability [7]. Gel polymer electrolytes (GPEs), which incorporate liquid plasticizers and lithium salts into polymer matrices, have been identified as one of the most promising candidates for cost-effective, safe, and long-lifespan LiBs [6,8]. GPEs are nonvolatile, have higher thermal and electrochemical stability than LEs, and, to some extent, alleviate problems derived from water [4,9]. Moreover, GPEs can be manufactured using the in situ polymerization method, which is compatible with the state-of-the-art LiB fabrication industry [10,11,12]. Among in situ-formed GPEs, polyethylene oxide (PEO), polymethyl methacrylate (PMMA), polyvinylidene fluoride (PVDF) [13,14], polyacrylonitrile (PAN) [10], poly (1,3-dioxlane) [15], and related co-block polymers are currently widely used as polymer hosts for the preparation of GPEs. Nevertheless, the ionic conductivity (σ) and battery performance of PEO-based GPEs still need to be improved, owing to the crystallinity of the as-prepared electrolyte and interfacial issues. For example, Xie et al. [16] present a dual-salt PEO-based cross-linked network electrolyte with a σ value of 0.57 × 10−3 S/cm at 30 °C, while Teng et al. [9] present a poly(ethylene oxide)-co-poly(propylene oxide)-based GPE that delivers a σ value of 2.8 × 10−3 S/cm at 30 °C, but polarization occurs due to anion accumulation. Our group’s recent work employed LiFSI as an initiator and successfully polymerized a dual-epoxy group precursor through thermal cationic ring-opening technology [6,17,18]. The results showed tight interface compatibility between the electrolyte and electrode, which enables the σ and cycling performance of the battery.



Apart from LEs, GPEs with a certain amount of solvent might facilitate battery performance. For example, Lai et al. [19] report an in situ-formed GPE with 1 M LiPF6 in EC/DEC/EMC that has a more stable deposition and dissolution behavior due to the uniform Li cation distribution on the anode surface. Wang et al. [20] present an in situ-formed solid-state polymer electrolyte based on poly(1,3-dioxolane) with a high σ (7.9 × 10−3 S/cm at room temperature), a high Li cation transference number (0.82), and low interfacial resistance. However, employing highly concentrated LiFSI (3.5 M) probably sacrifices cost-effectiveness and higher polymer electrolyte molecular weights due to rapid polymerization. Thus, a moderate condition needs to be considered. Furthermore, for comparison, LiTFSI-/LiPF6-based GPEs [5,21,22,23] and LiFSI-based GPEs have the merits of higher σ of LiFSI [24,25], better interface compatibility with the electrodes, and better cycling performance due to the formation of the cathode–electrolyte interphase (CEI) [26] and solid–electrolyte interphase (SEI) layer [20] on the anode surface. From another aspect, the PEO-based SPEs face the challenges of poor ionic conductivity and interface issues by adding a plasticizer (e.g., fluoroethylene carbonate and succinonitrile) [15,27]. In contrast, cross-linked PEO-based GPEs could possess thermal ability, improved σ, and enhanced interfacial stability [14,28].



Epoxidized soybean oil (ESO), as a renewable raw material with multiple epoxy groups, has attracted great attention in recent years in both scientific and industrial areas, such as in fabricating lubricants, coatings, and bioplastics [29,30,31]. Research has explored the ring-opening polymerization of ESOs through boron trifluoride diethyl etherate (BF3.OEt2), and the epoxy group-based precursor can successfully achieve cationic ring-opening polymerization using Li salts, including LiFSI, LiPF6, and lithium difluoro (oxalate) borate (LiDFOB) [4,17,22].



Herein, we attempted to prepare an in situ cross-linking gel polymer electrolyte (C-GPE), which consisted of low-concentrated LIFSI, environmentally friendly ESO, and EC/DEC solvent (1:1, by volume). The EC/DEC solvent could be beneficial for the dissociation of LiFSI and adjust the interfacial stability of the electrolyte and anode [32,33], while the ESO-based electrolyte probably provides a three-dimensional (3D) cross-linked structure, which improves ionic conductivity and provides more volume for ion mobility. In situ polymerization could also enhance battery performance by reducing interfacial resistance and generating intimate compatibility between the electrolyte and electrode [6,10,11,12,13]. In this work, we expect to provide a simple and practical method for designing C-GPEs with outstanding ionic conductivity, a wide electrochemical stability window, and low interfacial impedance for high-performance rechargeable LiBs.




2. Results and Discussion


2.1. Ionic Conductivity and Electrochemical Properties


As can be seen in Figure 1, the ionic conductivities of the as-synthesized C-GPEs are measured using Figure S1a–d of the Supplementary Materials (SM) and Equation (1), whose values are comparable to those of the reported GPEs. All as-prepared C-GPEs delivered a considerable σ (compared with Table S1 of the SM). At 30 °C, the typical σ values of the as-prepared C-GPEs—C-GPE-1, C-GPE-2, and C-GPE-3—were 0.21, 0.23, and 0.28 × 10−3 S/cm, respectively, while at 80 °C, the values of the corresponding σ were 0.3, 0.33, and 0.37 × 10−3 S/cm, respectively. Furthermore, a linear dependency of ln σ along with the temperature was displayed, which agrees with the typical Arrhenius plot [18]. Combined with battery performance, as shown below, these comparable σ values may be due to the increased distribution of free Li cations in the interface region [13], suggesting that EC/DEC facilitates the dissolution of Li ions, thereby improving the σ value.



Figure 2a–c and Figure S2 of the SM display the CV profiles of the as-prepared C-GPEs based on half-cells (Li/C-GPEs/LiFePO4) and all clearly exhibit redox peaks. The CV peaks from C-GPE-1 and C-GPE-2 were found at 4.5 and 1.6 (Figure 2a) and 4.3 and 1.8 V (Figure 2b), respectively. These observations could indicate the de-lithiation and lithiation of the electrodes. Furthermore, the CV curves of C-GPE-2 overlap for three cycles, indicating the normal reversibility of the electrochemical reaction within the voltage range of −1.5~5 V. However, Figure 2c and Figure S2 (C-GPE-4) of the SM show an extra peak at 0.2 V, which may be attributed to a side reaction due to the higher fraction of solvent (EC/DEC). Electrochemical anodic stability is a critical parameter of LiBs. As Figure 2d shows, the stable window values of the as-prepared C-GPEs based on Li||SS cells for C-GPE-1, C-GPE-2, and C-GPE-3 were 5.0, 5.19, and 3.2 V, respectively. The as-prepared C-GPE-2-based cell exhibited a wide and stable voltage, which may be attributed to the good distribution of LiFSI and less to the solvation effect of EC/DEC [34,35].




2.2. Battery Performances


The rate performances of the as-prepared C-GPEs were tested using a full-cell configuration of graphite/C-GPEs/LiFePO4 (LFP) with a potential range of 2.0–4.2 V at 0.1 C, 0.2 C, and 0.3 C, respectively. Figure 3a–c display variations in the discharge–charge (CD) capacity at 0.1–0.3 C. At 0.1 C, the initial charge- and discharge-specific capacities (Csp) of C-GPE-1 were ca. 159.4 and 156.8 mAh/g, with an initial Coulombic efficiency (CE, η) of ca. 99.6%. Meanwhile, C-GPE-2 showed ca. 161.3 and 158.7 mAh/g with an η of ca. 98.4%, while C-GPE-3 showed ca. 160.3 and 151.5 mAh/g with an η of 94.5%, respectively. Furthermore, at 0.2 C, the Csp of C-GPE-1, C-GPE-2, and C-GPE-3 were ca. 136.1, 137.5, and 135.2 mAh/g, respectively. At 0.3 C, the Csp of C-GPE-1, C-GPE-2, and C-GPE-3 were ca. 106.7, 113.0, and 111.1 mAh/g, respectively. These good rate capacities of the as-prepared C-GPEs based on a full cell at 0.1–0.3 C could be attributed to the better interfacial compatibility between the cathode and electrolyte [36,37]. These observations are higher than or comparable with recent reported works (as shown in Table S1 of the SM). As can be seen in Figure 3d, the average η of the graphite/C-GPE-2/LFP battery is ca. 98.86%; nevertheless, the values of the C-GPE-1- and C-GPE-3-based full cells are ca. 98.04 and 91.97%, respectively, at 0.1 C after 50 CD cycles. The lower average η of the C-GPE-3 battery cell might be attributed to an unstable interface between the anode/C-GPE-3 (verified by Figure 2c). Furthermore, this result could be due to the solvation effect of Li ions [38]. It is worth noting that the slightly higher average η (98.86%) of the C-GPE-2 battery cell than that (98.04%) of the C-GPE-1 battery cell is probably due to the formation of a stable solid electrolyte layer on the graphite in the presence of LiFSI [6] and the suitable amount of EC/DEC adjusting the interfacial behavior on the graphite anode surface [32] with the increasing cycle number.



Encouraged by the considerable performance in full-cell configuration (graphite/C-GPE-2/LFP), a half-cell (Li/C-GPE-2/LFP) was assembled to demonstrate its potential for large-scale applications. As shown in Figure 4a,b, the rate and cycling performance of the as-prepared C-GPE-2-based half-cell (Li/C-GPE-2/LFP) were investigated. The Csp of the as-prepared C-GPE-2-based half-cell at 0.1, 0.2, and 0.3 C was ca. 146, 129.0, and 115.4 mAh/g, respectively. At the same time, there is less polarization potential (as displayed in Figure 4a). These findings indicate that C-GPE-2 may have good compatibility with Li metal anodes [32,33,39]. Figure 4b shows the Csp and cyclability of the as-prepared C-GPE-2-based half-cell with 50 cycles at 2.5–4.2 V and 25 °C. This makes it clear that the slightly increasing value of η (up to 98.7%) could infer the generation of uniform Li+ and a stabler SEI layer on the metallic Li anode surface. Compared to the initial Csp (ca. 146.8 mAh/g) with an η of ca. 93.32%, the capacity retention of the Li/C-GPE-2/LFP battery was maintained at ca. 136.6 mAh/g (ca. 93.05%) after 50 cycles at 0.1 C and 25 °C.




2.3. Morphological Characterization


Figure 5a,b show the variations in the specific capacities and CEs vs. the CD cycling number of the as-prepared C-GPE-2 based on a full cell and a half-cell, respectively, at 0.2 C and 25 °C. The fade Csp for the as-prepared C-GPE-2 based on the cells was ca. 18.8 and 14.4%, respectively, after 300 cycles. The corresponding average CE for the as-prepared C-GPE-2-based LiBs was ca. 98.8 and 96.9% after cycling. As can be seen, the monotonic increase in CE with the increasing CD cycling number can be attributed to the formation of an SEI layer on the graphite anode induced by the electrolyte [6]. Nevertheless, the average CE of the as-prepared C-GPE-2 electrolyte-based full cell is higher than that of the corresponding half-cell. This is possibly due to the better interface compatibility of graphite anodes compared to Li metal anodes. The full-cell interface stability of the LiBs based on C-GPE-2 was further investigated by analyzing the surface morphologies of the graphite anode. Figure 5c displays the FE-SEM image of the pristine graphite anode, and Figure 5d shows the FE-SEM image of the graphite anode of the as-prepared C-GPE-2-based full cell. After 300 CD cycles of the as-prepared C-GPE-2-based full cell, the graphite was recovered. It revealed that the as-prepared C-GPE-2 is capable of producing a dense, layered, and stable SEI layer on the graphite anode. This SEI layer can extend the interface stability of the electrolyte and electrode, which concurrently enhances the lifespan of LiBs [40]. The formation of the SEI layer was identified further by measuring the EDS elemental mapping of the graphite anode, as shown in Figure S5. The EDS elemental mapping clearly indicates the existence of a high density of the elements C, O, F, S, and N in the graphite anode.




2.4. Characterization of As-Synthesized C-GPEs


Figure 6a,b show the FTIR spectra that were obtained to gain further insight into the structural characterization of the as-prepared C-GPEs. After completing polymerization for 24 h, all of the as-prepared C-GPEs display a broad peak (ca. 3505 cm−1) of hydroxyl O–H stretching and reduced intensity of epoxy ring group stretching (ca. 902 cm−1), suggesting that the ring-opening process was conducted. The peak at ca. 826 cm−1 is assigned to epoxy group stretching. These results are in good agreement with previously reported work [18,29]. Additionally, the stretching of C–H was found at a peak of ca. 2840–2946 cm−1, and the peaks at ca. 1700–1800 cm−1 and ca. 1178 cm−1 of the as-prepared C-GPEs are attributed to the C=O stretching from EC/DEC [8] and the C–O–C deformation vibration [31,41], respectively.



Figure 6c shows the thermogravimetric analysis results of the LiFSI and the as-prepared C-GPEs. Obviously, the relative stable temperatures of the as-prepared C-GPE-2 and C-GPE-3 (up to ca. 174 °C) were similar, whereas the as-prepared C-GPE-1 (up to ca. 180 °C) exhibited a lower mass loss, which could mainly be attributed to moisture and the solvent (EC/DEC). After that, the degradation of the as-prepared C-GPEs was taken at a temperature range of ca. 180–480 °C. In contrast, the LiFSI had already decomposed at ca. 142 °C [42]. The enhanced thermal stability can be attributed to the conversion degree of the polymer and the cross-linked structure [20], which is also verified by the FTIR and DSC results. DSC measurements were conducted after the as-prepared C-GPEs were dried in a vacuum oven for 12h at 80 °C. As can be seen in Figure 6d, the glass transition temperatures (Tg) of the as-prepared C-GPEs—C-GPE-1, C-GPE-2, and C-GPE-3—were ca. −45.2, −46.5, and −46.2 °C, respectively. The super-low Tg values of the as-prepared C-GPEs are significantly linked to their highly amorphous network [41], which is confirmed by the XRD patterns.




2.5. In Situ Cross-Linking Gel Polymer Electrolytes


Figure 7a shows a plausible in situ cross-linking process and the proposed evolutionary network. Generally, in the first step, the homogeneous precursor solution containing the LiFSI, monomer (ESO), and solvent (EC/DEC) was injected into the assembled battery. Next, LiFSI provides Lewis acid H (FSIOH) under the heating condition of 40 °C [6], which attacks the cyclic epoxide ring and continues the propagation and cross-linking cationic ring-opening polymerization in the ESO chain in the presence of EC/DEC. Finally, the 3D cross-linked polymer network in the C-GPEs is formed in situ, directly inside the battery. Notably, this fabrication process is compatible with the current industrial application of LiBs. As additional initiators (e.g., LiTFSI and LiBF4) [4,15,43,44] and cost-ineffective additives/plasticizers (e.g., FEC) [15] are unnecessary, this as-prepared C-GPE offers similar, or even lower, expense than the other reported works [45]. Figure 7b shows cross-sectional images investigating the close interface affinity between the cathode/as-prepared C-GPE-2/graphite anode, respectively. This tight contact between the cathode and the as-prepared electrolyte enables Li-ion communication and facilitates cycling performance [15,36,37]. Moreover, XRD tests were utilized to measure the crystallization of the as-prepared C-GPEs. As depicted in Figure 7c, all of the as-prepared C-GPEs showed a broad peak at around 2θ = 21.6°, suggesting a high-degree amorphous morphology with chain mobility [6,15]. The XRD analysis matches well with the Tg results of the as-prepared C-GPEs. Notably, the enhanced intensity of the amorphous peak should be due to the addition of EC/DEC, which enables the mobility of the polymer chain, as well as the increased FHMW.





3. Conclusions


In summary, we report an in situ-formed C-GPE based on poly (ESO), which is successfully developed to simultaneously improve the interface adhesion and generate uniform distribution on an anode surface in the presence of 20% (v/v) solvent (EC/DEC). The as-synthesized C-GPEs exhibited good thermal stability (stable up to 180 °C), super-low Tg values, and considerable electrochemical properties. The FE-SEM images revealed a tight contact between the electrolyte and electrodes, which facilitates battery performance. Especially, the as-synthesized C-GPE-2 showed a Tg value of −46.5 °C, a comparable σ at 30 °C, and a broader electrochemical stability window (up to 5.19 V). As a result, the graphite/C-GPE-2/LFP full cell delivered an initial Csp of ca. 158.7 mAh/g with an average η of 98.86% after 50 CD cycles at 0.1 C. Moreover, the as-prepared C-GPE-2-based Li//LFP half-cell delivered a capacity retention of ca. 93.05% after 50 CD cycles at 0.1 C. Additionally, the capacity retention of the as-prepared C-GPE-2-based cells was over 80% after 300 CD cycles. These results could provide an effective approach to improving anode stability and adjusting the distribution of electrolyte on electrode surfaces in lithium gel polymer batteries.




4. Materials and Methods


4.1. Sources


Epoxidized soybean oil (ESO), lithium bis(fluorosulfonyl)imide (LiFSI; 99.9%), diethyl carbonate (DEC; ≥99.9%), ethylene carbonate (EC; ≥99%), lithium cobalt(III) oxide (LiCoO2; ≥99.8%), N-methyl pyrrolidone (NMP; 99.5%), poly(vinylidene fluoride) (PVDF; average Mw~534,000), and carbon black (99.9%) were all ordered from Sigma-Aldrich (St. Louis, MO, USA), while the lithium iron(II) phosphate (LFP) power, graphite anode, and lithium were obtained from the MTI Company (Richmond, CA, USA).




4.2. Characterization and Measurements


The chemical structural properties of the as-synthesized polymer electrolyte were analyzed by Fourier-transform infrared spectra (FTIR) using a Nicolet iS5 (Thermo Fisher Scientific, Waltham, MA, USA) with a scanning range of 4000–650 cm−1. The thermal properties were recorded using a Scinco TGA-N 1000 analyzer (Seoul, Republic of Korea) in the temperature range from 30 to 600 °C in an N2 atmosphere at a heating rate of 10 °C/min. The differential scanning calorimetry (DSC) was conducted on a Pyris™ Diamond DSC (PerkinElmer Co., Ltd., Waltham, MA, USA) under a nitrogen atmosphere at a heating rate of 10 °C/min over a temperature range from −60 to 250 °C.



The interfacial morphology of the as-prepared electrolyte was characterized using a field-emission scanning electron microscope (FE-SEM; JSM-7610F; JEOL, Tokyo, Japan) along with energy dispersive X-ray (EDX; inCAx-sight7421; Oxford, UK) spectroscopy. The X-ray diffraction (XRD) analysis of the as-synthesized polymer electrolyte was recorded on D2 Phase (Bruker, Germany) in the angle range from 10 to 80° at a scanning rate of 1°/min at ambient temperature.




4.3. Electrochemical Measurements


Electrochemical impedance spectrometers (EISs) were used to measure the ionic conductivity (σ) of the as-prepared electrolyte using an IM6ex (Zahner Elektrik GmbH & Co. KG, Kronach, Germany) instrument (at a frequency range from 0.1 to 105 Hz and an AC amplitude of 5 mV in an open voltage). The fabricated asymmetrical dummy cells (Figure S3 of the SM) were allowed to reach thermal equilibrium for 30 min prior to each test. The temperature ranged from 30 to 80 °C, and each cell was recorded three times. Then, the received EIS spectra were fitted through Z-view software (version 3.1; Scribner Associates Inc., Southern Pines, NC, USA). The values of σ were calculated according to Equation (1), which is as follows:


σ = L/RS



(1)




where σ (S/cm) is the ionic conductivity, R (Ω) is the bulk resistance, L (cm) represents the distance between the electrodes, and S (cm2) is the electrodes/electrolyte contact area.



All of the electrochemical performances of the cells were observed using Ivium-n-Stat (Ivium Technologies B.V., Eindhoven, The Netherlands). The cyclic voltammetry (CV) was examined from −1.5 to 5 V under a scan rate of 1 mV/s at 25 °C. The electrochemical anodic stability was determined by linear sweep voltammetry (LSV). CR2032-type coin cells were assembled with a stainless-steel (SS) disc as the working electrode and metallic Li as both the counter and reference electrode in the potential range from 0 to 6 V at a scan rate of 0.1 mV/s. The discharge–charge tests and cycling performances of the CR2032-type coin cells based on a graphite/C-GPEs/LFP configuration were carried out at 0.1, 0.2, and 0.3 C, respectively, under the operational voltage of 2.0 to 4.2 V and 25 °C. The C rate was defined based on the LFP cathode active material. For comparison, the half-cell of Li/C-GPE-2/LFP was assembled and examined at 0.1, 0.2, and 0.3 C, respectively, under a cell voltage of 2.5–4.2 V and 25 °C. All CR2032-type coin cells were assembled in an argon-filled glovebox (H2O and O2 < 0.1 ppm).




4.4. In Situ-Polymerized Cross-Linked Gel Polymer Electrolytes (C-GPEs)


The in situ polymeric electrolyte was prepared using ESO, LiFSI, and EC/DEC solvent. The digital pictures of the in situ-formed C-GPEs can be seen in Figure S4 and Video S1 of the SM for the as-prepared C-GPE-2. According to the polymerization tests, 2 M LiFSI in the electrolyte was applied in this work. First, 2 M LiFSI was added to the solution of ESO and EC/DEC (10% by v/v); the ratio in the mixture of EC/DEC is 5:5 by volume. After that, the obtained homogenous solution was placed at 40 °C in an Ar-filled glovebox for 24 h. Finally, the received electrolyte was named C-GPE-1. Similarly, based on the volume fraction of the solvent, the electrolytes with 20% and 30% solvent were denoted as C-GPE-2 and C-GPE-3, respectively. The detailed composition of the as-prepared CPEs can be seen in Table S2 in the SM. The asymmetric dummy cell was fabricated following our previous work [17] and was employed to evaluate the ionic conductivity of the as-prepared C-GPEs.




4.5. Preparation of LFP Cathode


The LFP cathode was composed of LFP, PVDF, and Super P at a ratio of (85:5:10)% by weight, respectively. NMP was added to the above mixture to form a homogenous slurry. Then, the slurry was coated on Al foil and dried in a vacuum oven at 120 °C for 12 h. Finally, the LFP cathode was cut into 14 mm discs and stored in a glove box before use. The loading mass of the LFP cathode was about 6 mg/cm2.









Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/gels9050384/s1, Figure S1: Nyquist plots of as-prepared C-GPE-1 (a), C-GPE-2 (b), and C-GPE-3 (c), and a corresponding equivalent circuit (d); Figure S2: CV profiles of C-GPE-4; Figure S3: Schematic illustration of an asymmetric dummy cell; Figure S4: Digital photos of in situ polymeric C-GPEs with varying concentrations of LiFSI; Table S1: Comparison of electrochemical properties of the polymer electrolyte with epoxy groups from reported works; Table S2: Detailed composition of the as-prepared CPEs; Figure S5: (a,b) Selected area of graphite anode of C-GPE-2 electrolyte-based LIB (inset shows the wt% of the elements C, N, O, F, and S), and (b–g) EDS elemental mapping of C, N, O, F, and S, respectively; Video S1: As-prepared C-GPE-2 after 24 h. [4,18,44,46,47,48].





Author Contributions


Conceptualization, W.Z. and W.K.; methodology and data curation, W.B.; software, L.J.; formal analysis, S.P.; resources, M.J.; writing—original draft preparation, W.Z.; writing—review and editing, H.J.; supervision, W.K.; project administration, H.J. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


This paper was supported by Konkuk University in 2022.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Liu, K.; Liu, Y.; Lin, D.; Pei, A.; Cui, Y. Materials for lithium-ion battery safety. Sci. Adv. 2018, 4, eaas9820. [Google Scholar] [CrossRef] [PubMed]

	



Xia, S.; Wu, X.; Zhang, Z.; Cui, Y.; Liu, W. Practical Challenges and Future Perspectives of All-Solid-State Lithium-Metal Batteries. Chemistry 2019, 5, 753–785. [Google Scholar] [CrossRef]

	



Liu, Q.; Cai, B.; Li, S.; Yu, Q.; Lv, F.; Kang, F.; Wang, Q.; Li, B. Long-cycling and safe lithium metal batteries enabled by the synergetic strategy of ex situ anodic pretreatment and an in-built gel polymer electrolyte. J. Mater. Chem. A 2020, 8, 7197–7204. [Google Scholar] [CrossRef]

	



Zhu, J.; Zhang, J.; Zhao, R.; Zhao, Y.; Liu, J.; Xu, N.; Wan, X.; Li, C.; Ma, Y.; Zhang, H.; et al. In situ 3D crosslinked gel polymer electrolyte for ultra-long cycling, high-voltage, and high-safety lithium metal batteries. Energy Storage Mater. 2023, 57, 92–101. [Google Scholar] [CrossRef]

	



Wan, J.; Xie, J.; Kong, X.; Liu, Z.; Liu, K.; Shi, F.; Pei, A.; Chen, H.; Chen, W.; Chen, J.; et al. Ultrathin, flexible, solid polymer composite electrolyte enabled with aligned nanoporous host for lithium batteries. Nat. Nanotechnol. 2019, 14, 705–711. [Google Scholar] [CrossRef]

	



Zhang, W.; Jin, L.; Lee, S.; Bae, W.; Park, S.; Jeon, M.; Kim, W.; Jang, H. In situ induced crosslinking highly conductive solid polymer electrolyte with intimated electrodes interfacial compatibility for safe Li-ion batteries. J. Power Sources 2023, 557, 232568. [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]

	



Park, S.; Sohn, J.-Y.; Hwang, I.-T.; Shin, J.; Yun, J.-M.; Eom, K.; Shin, K.; Lee, Y.-M.; Jung, C.-H. In-situ preparation of gel polymer electrolytes in a fully-assembled lithium ion battery through deeply-penetrating high-energy electron beam irradiation. Chem. Eng. J. 2023, 452, 139339. [Google Scholar] [CrossRef]

	



Wu, K.; Cui, J.; Yi, J.; Liu, X.; Ning, F.; Liu, Y.; Zhang, J. Biodegradable Gel Electrolyte Suppressing Water-Induced Issues for Long-Life Zinc Metal Anodes. ACS Appl. Mater. Interfaces 2022, 14, 34612–34619. [Google Scholar] [CrossRef]

	



Liu, T.; Zhang, J.; Han, W.; Zhang, J.; Ding, G.; Dong, S.; Cui, G. Review—In Situ Polymerization for Integration and Interfacial Protection Towards Solid State Lithium Batteries. J. Electrochem. Soc. 2020, 167, 0700527. [Google Scholar] [CrossRef]

	



Liang, S.; Yan, W.; Wu, X.; Zhang, Y.; Zhu, Y.; Wang, H.; Wu, Y. Gel polymer electrolytes for lithium ion batteries: Fabrication, characterization and performance. Solid. State Ion. 2018, 318, 2–18. [Google Scholar] [CrossRef]

	



Ma, C.; Cui, W.; Liu, X.; Ding, Y.; Wang, Y. In situ preparation of gel polymer electrolyte for lithium batteries: Progress and perspectives. InfoMat 2021, 4, e12232. [Google Scholar] [CrossRef]

	



Chen, D.; Zhu, M.; Kang, P.; Zhu, T.; Yuan, H.; Lan, J.; Yang, X.; Sui, G. Self-Enhancing Gel Polymer Electrolyte by In Situ Construction for Enabling Safe Lithium Metal Battery. Adv. Sci. 2022, 9, e2103663. [Google Scholar] [CrossRef]

	



Xiao, Q.; Deng, C.; Wang, Q.; Zhang, Q.; Yue, Y.; Ren, S. In Situ Cross-Linked Gel Polymer Electrolyte Membranes with Excellent Thermal Stability for Lithium Ion Batteries. ACS Omega 2019, 4, 95–103. [Google Scholar] [CrossRef]

	



Ren, W.; Zhang, Y.; Lv, R.; Guo, S.; Wu, W.; Liu, Y.; Wang, J. In-situ formation of quasi-solid polymer electrolyte for improved lithium metal battery performances at low temperatures. J. Power Sources 2022, 542, 231773. [Google Scholar] [CrossRef]

	



Fu, F.; Zheng, Y.; Jiang, N.; Liu, Y.; Sun, C.; Zhang, A.; Teng, H.; Sun, L.; Xie, H. A Dual-Salt PEO-based polymer electrolyte with Cross-Linked polymer network for High-Voltage lithium metal batteries. Chem. Eng. J. 2022, 450, 137776. [Google Scholar] [CrossRef]

	



Zhang, W.; Yoon, S.; Jin, L.; Lim, H.; Jeon, M.; Jang, H.; Ahmed, F.; Kim, W. Lithium Salt Catalyzed Ring-Opening Polymerized Solid-State Electrolyte with Comparable Ionic Conductivity and Better Interface Compatibility for Li-Ion Batteries. Membranes 2022, 12, 330. [Google Scholar] [CrossRef]

	



Zhang, W.; Ryu, T.; Yoon, S.; Jin, L.; Jang, G.; Bae, W.; Kim, W.; Ahmed, F.; Jang, H. Synthesis and Characterization of Gel Polymer Electrolyte Based on Epoxy Group via Cationic Ring-Open Polymerization for Lithium-Ion Battery. Membranes 2022, 12, 439. [Google Scholar] [CrossRef]

	



Wang, Q.; Xu, X.; Hong, B.; Bai, M.; Li, J.; Zhang, Z.; Lai, Y. Molecular engineering of a gel polymer electrolyte via in-situ polymerization for high performance lithium metal batteries. Chem. Eng. J. 2022, 428, 131331. [Google Scholar] [CrossRef]

	



Cheng, H.; Zhu, J.; Jin, H.; Gao, C.; Liu, H.; Cai, N.; Liu, Y.; Zhang, P.; Wang, M. In situ initiator-free gelation of highly concentrated lithium bis(fluorosulfonyl)imide-1,3-dioxolane solid polymer electrolyte for high performance lithium-metal batteries. Mater. Today Energy 2021, 20, 100623. [Google Scholar] [CrossRef]

	



Castillo, J.; Santiago, A.; Judez, X.; Garbayo, I.; Coca Clemente, J.A.; Morant-Miñana, M.C.; Villaverde, A.; González-Marcos, J.A.; Zhang, H.; Armand, M.; et al. Safe, Flexible, and High-Performing Gel-Polymer Electrolyte for Rechargeable Lithium Metal Batteries. Chem. Mater. 2021, 33, 8812–8821. [Google Scholar] [CrossRef]

	



Niu, Y.-B.; Yin, Y.-X.; Wang, W.-P.; Wang, P.-F.; Ling, W.; Xiao, Y.; Guo, Y.-G. In Situ Copolymerizated Gel Polymer Electrolyte with Cross-Linked Network for Sodium-Ion Batteries. CCS Chem. 2020, 2, 589–597. [Google Scholar] [CrossRef]

	



Zhou, L.; Liu, S.; Li, W.; Song, H.; Du, L.; Cui, Z. Highly conductive Poly(ε-caprolactone) and chitosan based polymer electrolyte for lithium metal battery. J. Power Sources 2023, 553, 2322271. [Google Scholar] [CrossRef]

	



Hu, J.J.; Long, G.K.; Liu, S.; Li, G.R.; Gao, X.P. A LiFSI-LiTFSI binary-salt electrolyte to achieve high capacity and cycle stability for a Li-S battery. Chem. Commun. 2014, 50, 14647–14650. [Google Scholar] [CrossRef]

	



Cai, Y.; Zhang, H.; Cao, Y.; Wang, Q.; Cao, B.; Zhou, Z.; Lv, F.; Song, W.; Duo, D.; Yu, L. Synthesis, application and industrialization of LiFSI: A review and perspective. J. Power Sources 2022, 535, 231481. [Google Scholar] [CrossRef]

	



Bai, P.; Ji, X.; Zhang, J.; Zhang, W.; Hou, S.; Su, H.; Li, M.; Deng, T.; Cao, L.; Liu, S.; et al. Formation of LiF-rich Cathode-Electrolyte Interphase by Electrolyte Reduction. Angew. Chem. Int. Ed. Engl. 2022, 61, e202202731. [Google Scholar] [CrossRef]

	



Li, Z.; Liu, Q.; Deng, Y.; Zhou, M.; Tang, W.; Dong, H.; Zhao, W.; Liu, R. In situ cross-linked plastic crystal electrolytes toward superior lithium metal batteries. Mater. Today Energy 2023, 31, 101198. [Google Scholar] [CrossRef]

	



Wei, J.; Yue, H.; Shi, Z.; Li, Z.; Li, X.; Yin, Y.; Yang, S. In Situ Gel Polymer Electrolyte with Inhibited Lithium Dendrite Growth and Enhanced Interfacial Stability for Lithium-Metal Batteries. ACS Appl. Mater. Interfaces 2021, 13, 32486–32494. [Google Scholar] [CrossRef]

	



Qi, M.; Xu, Y.J.; Rao, W.H.; Luo, X.; Chen, L.; Wang, Y.Z. Epoxidized soybean oil cured with tannic acid for fully bio-based epoxy resin. RSC Adv. 2018, 8, 26948–26958. [Google Scholar] [CrossRef]

	



Liu, Z.; Erhan, S.Z. Ring-Opening Polymerization of Epoxidized Soybean Oil. J. Am. Oil Chem. Soc. 2009, 87, 437–444. [Google Scholar] [CrossRef]

	



Öztürk, C.; Küsefoğlu, S.H. Polymerization of epoxidized soybean oil with maleinized soybean oil and maleic anhydride grafted polypropylene mixtures. J. Appl. Polym. Sci. 2010, 118, 3311–3317. [Google Scholar] [CrossRef]

	



Zhang, H.; Arcelus, O.; Carrasco, J. Role of asymmetry in the physiochemical and electrochemical behaviors of perfluorinated sulfonimide anions for lithium batteries: A DFT study. Electrochim. Acta 2018, 280, 290–299. [Google Scholar] [CrossRef]

	



Wang, Y.; Cao, Z.; Ma, Z.; Liu, G.; Cheng, H.; Zou, Y.; Cavallo, L.; Li, Q.; Ming, J. Weak Solvent—Solvent Interaction Enables High Stability of Battery Electrolyte. ACS Energy Lett. 2023, 8, 1477–1484. [Google Scholar] [CrossRef]

	



Mackanic, D.G.; Michaels, W.; Lee, M.; Feng, D.; Lopez, J.; Qin, J.; Cui, Y.; Bao, Z. Crosslinked Poly(tetrahydrofuran) as a Loosely Coordinating Polymer Electrolyte. Adv. Energy Mater. 2018, 8, 1800703. [Google Scholar] [CrossRef]

	



Wang, Q.; Dong, T.; Zhou, Q.; Cui, Z.; Shangguan, X.; Lu, C.; Lv, Z.; Chen, K.; Huang, L.; Zhang, H.; et al. An in-situ generated composite solid-state electrolyte towards high-voltage lithium metal batteries. Sci. China Chem. 2022, 65, 934–942. [Google Scholar] [CrossRef]

	



Shin, H.; Choi, S.J.; Choi, S.; Jang, B.Y.; Jeong, J.; Cho, Y.-G.; Lee, S.-Y.; Song, H.-K.; Yu, J.H.; Kim, T.-H. In situ gel electrolyte network guaranteeing ionic communication between solid electrolyte and cathode. J. Power Sources 2022, 546, 231926. [Google Scholar] [CrossRef]

	



Chiu, L.-L.; Chung, S.-H. Composite gel-polymer electrolyte for high-loading polysulfide cathodes. J. Mater. Chem. A 2022, 10, 13719. [Google Scholar] [CrossRef]

	



Kang, P.; Chen, D.; Wu, L.; Yang, X.; Sui, G. Insight into poly(1,3-dioxolane)-based polymer electrolytes and their interfaces with lithium Metal: Effect of electrolyte compositions. Chem. Eng. J. 2023, 455, 140931. [Google Scholar] [CrossRef]

	



Lin, Y.; Wang, T.; Zhang, L.; Peng, X.; Huang, B.; Wu, M.; Zhao, T. In-situ forming lithiophilic-lithiophobic gradient interphases for dendrite-free all-solid-state Li metal batteries. Nano Energy 2022, 99, 107395. [Google Scholar] [CrossRef]

	



Ahmed, F.; Choi, I.; Ryu, T.; Yoon, S.; Rahman, M.M.; Zhang, W.; Jang, H.; Kim, W. Highly conductive divalent fluorosulfonyl imide based electrolytes improving Li-ion battery performance: Additive potentiating electrolytes action. J. Power Sources 2020, 455, 227980. [Google Scholar] [CrossRef]

	



Kasetaite, S.; De la Flor, S.; Serra, A.; Ostrauskaite, J. Effect of Selected Thiols on Cross-Linking of Acrylated Epoxidized Soybean Oil and Properties of Resulting Polymers. Polymers 2018, 10, 439. [Google Scholar] [CrossRef] [PubMed]

	



Kerner, M.; Plylahan, N.; Scheers, J.; Johansson, P. Thermal stability and decomposition of lithium bis(fluorosulfonyl)imide (LiFSI) salts. RSC Adv. 2016, 6, 23327–23334. [Google Scholar] [CrossRef]

	



Huang, S.; Cui, Z.; Qiao, L.; Xu, G.; Zhang, J.; Tang, K.; Liu, X.; Wang, Q.; Zhou, X.; Zhang, B.; et al. An in-situ polymerized solid polymer electrolyte enables excellent interfacial compatibility in lithium batteries. Electrochim. Acta 2019, 299, 820–827. [Google Scholar] [CrossRef]

	



Nair, J.R.; Shaji, I.; Ehteshami, N.; Thum, A.; Diddens, D.; Heuer, A.; Winter, M. Solid Polymer Electrolytes for Lithium Metal Battery via Thermally Induced Cationic Ring-Opening Polymerization (CROP) with an Insight into the Reaction Mechanism. Chem. Mater. 2019, 31, 3118–3133. [Google Scholar] [CrossRef]

	



Zhao, Q.; Liu, X.; Stalin, S.; Khan, K.; Archer, L.A. Solid-state polymer electrolytes with in-built fast interfacial transport for secondary lithium batteries. Nat. Energy 2019, 4, 365–373. [Google Scholar] [CrossRef]

	



Chen, B.; Xu, Q.; Huang, Z.; Zhao, Y.; Chen, S.; Xu, X. One-pot preparation of new copolymer electrolytes with tunable network structure for all-solid-state lithium battery. J. Power Sources 2016, 331, 322–331. [Google Scholar] [CrossRef]

	



Yao, W.; Zhang, Q.; Qi, F.; Zhang, J.; Liu, K.; Li, J.; Chen, W.; Du, Y.; Jin, Y.; Liang, Y.; et al. Epoxy containing solid polymer electrolyte for lithium ion battery. Electrochim. Acta 2019, 318, 302–313. [Google Scholar] [CrossRef]

	



Ma, Y.; Sun, Q.; Wang, S.; Zhou, Y.; Song, D.; Zhang, H.; Shi, X.; Zhang, L. Li salt initiated in-situ polymerized solid polymer electrolyte: New insights via in-situ electrochemical impedance spectroscopy. Chem. Eng. J. 2022, 429, 132483. [Google Scholar] [CrossRef]








[image: Gels 09 00384 g001 550] 





Figure 1. Plots of ionic conductivity vs. temperature based on dummy cells. 
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Figure 2. CV profiles of as-prepared (a) C-GPE-1, (b) C-GPE-2, and (c) C-GPE-3; (d) LSV traces of as-prepared C-GPEs based on Li//SS cells with a potential of 0–6 V and a scan rate of 0.1 mV/s. 
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Figure 3. CD plots of graphite/C-GPEs/LFP cells at 0.1 C (a), 0.2 C (b), and 0.3 C (c) under 25 °C. (d) Plots of discharge-specific capacity as a function of CD cycles at 25 °C for as-prepared C-GPE-based graphite/C-GPEs/LFP full cells at 0.1 C. 
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Figure 4. (a) Rate performances of Li/C-GPE-2/LFP half-cell at 0.1–0.3 C and 25 °C. (b) Discharge–charge capacities and CEs for Li/C-GPE-2/LFP half-cell at 0.1 C for 50 cycles at 25 °C. 
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Figure 5. Variation in the specific capacity and the Coulombic efficiency as a function of CD cycling number of the corresponding full cell (a) and half-cell (b) at 0.2 C and 25 °C; FE-SEM images of (c) pristine graphite anode and (d) graphite anode based on C-GPE-2 electrolyte-contained LiBs (inset image shows the corresponding magnified FE-SEM image). 
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Figure 6. (a,b) FTIR spectra of as-prepared C-GPEs and ESO; (c) TGA traces of as-synthesized C-GPEs and LiFSI salt; (d) DSC plots of as-prepared C-GPEs. 
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Figure 7. (a) Schematic diagram of in situ-fabricated C-GPEs. (b) Cross-sectional FE-SEM image of as-prepared C-GPE-2-based dummy cell (the inset is the enlarged area between the LCO cathode/the C-GPE-2). (c) XRD plots of as-prepared C-GPEs. 
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