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Abstract

:

Aqueous Zn-ion batteries (AZIBs) are quite promising energy sources. However, aqueous electrolytes present many challenges such as hydrolysis reactions, liquid leakage, Zn dendrites, and interfacial side reactions. To solve the above problems of aqueous electrolytes, in this study, a kind of SiO2-sodium alginate gel polymer electrolyte (SiO2-SA GPE) is prepared through a one-pot method. The SiO2-SA GPE possessed high ionic conductivity of 1.144 × 10−2 S·cm−1 and perfect mechanical strength. The Zn//LiFePO4 batteries assembled with SiO2-SA GPE delivered a high discharge specific capacity of 89.9 mAh g−1 (capacity retention = 74.9%) after 300 cycles at 1 C, which was much better than traditional liquid electrolytes (residual discharge capacity = 79.2 mAh g−1). Results of the rate performance and long cycle life of AZIBs proved that SiO2-SA GPE could effectively prevent zinc dendrites and side reactions, providing a feasible strategy for improving the performance of AZIBs.
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1. Introduction


The requirements of low-carbon emissions and exploring feasible sustainable patterns of living have become an imperative issue and attracted worldwide attention. With the rapid development of economic society, the consumption of energy is growing dramatically [1,2]. Renewable and green energies of nature, such as wind energy, solar energy, and tidal energy, are encouraged powers, while the intermittence and dispersion of the above energies makes them difficult to meet the requirements for providing long-term and continuous supply for human society [3]. Therefore, electric energy storage has become the most reliable and practical energy storage method to date [4,5]. Among various fields, Li-ion batteries (LIBs) were used in a wide range of applications owing to their good cycle stability with high energy density [6,7,8,9,10]. Nevertheless, the limitations of LIBs have continuously become visible, such as insufficient reserves and the chemical instability of Li, pollution, and hidden safety hazards in the working process [11,12,13,14,15,16]. Therefore, safer, greener, and more efficient batteries are being actively researched and developed. With the advantages of high theoretical capacity (5855 mAh cm−3), good stability, and low cost [17,18,19,20], aqueous zinc-ion batteries (AZIBs) have become one of alternatives to LIBs [21,22]. Notably, the aqueous electrolyte, compared with the traditional organic electrolyte, endows AZIBs with reliable safety [23]. Nonetheless, AZIBs still suffer from problems such as dendrite growth and aqueous electrolyte decomposition [24,25]. Effectively addressing these issues is an urgent issue and will enable the large-scale industrial application of zinc-ion batteries [26,27,28].



Recently, gel polymer electrolytes (GPEs) have been suggested to overcome the above challenges, and scientific research of GPEs based on ZIBs has been gradually developed [29]. Compared with liquid electrolyte (LE), GPEs can greatly reduce the water content but maintain dimensional stability [30]. At the same time, the contact surfaces between GPE and electrodes are solid–solid surfaces, which can effectively inhibit dendrites and reduce the water-induced side reactions during the charge/discharge process [31,32].



In this paper, a novel GPE of organic–inorganic networks was fabricated by SiO2 and sodium alginate (SA), which possessed high ionic conductivity (1.144 × 10−2 S·cm−1) and excellent mechanical properties. SA in this system cross-linked with divalent zinc ions, which could stabilize the polymer network structure and improve the mechanical properties of GPE [33,34]. Compared with LE, the inherent advantages of a GPE structure could slow down the tip effect, promote more efficient electrochemical processes, and show reversible electrochemical reaction kinetics [35,36]. Under the fixation of the three-dimensional skeleton structure of the polymer, the directional migration of zinc ions is guided rapidly, and the formation of zinc dendrites was suppressed [37]. The ion transport mechanism of prepared GPE was also studied, which could pave the way for the research and development of biomass-based electrolytes for ZIBs.




2. Experimental Section


2.1. Reagents and Materials


Sodium alginate (SA, AR), tetraethyl orthosilicate (TEOS, 98%), glycerol, LiFePO4 (LFP, 98%), carbon black (CB, 98%), zinc chloride (ZnCl2, 98%), and lithium chloride (LiCl, 98%) were purchased from Aladdin (China). Hydrochloric acid (HCl, 37%) was obtained from Hisoar (Zhejiang, China). A GF separator was purchased from Whatman (Buckinghamshire, UK). All the reagents mentioned above can be used directly without further purification.




2.2. Preparation of the SiO2-SA GPE


SiO2- and SA-network hydrogel electrolyte (SiO2-SA GPE) was prepared through the one-pot method. Figure 1 illustrates the schematic diagram of the preparation process of SiO2-SA GPE. SA (3.0 g) and set amounts of tetraethyl orthosilicate (TEOS: 0, 4, 8, 12 and 16 mL) and glycerol (3.5 mL) were dispersed in 50 mL of deionized water in a three-neck flask at 60 °C with mechanical stirring, and the pH was adjusted to 3–4 with hydrochloric acid for 2 h. Glycerol was chosen as a plasticizer. The three-neck flask was then heated to 80 °C. The above reaction was continued for 2 h until the tetraethyl orthosilicate hydrolyzed and the byproduct evaporated completely. Finally, the mixture was poured into a polytetrafluoroethylene mold and placed for 24 h to obtain the SiO2-SA gel matrix. The substrate was immersed into the well-mixed salt solution that consisted of 5 mol·L−1 ZnCl2 and 4 mol·L−1 LiCl to obtain SiO2-SA GPE. The prepared GPEs were labeled as GPE 3-x, where x = 0, 4, 8, 12, and 16 represented the amount of TEOS, which was 0, 4, 8, 12, and 16 mL, respectively.




2.3. Battery Assembling


The quasi-solid Zn//LiFePO4 batteries (CR2032 button-type cells) were assembled with the LiFePO4 (LFP) cathode, prepared GPE, and Zn foils, in which the LFP cathode was prepared following previous work [38]. For comparison, Zn//LFP batteries with LE were also prepared with LFP cathodes, GF paper separator, 5 mol·L−1 ZnCl2 and 4 mol·L−1 LiCl aqueous electrolyte, and Zn anodes. The cells were labeled as LFP/GPE/Zn and LFP/LE/Zn, respectively.




2.4. Material Characterization


The samples were investigated by Fourier transform infrared spectroscopy (FT-IR-Nicolet/IS 50, Thermo Fisher Scientific, Waltham, MA, USA) within the wavenumber range of 4000–400 cm−1 to analyze the chemical component of GPEs. The Zn anode were performed by the X-ray diffraction (XRD) in the 2θ range of 5–80° (Rigaku Smart Lab, Tokyo, Japan, Cu target X-ray). Thermal gravimetric (TG) analysis measurements were performed on a STA6000 synchronous thermal analyzer (PerkinElmer, Waltham, MA, USA) in a nitrogen atmosphere (10 °C min−1). The morphologies and elemental distribution of the GPEs were investigated using a JSM-7610F emission scanning electron microscope (JEOL, Tokyo, Japan) equipped with an energy-dispersive spectroscopy detector (EDS). The AGS-X universal stretching machine of Shimadzu Corporation of Japan tested the tensile strength of the prepared GPE membrane (dumbbell-shaped sample, length 40 mm, width 4 mm, and thickness 0.5 mm).




2.5. Electrochemical Characterization


AC impedance, linear scanning voltammetry (LSV), and cyclic voltammetry (CV) were carried out by an electrochemical workstation (CHI 660E, Chenhua Instrument Co., Ltd., Shanghai, China). The cycle stability and rate performance were examined by a Land-CT2001A battery tester (Wuhan, China). The C rates were calculated based on the equation:   I =  m  LiFePO 4   ×  C  LiFePO 4   × C  , where I represented the value of constant charge/discharge current;    m  LiFePO 4     represented the weight of active substance; and    C  LiFePO 4     represented theoretical capacity of LiFePO4. The EIS spectra were performed at a frequency range of 10−2–105 kHz. In the LSV test, Ti foil was the working electrode, and Zn foils were utilized as the counter and reference electrodes.





3. Results and Discussion


As shown in Figure 2a, the influence of different volumes of TEOS on the SiO2-SA GPE structure was investigated by FT-IR. The broad band at 3300 cm−1 was attributed to the O–H stretching vibration in the polymer chains of SA. The bands located at about 1612 cm−1 and 1410 cm−1 were assigned to the -COO- asymmetric stretching vibration and symmetric stretching vibration in the alginate chains [39]. After the addition of TEOS, two new peaks were found at 921 cm−1 and 846 cm−1, which belonged to the stretching vibration of Si-OH and symmetric stretching vibration of -O-Si-O-, respectively [40]. Results indicated that TEOS had hydrolyzed and produced -O-Si-O-. The interaction might be formed through a hydrogen bond between -O-Si-O- and SA [41]. Figure 2b shows the cross-section of GPE, where a regularly arranged layer-by-layer structure was found. As demonstrated in the surface morphology (Figure 2c), GPE had multiple holes that promote the transport of Zn2+ ions and endow GPE with excellent ionic conductivity. On the EDS element maps of GPE (Figure 2d), the four elements of C, O, Na, and Si in the GPE matrix were distributed uniformly. It was indicated that -O-Si-O- interacted with SA, and the GPE hydrogel matrix was successfully prepared.



The TG thermograms of the SiO2-SA gel matrix are shown in Figure 3a. The weight loss of all samples caused by the evaporation of free water in the aerogel structure was within 5% between 0 °C and 150 °C. From 150 °C to 300 °C, the weight loss of gels decreased rapidly, which was due to the cleavage of the SA glycosidic bond [42]. It could be found that SiO2 had better thermal stability because the more SiO2 in gels, the more stable the gel. A gradual decrease in weight loss could be clearly observed above 300 °C, which might be due to the -O-Si-O- bond. From the DTA spectrum (Figure 3b), it could also be noticed that the peaks of the SiO2-SA gel matrix became narrower and sharper, indicating that the matrix could transfer heat well.



The mechanical properties of SiO2-SA gel were important as they directly affect the safety of batteries. As shown in Figure 3c, gels 3-12 possessed a high tensile strength of 1380 KPa and relatively better fracture elongation of 120%. The tensile strength of gel 3-16 was lower than that of gel 3-12, which might be due to that the larger silica particles could be formed from excessive amounts of tetraethyl silicate hydrolysis, affecting the formation of the network structure and reducing the mechanical properties [39]. Gel 3-12 also exhibited high elastic modulus and toughness, as shown in Figure S1. The gel 3-12 soaked salt solution was used to obtain GPE 3-12, and its mechanical properties were tested. The GPE 3-12 tensile strength was significantly improved to 6800 KPa because of the cross-linking of zinc ions, and the modulus of elasticity and toughness also be increased (Figure 3d).



Figure 4a shows the AC impedance spectra of GPE with different TEOS contents at room temperature. As can be seen from the graph, the impedance of GPE decreased with the increasing TEOS content. However, the internal resistance of GPE suddenly increased when the ratio of SA to TEOS turned to 3-16, which might be due to the excessive -O-Si-O- networks. The ionic conductivity of GPE was calculated by:


  σ =  l  R A    








where  l  was the thickness of the GPE (cm), R was the body resistance (Ω), A was the area of contact surface between the electrode material and GPE (cm2), and  σ  was the ion conductivity (S·cm−1) [43]. The corresponding ionic conductivity is shown in Figure 4b. The changes in ionic conductivity and internal resistance of GPE showed the opposite trends. The ionic conductivity of GPE 3-12 is 1.144 × 10−2 S·cm−1, which is larger than that of GPE 3-10 (1.097 × 10−2 S·cm−1) and GPE 3-16 (0.484 × 10−2 S·cm−1) owing to the appropriate three-dimensional hole structure of GPE 3-12. When the ratio of SA to TEOS increased to 3-16, the resistance of related samples increased, but the corresponding ionic conductivity decreased, which might be owing to the excessive networks blocking the ion transport channels. On the other hand, the lowest ionic conductivity of 3-16 mainly resulted from the excessive TEOS with the root cause that the inherent hydrophobic nature of Si–O–Si reduced the affinity between the Zn2+ ions and the hydrogel framework ions [44]. Results illustrated that the best ratio of SA to TEOS was 3-12, which was consistent with the results obtained by a stretching test. Therefore, the SiO2-SA GPE prepared at the ratio of SA to TEOS of 3-12 was chosen for further investigation. Temperature has an important impact on battery performance. Extremely harsh temperature conditions can cause capacity decline and lifespan damage. Therefore, the impedance and ionic conductivity of GPE were studied at different temperatures (Figure 4c,d). When the temperature was changed from 80 °C to 0 °C, the ionic conductivity of GPE decreased from 26.4 × 10−2 to 6.23 × 10−2 mS·cm−1. Both SA and silicone linkages was considered to possess good thermal stability of and the inherent anti-freeze resistance of glycerol and salt, which makes GPE have a wide range of temperature applications. Therefore, GPE still showed relatively stable electrochemical properties in extremely harsh environments [45].



The physical properties of SiO2-SA GPE were studied and are shown in Figure 5. As illustrated, the thickness of the SiO2-SA GPE was 0.58 mm (Figure 5a). It could be bent and folded at any angle and restored to its original shape (Figure 5b–e). It was commendable that after being made into thin strips (length of 60 mm and width of 4 mm), it could withstand a weight of 1 kg and be easily twisted without breaking (Figure 5f,g), indicating that the prepared GPE had excellent flexibility, strength, and toughness. The combustion test of GPE was further studied (Figure 5h). It showed that GPE cannot be burnt under open flame. After contacting with fire for 2 s and wiping the surface, GPE kept its morphology well. The stringent experiment was sufficient to demonstrate the excellent flame-retardant property of the prepared SiO2-SA GPE to ensure the perfect safety of batteries.



To examine the electrochemical properties of Zn/GPE/LFP cells, cyclic voltammetry (CV) measurements were performed at room temperature from 0.1 mV s−1 to 2 mV·s−1. The oxidation peak in the forward scan represented the release of lithium ions and the reduction peak in the reverse scan represented the insertion of lithium ions. As shown in Figure 6a,b, it could be seen that the CV curves in the two electrolyte systems were very similar, both exhibiting clear and distinct anodic and cathodic peaks, which proved the excellent chemical reversibility of the Zn/GPE/LFP hybrid batteries. The GPE demonstrated a total operating voltage window of 2.4 V (Figure 6d), which was broader than that of the LE (Figure 6c). Therefore, GPE can match almost all AZIBs [46,47,48].



The rate and cycling performance of Zn/LE/LFP and Zn/GPE/LFP were compared. Figure 7a depicts the rate performance of the Zn/LE/LFP cell, with initial specific capacities of 139.3, 127.0, 111.2, 86.8, and 75.7 mAh g−1 at 0.5, 1, 2, 3, and 5 C, respectively. The corresponding charge/discharge profiles are showed at Figure S2. In contrast, the Zn/GPE/LFP cells showed superior rate performance with initial specific capacities of 140.8, 128.5, 112.1, 89.5, and 79.6 mAh g−1 (Figure 7b), respectively. It was apparent that the capacity of GPE at each rate was higher than that of LE. When the current density returned to 0.5 C, the specific capacity of Zn/GPE/LFP immediately recovered close to the original value, reflecting the excellent rate performance. Figure 7c,d present the cyclability data of the Zn/LE/LFP and Zn/GPE/LFP rechargeable battery at 1 C (the initial three cycles were conducted at 0.2 C). The initial discharge capacity of the Zn/LE/LFP cell was 119.5 mAh g−1 and the discharge capacity dropped to 79.2 mAh g−1 with a capacity retention of only 66.3% after 300 cycles (Figure 7c). In contrast, the Zn/GPE/LFP cell had a similar initial capacity of 120.0 mAh g−1 with the capacity retention rate of 74.9% after 300 cycles, and the Coulomb efficiency was close to 100% (Figure 7d). This result of stable electrochemical performance should be attributed to the mechanical inhibition of dendrites by GPE. With robust mechanical properties and stable pore structures, GPE could facilitate a homogeneous Zn2+ ion flow, leading to a uniform deposition of zinc metal and effective zinc dendrite prevention.



The galvanized charge/discharge method for Zn/Zn symmetric batteries was used to test the compatibility and stability of the electrolyte and metal anode. Figure 8a,b depict the voltage-time curves of Zn/LE/Zn and Zn/GPE/Zn cells at the current density of 0.5 mA·cm−2 during 500 h for change/discharge cycles. The polarization voltage of the Zn/LE/Zn cells increased slowly at 100 h and changed sharply after 155 h. On the contrary, the Zn/GPE/Zn cell showed a stable and consistent low polarization voltage without a potential rise and short circuit. This phenomenon revealed the good compatibility and stability of the gel electrolyte with the zinc anode. Figure 8c displays the voltage-time curves of Zn/GPE/Zn at 0.5 mA·cm−2, 1 mA·cm−2, and 1.5 mA·cm−2, respectively. Although the polarization voltage increased with the current density, the polarization voltage of GPE was very stable. When the current density decreased to 0.5 mA·cm−2 again, the polarization was even more stable than the initial polarization curve. Polarization tests demonstrated the fast electrochemical reaction kinetics under the Zn/GPE/LFP system for rapid stripping/plating of Zn.



Figure 9a,b show the SEM pictures of the Zn foils after cycling 500 h. It could be observed that after a constant charge/discharge process for 500 h (Figure 9a), the surface of the Zn foil in Zn/LE/Zn was rough and many rod-like materials that should be zinc dendrites were deposited. The zinc dendrites could penetrate the separator and cause short circuits and serious safety problems. From Figure 9b, it can be surveyed that after a 500 h charge/discharge process of constant current, the surface of the Zn foil of Zn/GPE/Zn was smooth without obvious dendrites. Figure 9c explains the deposition mechanism of zinc ions in LE. The zinc ions diffused in a disorderly manner on the zinc anode, and the formation and growth of dendrites led to the diaphragm being punctured. The deposition mechanism of zinc ions in GPE is declared in Figure 9d. On the one hand, the independent pore structure makes a Zn layer uniformly, thus inhibiting the formation of Zn dendrites, and, on the other hand, the robust mechanical properties of GPE further prevented Zn dendrites from penetrating GPE [49]. Therefore, the prepared SiO2-SA GPE could enable the zinc anode to obtain better reversibility and stability and improve the electrochemical performance of AZIBs.



Figure 10a,c show the SEM images of Zn foils in Zn/GPE/LFP batteries. It could be noted that the surface of Zn foil was smooth, and no obvious dendrites were observed, which should be attributed to the stable and uniform Zn stripping/plating. This was sufficient to demonstrate that GPE could significantly inhibit dendrites and reduce the occurrence of a side reaction, resulting in highly reversible and efficient dissolution and deposition of Zn2+. In contrast, from Figure 10b,d, zinc dendrites presented obviously on the surface of Zn foil in Zn/LE/LFP, which might be due to the uneven plating/stripping of Zn and a side reaction.



Figure S3 collected the XRD patterns of the anodes in Zn//LFP batteries after 300 cycles at 1 C. The new diffraction peaks were found at around (003), (021), and (202) in the Zn foil of LE, manifesting the formation of Zn5(OH)8Cl2·nH2O (PDF#07-0155). In sharp contrast, no new diffraction peaks appeared in the zinc foil using GPE, which was consistent with the conclusion of SEM observation and further confirmed that the prepared GPE can effectively inhibit the formation and growth of dendrites, thus improving battery performance. In addition, compared with other gel electrolytes that have been reported, the prepared GPE showed better performance (Table S1).




4. Conclusions


A SiO2-SA gel polymer electrolyte with perfect mechanical strength was prepared through the one-pot method. It revealed stable electrochemical performance after application to aqueous zinc–lithium hybrid batteries. Results illustrated that the SiO2-SA GPE had high ionic conductivity of 1.44  ×  10−2 S·cm−1, excellent flame retardancy, and compatibility with a Zn interface. The zinc ion batteries assembled with SiO2-SA GPE could effectively suppress the side effects between electrolyte and electrode, further inhibit the formation and growth of dendrites, and endow the battery with better cycling stability than liquid electrolyte. The capacity retention rate reached 74.9% and the Coulomb efficiency was close to 100% when the zinc batteries cycled 300 turns at 1 C. The SiO2-SA GPE displayed excellent electrochemical performance in zinc ion batteries and provided a good electrolyte for the development of solid-state zinc-ion batteries.
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Figure 1. Schematic diagram of the preparation of SiO2-SA GPE. 
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Figure 2. (a) FT-IR spectra of SiO2-SA GPE; SEM images of GPE (b) cross-section and (c) surface; (d) EDS element maps of GPE. 
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Figure 3. The (a) TG and (b) DTA curves of GPE; (c) stress-strain curves of GPE; (d) Stress-strain curves of GPE 3-12 after immersed in 5 mol L−1 ZnCl2 and 4 mol L−1 LiCl. 
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Figure 4. (a) AC impedance spectra and (b) ionic conductivity of GPE; (c) AC impedance spectra and (d) ionic conductivity of GPE in different temperatures. 
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Figure 5. (a–g) Physical properties of GPE; (h) combustion experiments of GPE. 
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Figure 6. CV curves of (a) Zn/LE/LFP and (b) Zn/GPE/LFP at different scan rates; the electrochemical stability windows of (c) LE and (d) GPE. 
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Figure 7. Rate capability of (a) Zn/LE/LFP and (b) Zn/GPE/LFP, respectively. Cycle performances and Coulombic efficiency of the (c) Zn/LE/LFP and (d) Zn/GPE/LFP batteries at 1 C. 
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Figure 8. Galvanostatic tests of (a) Zn/LE/Zn and (b) Zn/GPE/ Zn at 0.5 mA·cm−2, (c) voltage profile of a Zn/GPE /Zn cell under various current densities. 
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Figure 9. The surface morphology of Zn after 500 h in (a) Zn/LE/Zn and (b) Zn/GPE/Zn batteries, respectively. The mechanism for the deposition behaviors of Zn in (c) LE and (d) GPE. 
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Figure 10. The surface morphology of Zn after 300 cycles in (a) Zn/GPE/LFP and (b) Zn/LE/LFP; the cross-sectional morphology of Zn after 300 cycles in (c) Zn/GPE/LFP and (d) Zn/LE/LFP. 
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