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Abstract

:

Polyethylene oxide (PEO)-based composite polymer electrolytes (CPEs) containing in situ SiO2 fillers are prepared using an electrostatic spinning method at room temperature. Through the in situ hydrolysis of tetraethyl silicate (TEOS), the generated SiO2 nanospheres are uniformly dispersed in the PEO matrix to form a 3D ceramic network, which enhances the mechanical properties of the electrolyte as a reinforcing phase. The interaction between SiO2 nanospheres and PEO chains results in chemical bonding with a decrease in the crystallinity of the PEO matrix, as well as the complexation strength of PEO chains with lithium ions during the hydrolysis process. Meanwhile, the addition of SiO2 nanospheres can disturb the orderliness of PEO chain segments and further suppress the crystallization of the PEO matrix. Therefore, improved mechanical/electrochemical properties can be obtained in the as-spun electrolyte with the unique one-dimensional high-speed ion channels. The electrospun CPE with in situ SiO2 (10 wt%, ca. 45 nm) has a higher ionic conductivity of 1.03 × 10−3 S cm−1 than that of the mechanical blending one. Meanwhile, the upper limit of the electrochemical stability window is up to 5.5 V versus Li+/Li, and a lithium-ion migration number can be of up to 0.282 at room temperature. In addition, in situ SiO2 electrospun CPE achieves a tensile strength of 1.12 MPa, elongation at the break of 488.1%, and it has an excellent plasticity. All in all, it is expected that the electrospun CPE prepared in this study is a promising one for application in an all-solid-state lithium-ion battery (LIB) with a high energy density, long life cycle, and high safety.
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1. Introduction


With the rapid development of electric vehicles, more attention has been paid to increasing the high safety performance, long life cycle, and charging rate of lithium-ion batteries (LIBs). Although the traditional organic liquid LIBs have an excellent electrochemical performance, LIB safety accidents have occurred frequently due to the lithium dendrite growth inevitably causing an explosion, and the fact that flammability and leakage of their liquid electrolytes leads to thermal runaway [1,2,3]. As a stark contrast, solid-state polymer electrolytes are expected to be the key to solve the existing problems faced by the organic liquid electrolyte [4,5,6,7,8].



Solid polymer electrolytes (SPEs) with PEO as the matrix have received increasing attention due to their excellent safety properties, ease of processing, and their complexation with lithium ions [9,10,11]. However, PEO is a semi-crystalline polymer with a small percentage of amorphous region available for lithium-ion conduction, which leads to low room temperature ionic conductivity and a poor electrochemical performance. In addition, the large application with PEO-based SPE in LIBs has been also severely plagued by the trade-off between ionic conductivity and mechanical properties [12,13,14]. To address the above problems, the addition of inorganic nanofillers such as Al2O3 [15,16], ZrO2 [17], and SiO2 [9,18] into the PEO matrix have been confirmed as a very useful strategy to prepare composite polymer electrolytes (CPEs) with a superior performance [19,20,21]. The incorporation of inert fillers can disturb the ordered arrangement of macromolecular chains which reduces the crystallinity of the polymer matrix. Therefore, an increase in the area of the amorphous region can be obtained, which in turn improves the ionic conductivity of CPEs [21,22,23,24,25,26]. Furthermore, the Lewis-acid-based pair interaction of ceramics fillers–lithium salt can significantly encourage dissociation of lithium salt and stabilizing the anions. Meanwhile, the mechanical properties of CPEs are greatly improved due to the addition of these reinforcing phases. Thus, motivated by these advantages, the CPE composed of polymer, Li salt, and filler not only has the advantages of the flexibility and machinability of SPEs, but it can also achieve a high ionic conductivity. However, the ceramic-polymer-based CPE by the direct addition of nanoparticles to the PEO matrix still experiences the following challenges: (1) Li+ conduction in the CPE may be hindered by the interfacial resistance between the filler and the polymer matrix, as well as the grain boundary between the filler particles, resulting in a high energy barrier and low cation migration number of interface ion transport, and (2) nano-sized fillers tend to agglomerate and destroy the seepage network in the CPE, leading to great challenges in further improving the ionic conductivity.



As an advanced preparation method of PEO-based SPEs, electrostatic spinning is expected to achieve a unique 3D network structure of nanofiber composite electrolyte [27]. This structure not only provides a one-dimensional ion transport channel to accelerate the conduction of lithium ions [28,29,30,31], it also improves the mechanical strength of the electrospun electrolytes [32,33].



Herein, based on the advantages of electrostatic spinning technology, a novel electrospun CPE with the in situ generation of inorganic nanofillers was prepared, whereby the unique 3D network structure of as-spun CPE was obtained. The SiO2 nanospheres are uniformly dispersed in the PEO matrix, as the in situ hydrolysis of tetraethyl silicate (TEOS) occurs in the PEO solution. The SiO2 nanospheres can be chemically and physically interacted with PEO chain segments, thus resulting in new chemical bonds and strong interactions [34]. The crystallization of PEO chain segments is then effectively inhibited, and this results in an increase in the proportion of amorphous regions. In addition, the spinning solution is ejected at a high speed and rapidly formed under high pressure, which also plays a role in restraining the crystallization of PEO chain segments [32]. Therefore, these factors result in the highest ionic conductivity of 1.03 × 10−3 S cm−1, an upper limit of electrochemical stability window of up to 5.5 V, and a lithium-ion transference number of up to 0.282 for the electrospun nanofiber electrolyte.




2. Experimental Methods


2.1. Materials


Anhydrous ethanol (99.7%) was obtained from Titan Chemical Co., Ltd., Hangzhou, China. Aqueous ammonia (25–28%) was purchased from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. Ethyl orthosilicate (TEOS, 99%), acetonitrile (99.9%), polyethylene oxide (PEO, Mv ~ 1,000,000), and lithium bis(trifluoromethanesulfonyl)imide (LITFSI, 99.9%) were all purchased from Aladdin Biochemical Technology Co., Ltd., Shanghai, China. All chemical reagents were used without any purification process.




2.2. Preparation of the Eletrospun CPEs


	(1)

	
Preparation of the seed solution with the monodisperse of 12 nm SiO2 nanospheres: 30 mL of deionized water was added in a 100 mL beaker. The pH of the deionized water was adjusted to 10.8 with ammonia–water. In total, 2.1 g of TEOS was added to the ammonia–water by drop until we generated a seed solution of monodisperse 12 nm SiO2 nanoparticles at 60 °C [34].




	(2)

	
Preparation of the monodisperse of 45 nm SiO2 nanospheres: 4 mL of aqueous ammonia was mixed with 29 mL of anhydrous ethanol and stirred well to make the ammonia precursor solution. The first SiO2 nanosphere solution was prepared by mixing 0.6 g of seed solution with 30 mL of deionized water by mechanical stirring. Then 10 mL of ammonia precursor solution and 0.2 mL of first SiO2 nanosphere solution was added to 25 mL of anhydrous ethanol to obtain a homogeneous mixture. After that, 0.347 g of TEOS was added dropwise to the resulting solution by continuous stirring, and then the second SiO2 nanosphere (monodisperse, ca. 45 nm,) solution was obtained.




	(3)

	
Preparation of mechanically doped spinning solutions: the PEO solution was made by dissolving 0.6994 g of PEO with 25 mL of acetonitrile. The PEO/LiTFSI spinning solution was prepared by adding LiTFSI with PEO in the molar ratio of 1:16 to the PEO solution. Then, monodisperse 45 nm SiO2 nanospheres were evenly dispersed in PEO/LiTFSI solution under ultrasonic stirring. The obtained solution subsequently underwent evaporation at 50 °C for 6 h in a vacuum oven to produce a spinning solution mechanically doped with 45 nm SiO2 nanospheres (PEO/LiTFSI/MD-10%SiO2); similarly, a spinning solution (PEO/LiTFSI/MD-S10%SiO2) with mechanically doped 12 nm SiO2 nanospheres was produced.




	(4)

	
Preparation of in-situ-generated spinning solution: PEO solution was added to 25 mL of anhydrous ethanol, then 10 mL of ammonia precursor solution and 0.2 mL of the first SiO2 nanosphere solution was added and stirred at room temperature. After complete dissolution, 0.347 g of TEOS was added drop-by-drop to the above solution, after which the stirring was continued to obtain the in situ SiO2 (45 nm)-PEO solution. The spinning solution (PEO/LiTFSI/ISF-10%SiO2) containing in-situ-generated 45 nm SiO2 nanospheres was obtained by adding the dried and dehydrated LITFSI to the in situ SiO2 (45 nm)-PEO solution (the molar ratio of PEO and LiTFSI is 16:1), and then this was evaporated in a vacuum oven at 50 °C for 6 h. Similarly, by changing the weight percentage of in situ SiO2 nanospheres in the system, the electrospinning solution of PEO/LiTFSI/ISF-5%SiO2 and PEO/LiTFSI/ISF-15%SiO2 was also prepared. The properties of SiO2 in the composite solid polymer electrolyte are shown in Table 1.







	(5)

	
Preparation of the mechanically doped and in-situ-generated electrospun CPEs: the spinning solution was electrostatically spun under a high electrostatic pressure. By adjusting the technical parameters of electrospinning, the electrospun CPEs with a thickness between 50 and 200 μm was achieved. The as-spun electrolytes were then punched into 19 mm diameter discs and vacuum-dried for 24 h at 45 °C. Finally, the electrolytes were transferred into the glove box for a later use.








2.3. Structure Characterization


Scanning electron microscopy (FE-SEM, Sigma 300, Zeiss, Oberkochen, Germany) was used to observe the morphology, nanoparticle dispersion, and particle size of the fibrous films with an electron beam of 3 kV. The elemental distribution of the electrospun CPEs was studied by energy dispersive X-ray spectroscopy (EDS) with an electron beam of 15 kV. The phase structure and crystallinity of pristine PEO and electrospun CPEs were observed by an X-ray diffractometer (XRD, D2 Phaser, Bruker, Mannheim, Germany) with a scanning angle range 2θ of 5–90° and a scanning speed of 2°/min using CuKα radiation with λ = 1.5418 Å. The interaction between in situ SiO2 nanospheres and PEO chains was characterized by FTIR spectra (Scientific Nicolet iS20, Shanghai, China). The mechanical properties of the as-spun CPEs were recorded using a Universal Material Testing Machine (LDW-5, Shanghai Songton Instrument Manufacturing Co., Ltd., Shanghai, China).



The crystallinity (    χ   c    ) of the as-spun CPEs was determined using differential scanning calorimetry (DSC, DSC 200 F3, Netzsch, Selb, Germany) in the temperature range −80–180 °C with a ramp rate of 10 °C/min. χc was calculated using the equation:


    χ   c   =     Δ H   m       Δ H   m   *     × 100 %  



(1)




where     Δ H   m     is the melting enthalpy of CPEs and     Δ H   m   *     is the melting enthalpy of PEO in the fully crystallized state with a value of 177.8 J g−1.




2.4. Electrochemical Characterization


The electrospun CPE with a diameter of 19 mm was assembled into a stainless-steel sheet (SS)/electrospun CPE/SS sandwich structure cell. The ionic conductivity (σ, Equation (2)) for the as-spun CPEs was tested using an EIS with a frequency range of 105~10−2 Hz under an electrochemical workstation (CHI 760E, Shanghai C&H Instruments Co., Ltd., Shanghai, China) at 60 °C.


  σ =   d     R   b   S    



(2)




where σ is the ionic conductivity, d is the thickness of CPE, Rb is the bulk resistance, and S is the area of the SS (1.96 cm2).



The electrochemical stability window of Li/electrospun CPE/SS was measured using a linear sweep voltammetry (LSV) method with the voltage range of 0–6 V at 60 °C.



A combination of the AC impedance method and DC polarization method was used to obtain AC impedance profiles and polarization curves of Li/electrospun CPE/Li symmetric cells at 20 °C. The lithium-ion migration number was calculated as follows:


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



(3)




where     t     L i   +       is the lithium-ion migration number. R0 and RS denote the impedance values before and after polarization, respectively, ΔV is the magnitude of the applied polarization potential (10 mV), and I0 and IS are the initial and steady-state currents.





3. Results and Discussion


Figure 1 shows the preparation process and multiple conduction modes of lithium ions of in-situ-generated electrospun CPE, respectively. The spinning solution containing in situ SiO2 nanospheres is electrostatically spun under a high pressure and, subsequently, the fibers are interleaved and deposited on the receiver plate to finally form an electrospun electrolyte with a 3D network structure. Therefore, the Li+ ions of in-situ-synthesized CPE can be transported by the complexation interaction between lithium ions and C-O-C bond from the PEO matrix. Additionally, the electrospun technology offers the opportunity to conduct lithium ions rapidly in the interfacial layer channel between the SiO2 nanospheres and the PEO substrate [35]. Furthermore, the average size of SiO2 nanospheres can well be controlled to ca. 45 nm because of the in situ generation technique used (Figure 2e). Homogeneous nano-SiO2 with a large specific surface area can increase the effective surface area of transmission paths for lithium-ion. The combination of these conduction methods results in a battery with a high ionic conductivity and excellent electrochemical performance [34].



For the abovementioned multiple conduction modes of lithium ions, all of them are based on the low crystallinity of the PEO matrix. Compared with a simple mechanical doping method, the in situ generation and re-growth technology used in this study successfully dispersed SiO2 nanospheres uniformly into polymer hosts. At the same time, the -OH at the end of the PEO chain can also chemically bond with the -OH on the surface of SiO2 under hydrolysis conditions. These two interaction mechanisms result in a substantial reduction in the crystallinity of the PEO matrix by disturbing the ordered arrangement of the macromolecular chain segments [34].



3.1. Microstructure and Morphology of the Electrospun SPEs


Figure 2a–e shows the SEM images of SPEs with and without in situ SiO2 nanospheres prepared by the electrostatic spinning process. It can be seen that the electrostatically spun nanofibers were deposited interleaved to form a 3D network structure. Among them, the average diameter distribution of the fibers is more uniform and slenderer compared to that of the SPEs without SiO2 nanospheres, regardless of whether they contain mechanically doped SiO2 nanospheres or in-situ-generated SiO2 nanospheres. This phenomenon is due to the fact that the Si element in the electrospun electrolyte increases the electrical conductivity of the spinning solution, so as to improve the charge density of the jet, and then promote the jet to split into nanofibers [36]. As shown in Figure 2d,e, it can be clearly seen that the 45 nm SiO2 nanospheres added by magnetic stirring are heavily agglomerated, while the 45 nm SiO2 nanospheres of the in situ generation can be uniformly dispersed in the PEO matrix. In addition, the interface is fuzzy with no significant pinholes or interfacial cracks between in situ SiO2 nanospheres and the PEO matrix on the fiber surface (Figure 2e). These results confirmed that there is good interaction and interfacial compatibility in the in situ silica and polymer matrix [37].



EDS images are used to further characterize these morphological features (Figure 2g–i). The bright dots indicates that the S and F of LiTFSI are evenly impregnated into both PEO matrixes, indicating that all electrospun SPEs are successfully prepared with electrospinning technology. In stark contrast, the distribution of the Si element on the surface of in-situ-generated electrospun CPE is more uniform than that on the mechanically doped one. It may be that SiO2 nanospheres exhibit severe agglomeration when mechanically doped into the PEO matrix, whereas the agglomeration of in-situ-generated SiO2 nanospheres is significantly improved, in line with the earlier SEM analysis.



FTIR spectra are used to verify the interaction between in situ SiO2 nanospheres and PEO chain segments. The spectra of electrospun SPEs with and without SiO2 nanospheres are presented in Figure 3a,b. According to literature reports [38,39,40], the C-O-C stretching spectrum of pristine PEO is located at 1114 cm−1, while the characteristic peak in that of PEO/LiTFSI decreases to 1094 cm−1 with the addition of LiTFSI, indicating that Li+ complexation with C-O-C occurs (Figure 3a). The characteristic absorption peak of SiO2 nanoparticles is located at 467 cm−1 [41], and the peaks are shifted to 459 cm−1 (PEO/LiTFSI/MD-S10%SiO2) and 455 cm−1 (PEO/LiTFSI/ISF-10%SiO2), respectively (Figure 3b). This fact may be ascribed to disturbing the ordered arrangement of PEO chains which occurs due to the nano-additives, as well as a strong interaction between in-situ-generated SiO2 nanospheres with PEO chains. In particular, it is worth noting that chemical bonding occurs and stabilizes the vibration of the Si-O-Si chain segment, which is well consistent with the report of Dingchang Lin [34].



The effect of LiTFSI and SiO2 nanospheres on the crystallinity of PEO is investigated by XRD tests. As can be seen from Figure 3c, PEO is a semi-crystalline polymer with crystalline characteristic peaks located at 2θ = 19.2° (120) and 2θ = 23.2° (112) [42]. With the addition of LiTFSI, 2 new peaks appeared between 65° and 80°, which are the characteristic peaks of LiTFSI. Additionally, the intensity of the 2θ = 23.2° (112) peak decreases because TFSI- can disrupt the orderliness of PEO chains, resulting in the low crystallinity of the PEO matrix. Moreover, the peak intensity has further been reduced due to the addition of 45 nm SiO2 nanospheres both in mechanical doping and the in situ generation of electrospun CPE. Interestingly, the modification effect of in situ nano-SiO2 on the PEO matrix is more obvious with a lower crystallinity, which is due to the fact that in situ SiO2 nanospheres can be uniformly distributed in the PEO matrix.



Similarity, the change in the thermal properties can also confirm the effect of LiTFSI or in situ SiO2 nanospheres on the chain segment mobility of the PEO matrix. The DSC curves of pristine PEO and PEO/LiTFSI/ISF-10%SiO2 are presented in Figure 3d. The results show that there is only one endothermic peak in the range of 40–80 °C, which belongs to its melting temperature (Tm). As shown in Table 2, the values of Tm, ΔHm, and χc for PEO/LiTFSI/ISF-10%SiO2 are 57.59 °C, −44.62 J g−1, and 25.10%. By comparison, the corresponding thermal properties of the PEO/LiTFSI electrolyte prepared by Zhang Yi et al. are 56.51 °C (Tm), −53.35 J g−1 (ΔHm), and 30.01% (χc), respectively [43]. Obviously, a decrease in Tm, ΔHm, and χc occurs with the successive addition of LiTFSI and in-situ-generated SiO2 nanospheres. These results may be due to the chemical bonding and mechanical wrapping that occurs during the in situ hydrolysis process, which reduces the crystallinity of PEO/LiTFSI/ISF-10%SiO2 and improves the conductivity of Li+. However, the Tm of PEO/LiTFSI/ISF-10%SiO2 is higher than that of PEO/LiTFSI, indicating that the in situ nano-SiO2 also has a certain stabilizing effect on the PEO chain segments.




3.2. Mechanical Properties of As-Spun SPEs


In all-solid-state lithium batteries, the SPE serves to prevent physical contact between the positive and negative electrodes, whereby allowing a free transfer of Li+ in the electrolyte. Therefore, the improved mechanical performance of the SPE is significant for restraining the formation of lithium dendrites and achieving the high cycle stability of lithium metal batteries. Figure 4 shows the optical photographs under different mechanical forces and stress–strain curves of the electrospun SPEs samples. It can be found that PEO/LiTFSI/ISF-10%SiO2 has a smooth surface and excellent flexibility, which greatly facilitates the assembly of the cell. In addition, the tensile strength of the electrolyte is 0.13 MPa, with a % elongation at break of 340.2 when only PEO and LiTFSI are presented (Figure 4). With the addition of SiO2 nanoparticles, the tensile strength and elongation at the break of the as-spun electrolyte are greatly improved. This is due to the formation of a ceramic network, which serves as the PEO matrix’s reinforcing phase and increases the mechanical strength of the electrolyte when SiO2 nanoparticles are dispersed throughout it [25]. Furthermore, the tensile strength (1.12 MPa) and elongation at the break (488.1%) of PEO/LiTFSI/ISF-10%SiO2 are higher than those of PEO/LiTFSI/MD-10%SiO2. It may be ascribed to a more uniform structure caused by in-situ-synthesized SiO2 nanoparticles in the PEO matrix. Additionally, the PEO chain interacts with SiO2 nanoparticles, i.e., chemically bonded and mechanical encapsulation, thereby playing a role in locally pinning a PEO chain [34].




3.3. Electrochemical Properties of the Electrospun SPEs


Table 3 shows the influence mechanism of the nano-SiO2 content and adding methods, namely, mechanical doping and in situ generation, on the ionic conductivity of the as-spun SPEs. The corresponding impedance spectroscopy is shown in Figure 5a. As can be seen from Figure 5a and Table 3, an increase in the ion conductivity of the as-spun CPEs can be obtained with the addition of nano-silica into pristine PEO/LiTFSI. This result may be due to the uniform dispersion of nano-silica into the as-spun CPEs, which promotes the adsorption of the anions of the lithium salt by Lewis acid, thus effectively increasing the ionic conductivity. In addition, the impedance value of the electrospun CPE prepared by the in situ formation approach (PEO/LiTFSI/ISF-10%SiO2) is lower than that of mechanically doped CPE (PEO/LiTFSI/MD-10%SiO2) under the same particle size and content conditions of silica. Hence, the corresponding ionic conductivity of the former is twice as high as that of the latter. This phenomenon may be explained by the distribution of SiO2 nanospheres in PEO/LiTFSI/ISF-10%SiO2, which is more uniform than that of PEO/LiTFSI/MD-10%SiO2, and there is a strong interaction between in situ SiO2 nanospheres and PEO chain segments. In the presence of these combined effects, in situ SiO2 nanoparticles can more potently reduce crystallization and boost the fraction of the amorphous region of PEO matrix, as well as expand the active zone of the Lewis acid–base interaction. It is worth noting that the ionic conductivity of in-situ-generated CPEs firstly increases and then decreases with the increase in the content of SiO2 nanospheres. It indicates that in situ SiO2 nanospheres play a positive role in the modification of the PEO matrix. However, in situ SiO2 nanospheres may be seriously driven by thermodynamics with a content at 15 wt%, which plays a negative role in hindering the migration of lithium ions and worsening the modification effect [36].



Linear sweep voltammetry (LSV) is used to evaluate the electrochemical stability window (Figure 5b). It can be noted that the electrospun SPEs without SiO2 nanospheres show an obvious oxidation current at 4.8 V versus Li/Li+, and the SPEs with mechanically doped SiO2 nanospheres show an obvious oxidation current at 5.0 V versus Li/Li+. Interestingly, the LSV curve of the as-spun SPEs containing in situ SiO2 nanospheres shows that the oxidation occurred when versus Li/Li+ is up to 5.5 V. This result may be caused by a new chemical bond with the PEO chain during the in situ hydrolysis of TEOS as abovementioned. The new bond may interact with LiTFSI, thus promoting the decomposition and stability of the anion. Hence, the wide electrochemical stabilization window allows the as-spun CPEs to be used in a wide range of lithium storage systems, including high-voltage systems.



The lithium-ion transfer number (    t     L i   +      ) is also an important factor in the performance of SPEs, as low     t     L i   +       increases the polarisation of the electrode and reduces the performance of the cell.     t     L i   +       of Li|PEO/LiTFSI/ISF-10%SiO2|Li symmetric cell is determined using the method proposed by Vincent and Evans, as shown in Figure 5c,d. The corresponding value is 0.282 at 20 °C (Table 4), which is higher than that of PEO/LiTFSI SPEs (0.141, 80 °C) without SiO2 nanospheres [43]. Corresponding to the results of EIS, this phenomenon can be attributed to in-situ-generated SiO2, which act as the physical crosslinking center, changing the structural state of the polymer chain segment, and providing more paths for Li+ transmission. In addition, the CPE prepared by the electrostatic spinning process has a unique 3D network structure, which can provide fast 1D channels of ion transmission for the conduction of lithium ions [28,29,30,31]. At the same time, due to the equilibrium relationship of the Lewis acid–base reaction, SiO2 and TFSI- groups compete in binding Li+ [44], which promotes the dissociation of lithium salt and makes the transport of lithium ions easier [45,46,47].





4. Conclusions


A composite solid polymer electrolyte (CPE) containing in situ SiO2 nanospheres (ca. 45 nm, 10 wt%) has been prepared by electrostatic spinning. The interaction between in situ SiO2 nanospheres and PEO chains, i.e., chemical bonding and mechanical wrapping, can reduce the crystallinity of the PEO matrix to 25.1%. Meanwhile, the complexation between the Li+ and C-O-C of PEO chains is obviously weakened by in-situ-synthesized SiO2 nanospheres, thus promoting the easier migration of lithium ions. Therefore, the electrospun CPE containing 10 wt% 45 nm in situ SiO2 nanospheres has the highest ionic conductivity (1.03 × 10−3 S cm−1 at 60 °C), and its electrochemical stability window widened to 5.5 V, indicating that this system can be used in a wide range of lithium storage systems, even high-voltage systems. In conclusion, the unique 3D network structure and excellent electrochemical properties of the in-situ-generated electrospun CPE will provide a new strategy for the long-life operation of all-solid-state batteries.







Author Contributions


Methodology, investigation, and writing—original draft, L.S. and L.Z.; Conceptualization, investigation, writing—review and editing, project administration, and supervision, Y.Y.; and methodology and writing—original draft, H.Z., R.Y., C.Y. and S.C. All authors have read and agreed to the published version of the manuscript.




Funding


We gratefully acknowledge the Innovation Training Program (202210856017) and Class III Peak Discipline of Shanghai—Materials Science and Engineering (High Energy Beam Intelligent Processing and Green Manufacturing).




Data Availability Statement


Not applicable.




Acknowledgments


We gratefully acknowledge the Innovation Training Program (202210856017) and Class III Peak Discipline of Shanghai—Materials Science and Engineering (High Energy Beam Intelligent Processing and Green Manufacturing).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Halalay, I.C.; Lukitsch, M.J.; Balogh, M.P.; Wong, C.A. Nanoindentation testing of separators for lithium-ion batteries. J. Power Source 2013, 238, 469–477. [Google Scholar] [CrossRef]

	



Tikekar, M.D.; Choudhury, S.; Tu, Z.; Archer, L.A. Design principles for electrolytes and interfaces for stable lithium-metal batteries. Nat. Energy 2016, 1, 16114. [Google Scholar] [CrossRef]

	



Feng, X.; Ouyang, M.; Liu, X.; Lu, L.; Xia, Y.; He, X. Thermal runaway mechanism of lithiumion battery for electric vehicles: A review. Energy Storage Mater. 2018, 10, 246–267. [Google Scholar] [CrossRef]

	



Goodenough, J.B.; Singh, P. Review—Solid Electrolytes in Rechargeable Electrochemical Cells. J. Electrochem. Soc. 2015, 162, A2387–A2392. [Google Scholar] [CrossRef]

	



Yue, L.; Ma, J.; Zhang, J.; Zhao, J.; Dong, S.; Liu, Z.; Cui, G.; Chen, L. All solid-state polymer electrolytes for high-performance lithiumion batteries. Energy Storage Mater. 2016, 5, 139–164. [Google Scholar] [CrossRef]

	



Yu, X.; Gross, M.M.; Wang, S.; Manthiram, A. Aqueous Electrochemical Energy Storage with a Mediator-Ion Solid Electrolyte. Adv. Energy Mater. 2017, 7, 1602454. [Google Scholar] [CrossRef]

	



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

	



Thangadurai, V.; Narayanan, S.; Pinzaru, D. Garnet-type solid-state fast Li ion conductors for Li batteries: Critical review. Chem. Soc. Rev. 2014, 43, 4714–4727. [Google Scholar] [CrossRef]

	



Zhang, X.; Xie, J.; Shi, F.; Lin, D.; Liu, Y.; Liu, W.; Pei, A.; Gong, Y.; Wang, H.; Liu, K.; et al. Vertically Aligned and Continuous Nanoscale Ceramic–Polymer Interfaces in Composite Solid Polymer Electrolytes for Enhanced Ionic Conductivity. Nano Lett. 2018, 18, 3829–3838. [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-Al2O. Electrochim. Acta 2015, 169, 334–341. [Google Scholar] [CrossRef]

	



Fullerton-Shirey, S.K.; Maranas, J.K. Structure and Mobility of PEO/LiClO4 Solid Polymer Electrolytes Filled with Al2O3 Nanoparticles. J. Phys. Chem. C 2010, 114, 9196–9206. [Google Scholar] [CrossRef]

	



Sassi, R.; Bond, R.R.; Cairns, A.; Finlay, D.D.; Guldenring, D.; Libretti, G.; Isola, L.; Vaglio, M.; Poeta, R.; Campana, M.; et al. PDF–ECG in clinical practice: A model for long–term preservation of digital 12–lead ECG data. J. Electrocardiol. 2017, 50, 776–780. [Google Scholar] [CrossRef]

	



Berthier, C.; Gorecki, W.; Minier, M.; Armand, M.; Chabagno, J.; Rigaud, P. Microscopic investigation of ionic conductivity in alkali metal salts-poly(ethylene oxide) adducts. Solid State Ion. 1983, 11, 91–95. [Google Scholar] [CrossRef]

	



Armand, M. Polymer solid electrolytes—An overview. Solid State Ion. 1983, 9–10, 745–754. [Google Scholar] [CrossRef]

	



Croce, F.; Persi, L.; Scrosati, B.; Serraino-Fiory, F.; Plichta, E.; Hendrickson, M. Role of the ceramic fillers in enhancing the transport properties of composite polymer electrolytes. Electrochim. Acta 2001, 46, 2457–2461. [Google Scholar] [CrossRef]

	



Sheng, O.; Jin, C.; Luo, J.; Yuan, H.; Fang, C.; Huang, H.; Gan, Y.; Zhang, J.; Xia, Y.; Liang, C.; et al. Ionic conductivity promotion of polymer electrolyte with ionic liquid grafted oxides for all-solid-state lithium–sulfur batteries. J. Mater. Chem. A 2017, 5, 12934–12942. [Google Scholar] [CrossRef]

	



Huang, H.; Ding, F.; Zhong, H.; Li, H.; Zhang, W.; Liu, X.; Xu, Q. Nano-SiO2-embedded poly(propylene carbonate)-based composite gel polymer electrolyte for lithium–sulfur batteries. J. Mater. Chem. A 2018, 6, 9539–9549. [Google Scholar] [CrossRef]

	



Zhao, X.G.; Jin, E.M.; Park, J.-Y.; Gu, H.-B. Hybrid polymer electrolyte composite with SiO2 nanofiber filler for solid-state dye-sensitized solar cells. Compos. Sci. Technol. 2014, 103, 100–105. [Google Scholar] [CrossRef]

	



Wang, X.; Fu, X.; Wang, Y.; Zhong, W. A protein-reinforced adhesive composite electrolyte. Polymer 2016, 106, 43–52. [Google Scholar] [CrossRef]

	



Liu, W.; Lee, S.W.; Lin, D.; Shi, F.; Wang, S.; Sendek, A.D.; Cui, Y. Enhancing ionic conductivity in composite polymer electrolytes with well-aligned ceramic nanowires. Nat. Energy 2017, 2, 17035. [Google Scholar] [CrossRef]

	



Croce, F.; Appetecchi, G.B.; Persi, L.; Scrosati, B. Nanocomposite polymer electrolytes for lithium batteries. Nature 1998, 394, 456–458. [Google Scholar] [CrossRef]

	



Fu, K.; Gong, Y.; Dai, J.; Gong, A.; Han, X.; Yao, Y.; Wang, C.; Wang, Y.; Chen, Y.; Yan, C.; et al. Flexible, solid-state, ion-conducting membrane with 3D garnet nanofiber networks for lithium batteries. Proc. Natl. Acad. Sci. USA 2016, 113, 7094–7099. [Google Scholar] [CrossRef] [PubMed]

	



Li, D.; Chen, L.; Wang, T.; Fan, L.-Z. 3D Fiber-Network-Reinforced Bicontinuous Composite Solid Electrolyte for Dendrite-free Lithium Metal Batteries. ACS Appl. Mater. Interfaces 2018, 10, 7069–7078. [Google Scholar] [CrossRef] [PubMed]

	



Krutyeva, M.; Wischnewski, A.; Monkenbusch, M.; Willner, L.; Maiz, J.; Mijangos, C.; Arbe, A.; Colmenero, J.; Radulescu, A.; Holderer, O.; et al. Effect of Nanoconfinement on Polymer Dynamics: Surface Layers and Interphases. Phys. Rev. Lett. 2013, 110, 108303. [Google Scholar] [CrossRef] [PubMed]

	



Huo, H.; Chen, Y.; Luo, J.; Yang, X.; Guo, X.; Sun, X. Rational Design of Hierarchical “Ceramic-in-Polymer” and “Polymer-in-Ceramic” Electrolytes for Dendrite-Free Solid-State Batteries. Adv. Energy Mater. 2019, 9, 1804004. [Google Scholar] [CrossRef]

	



Raghavan, P.; Choi, J.-W.; Ahn, J.-H.; Cheruvally, G.; Chauhan, G.S.; Ahn, H.-J.; Nah, C. Novel electrospun poly(vinylidene fluoride-co-hexafluoropropylene)—In situ SiO2 composite membrane-based polymer electrolyte for lithium batteries. J. Power Source 2008, 184, 437–443. [Google Scholar] [CrossRef]

	



Gao, L.; Li, J.; Sarmad, B.; Cheng, B.; Kang, W.; Deng, N. A 3D polyacrylonitrile nanofiber and flexible polydimethylsiloxane macromolecule combined all-solid-state composite electrolyte for efficient lithium metal batteries. Nanoscale 2020, 12, 14279–14289. [Google Scholar] [CrossRef]

	



Zhang, L.X.; Li, Y.Z.; Shi, L.W.; Yao, R.J.; Xia, S.S.; Wang, Y.; Yang, Y.P. Electrospun Polyethylene Oxide (PEO)-Based Composite polymeric nanofiber electrolyte for Li-Metal Battery. J. Phys. Conf. Ser. 2022, 2353, 012004. [Google Scholar] [CrossRef]

	



Freitag, K.M.; Kirchhain, H.; van Wüllen, L.; Nilges, T. Enhancement of Li Ion Conductivity by Electrospun Polymer Fibers and Direct Fabrication of Solvent-Free Separator Membranes for Li Ion Batteries. Inorg. Chem. 2017, 56, 2100–2107. [Google Scholar] [CrossRef]

	



Huang, Z.; Kolbasov, A.; Yuan, Y.; Cheng, M.; Xu, Y.; Rojaee, R.; Deivanayagam, R.; Foroozan, T.; Liu, Y.; Amine, K.; et al. Solution Blowing Synthesis of Li-Conductive Ceramic Nanofibers. ACS Appl. Mater. Interfaces 2020, 12, 16200–16208. [Google Scholar] [CrossRef]

	



Cai, M.; Yuan, D.; Zhang, X.; Pu, Y.; Liu, X.; He, H.; Zhang, L.; Ning, X. Lithium ion battery separator with improved performance via side-by-side bicomponent electrospinning of PVDF-HFP/PI followed by 3D thermal crosslinking. J. Power Source 2020, 461, 228123. [Google Scholar] [CrossRef]

	



Yang, J.M.; Fan, C.-S.; Wang, N.-C.; Chang, Y.-H. Evaluation of membrane preparation method on the performance of alkaline polymer electrolyte: Comparison between poly(vinyl alcohol)/chitosan blended membrane and poly(vinyl alcohol)/chitosan electrospun nanofiber composite membranes. Electrochimica Acta 2018, 266, 332–340. [Google Scholar] [CrossRef]

	



Chang, S.; Chen, J.; Su, J.; Yang, Y.; Sun, H. Seasonal comparison of bacterial communities in rhizosphere of alpine cushion plants in the Himalayan Hengduan Mountains. Plant Divers. 2018, 40, 209–216. [Google Scholar] [CrossRef]

	



Lin, D.; Liu, W.; Liu, Y.; Lee, H.R.; Hsu, P.-C.; Liu, K.; Cui, Y. High Ionic Conductivity of Composite Solid Polymer Electrolyte via In Situ Synthesis of Monodispersed SiO2 Nanospheres in Poly(ethylene oxide). Nano Lett. 2016, 16, 459–465. [Google Scholar] [CrossRef]

	



Zhang, J.; Zhao, N.; Zhang, M.; Li, Y.; Chu, P.K.; Guo, X.; Di, Z.; Wang, X.; Li, H. Flexible and ion-conducting membrane electrolytes for solid-state lithium batteries: Dispersion of garnet nanoparticles in insulating polyethylene oxide. Nano Energy 2016, 28, 447–454. [Google Scholar] [CrossRef]

	



Zhao, H.; Deng, N.; Yan, J.; Kang, W.; Ju, J.; Wang, L.; Li, Z.; Cheng, B. Effect of OctaphenylPolyhedral oligomeric silsesquioxane on the electrospun Poly-m-phenylene isophthalamid separators for lithium-ion batteries with high safety and excellent electrochemical performance. Chem. Eng. J. 2019, 356, 11–21. [Google Scholar] [CrossRef]

	



Papananou, H.; Perivolari, E.; Chrissopoulou, K.; Anastasiadis, S.H. Tuning polymer crystallinity via the appropriate selection of inorganic nanoadditives. Polymer 2018, 157, 111–121. [Google Scholar] [CrossRef]

	



Tang, C.; Hackenberg, K.; Fu, Q.; Ajayan, P.M.; Ardebili, H. High Ion Conducting Polymer Nanocomposite Electrolytes Using Hybrid Nanofillers. Nano Lett. 2012, 12, 1152–1156. [Google Scholar] [CrossRef]

	



Noor, S.A.M.; Ahmad, A.; Talib, I.A.; Rahman, M.Y.A. Morphology, chemical interaction, and conductivity of a PEO-ENR50 based on solid polymer electrolyte. Ionics 2009, 16, 161–170. [Google Scholar] [CrossRef]

	



Rajendran, S.; Kannan, R.; Mahendran, O. Ionic conductivity studies in poly(methylmethacrylate)–polyethlene oxide hybrid polymer electrolytes with lithium salts. J. Power Source 2001, 96, 406–410. [Google Scholar] [CrossRef]

	



Deng, J.-H.; Cao, D.-Q.; Li, L.-J.; Chen, Y.-P.; Zhang, G.-Q.; Yang, X.-Q. Electrospun nanofiber separator derived from nano-SiO2-modified polyimide with superior mechanical flexibility for high-performance lithium-ion battery. J. Mater. Sci. 2021, 56, 15215–15228. [Google Scholar] [CrossRef]

	



Ji, J.; Li, B.; Zhong, W.-H. Simultaneously enhancing ionic conductivity and mechanical properties of solid polymer electrolytes via a copolymer multi-functional filler. Electrochimica Acta 2010, 55, 9075–9082. [Google Scholar] [CrossRef]

	



Zhang, Y.; Wang, X.; Feng, W.; Zhen, Y.; Zhao, P.; Li, L.; Cai, Z. The effects of the size and content of BaTiO3 nanoparticles on solid polymer electrolytes for all-solid-state lithium-ion batteries. J. Solid State Electrochem. 2019, 23, 749–758. [Google Scholar] [CrossRef]

	



Wieczorek, W.; Stevens, J.R.; Florjańczyk, Z. Composite polyether based solid electrolytes. The Lewis acid-base approach. Solid State Ion. 1996, 85, 67–72. [Google Scholar] [CrossRef]

	



Sun, H.Y.; Sohn, H.; Yamamoto, O.; Takeda, Y.; Imanishi, N. Enhanced Lithium-Ion Transport in PEO-Based Composite Polymer Electrolytes with Ferroelectric BaTiO. J. Electrochem. Soc. 2019, 146, 1672–1676. [Google Scholar] [CrossRef]

	



de Bruin, B.; Boerakker, M.J.; Donners, J.J.J.M.; Christiaans, B.E.C.; Schlebos, P.P.J.; De Gelder, R.; Smits, J.M.M.; Spek, A.L.; Gal, A.W. Oxidation of RhI(olefin) Fragments to 2-Rhoda(III)oxetanes. Angew. Chem. Int. Ed. 1997, 36, 2064–2067. [Google Scholar] [CrossRef]

	



Lei, R.; Yang, Y.; Yu, C.; Xu, Y.; Li, Y.; Li, J. A facile preparation of PEO–LiClO4–fumed SiO2 composite solid-state electrolyte with improved electrochemical performance for lithium-metal batteries. Sustain. Energy Fuels 2021, 5, 1538–1547. [Google Scholar] [CrossRef]








[image: Nanomaterials 13 01294 g001 550] 





Figure 1. Schematic diagram for preparation of in-situ-generated electrospun CPE, and the interaction mechanism of in-situ-generated SiO2 on PEO chains. 
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Figure 2. SEM images of as-spun SPEs with (a) no SiO2, (b) 45nm 10 wt% SiO2 of mechanical doping, (c) 45nm 10 wt% SiO2 of in situ formation, (d) the partial enlarged view in box of (b), and (e) the partial enlarged view in box of (c). EDS mapping of Si, C, F, and S elements in 45 nm 10 wt% SiO2 of mechanical doping (f,g) and 45nm 10 wt% SiO2 of in situ formation (h,i). 
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Figure 3. (a) FTIR spectra of as-spun SPEs. (b) Local magnification of 400–800 cm−1 in (a). (c) X-ray patterns and (d) DSC curves of as-spun SPEs. 
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Figure 4. (a) Initial and (b) stretching appearance of PEO/LiTFSI/ISF-10%SiO2. (c) Stress–strain curves of the electrospun SPEs. (d) Bending, (e) torsion, and (f) recovery appearance after torsion of PEO/LiTFSI/ISF-10%SiO2. 
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Figure 5. (a) Nyquist plots and (b) linear sweep voltammetry of the as-spun SPEs at 60 °C, (c) DC polarization, and (d) EIS curves of PEO/LiTFSI/ISF-10%SiO2 at 20 °C. 
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Table 1. A summary of the mass loading and adding ways of SiO2 for the electrospun CPEs.
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	Samples
	Diameter/nm
	Content/wt%
	Adding Ways





	PEO/LiTFSI/ISF-5%SiO2
	45
	5
	In situ generated



	PEO/LiTFSI/ISF-10%SiO2
	45
	10
	In situ generated



	PEO/LiTFSI/ISF-15%SiO2
	45
	15
	In situ generated



	PEO/LiTFSI/MD-10%SiO2
	45
	10
	Mechanical doping



	PEO/LiTFSI/MD-S10%SiO2
	12
	10
	Mechanical doping
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Table 2. The thermal properties value of pristine PEO and PEO/LiTFSI/ISF-10%SiO2.
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	Samples
	Tm/°C
	ΔHm/J g−1
	     χ   c     /%





	PEO
	72.36
	−170.10
	95.67



	PEO/LiTFSI/ISF-10%SiO2
	57.59
	−44.62
	25.10
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Table 3. The values of the ionic conductivity(σ) for the electrospun SPEs.
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	Samples
	d/cm
	Rb/Ω
	σ/S cm−1





	PEO/LiTFSI
	1.14 × 10−2
	11.370
	5.1 × 10−4



	PEO/LiTFSI/ISF-5%SiO2
	1.29 × 10−2
	7.640
	8.6 × 10−4



	PEO/LiTFSI/ISF-10%SiO2
	1.12 × 10−2
	5.571
	1.03 × 10−3



	PEO/LiTFSI/ISF-15%SiO2
	1.29 × 10−2
	8.814
	7.5 × 10−4



	PEO/LiTFSI/MD-10%SiO2
	1.07 × 10−2
	10.090
	5.4 × 10−4
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Table 4. The lithium-ion transference number (    t     L i   +      ) of PEO/LiTFSI/ISF-10%SiO2.
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Samples

	
I0/μA

	
IS/μA

	
R0/Ω

	
RS/Ω

	
ΔV/mV

	
T/°C

	
     t     L i   +       






	
PEO/LiTFSI/ISF-10%SiO2

	
2.26

	
0.71

	
760.6

	
1094

	
10

	
20

	
0.282
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