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Abstract

:

The zinc anode mainly faces technical problems such as short circuits caused by the growth of dendrite, low coulomb efficiency, and a short cycle life caused by side reactions, which impedes the rapid development of aqueous zinc-ion batteries (AZIBs). Herein, a common ionic liquid, 1,1-Spirobipyrrolidinium tetrafluoroborate ([SBP]BF4), is selected as a new additive for pure ZnSO4 electrolyte. It is found that this additive could regulate the solvation sheath of hydrated Zn2+ ions, promote the ionic mobility of Zn2+, homogenize the flux of Zn2+, avoid side reactions between the electrolyte and electrode, and inhibit the production of zinc dendrites by facilitating the establishment of an inorganic solid electrolyte interphase layer. With the 1% [SBP]BF4-modified electrolyte, the Zn||Zn symmetric cell delivers an extended plating/stripping cycling life of 2000 h at 1 mA cm−2, which is much higher than that of the cell without additives (330 h). As a proof of concept, the Zn‖V2O5 battery using the [SBP]BF4 additive shows excellent cycling stability, maintaining its specific capacity at 97 mAh g−1 after 2000 cycles at 5 A g−1, which is much greater than the 46 mAh g−1 capacity of the non-additive battery. This study offers zinc anode stabilization through high-efficiency electrolyte engineering.
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1. Introduction


Due to the escalating severity of energy crises and environmental pollution caused by human technological progress and industrialization, the advancement of renewable power conversion/storage technologies has been a focus point and hot topic in the area of power storage [1,2]. Considering their elevated theoretical specific capacity (820 mAh g−1), low redox voltage (−0.76 V vs. SHE), and abundant resources (three times that of lithium metal) of the zinc metal, as well as the cost-effectiveness, high safety, and high ionic conductivity of water-based electrolytes, aqueous zinc-ion batteries (AZIBs) have significant application value and prospects in areas ranging from mobile electronics and electric automobiles to the industrial sector [3,4]. Typically, AZIBs utilize manganese-based materials with large tunnel structures or vanadium-based layered materials as the cathode, with zinc alloys serving as the anode and normal or mildly acidic water-based compounds like ZnSO4, ZnCl2, and Zn(NO3)2 serving as the electrolyte [5]. At present, there are numerous challenges in the cathode, anode, and electrolyte aspects of AZIBs, and relevant research is in the transitional stage from scientific research to commercialization [6,7,8].



The zinc anode faces the main technical problems such as short circuits caused by the growth of dendrite, low coulomb efficiency, and a short cycle life caused by side reactions [9]. Among them, zinc dendrite growth is associated with the uneven deposition and solvation of zinc ions, while the side reactions are corrosion, hydrogen evolvement, and obturation of the zinc anode [10]. Therefore, ensuring the reliability of the zinc anode is essential to promoting the practical application of AZIBs. It is not difficult to find that all the reactions occurring at the zinc anode in AZIBs involve strong interactions between Zn2+ and H2O molecules. Firstly, the Zn(H2O)62+ solvated structure has a high energy barrier, resulting in difficult desolvation, high charge transfer resistance, and slow kinetics during charge and discharge. Secondly, [Zn(H2O)6]2+ can provide a large number of active H2O molecules on the interface of the zinc anode, thus causing various side reactions [11,12]. Thirdly, the zinc anode cannot easily form the solid electrolyte interface (SEI) film in an aquatic environment, and a bare zinc anode is prone to side reactions including erosion and hydrogen evolution. Thus, stabilizing the zinc anode requires mitigation of the solvation effect of Zn2+ with water and suppression of the activity of water molecules on the anode surface [13].



Researchers have adopted several strategies to increase the stabilization of the zinc anode, including (1) optimizing the electrode structure, (2) constructing functional interfacial layers on the zinc electrode skin, (3) optimizing the separator, and (4) adjusting the composition and concentration of the electrolyte or introducing additives [14,15,16]. However, the first three methods require a significant amount of time and involve high process costs [17]. High-concentration electrolytes also face challenges such as high cost, limited conductivity, and low-temperature salt precipitation. Introducing additives into electrolytes can directly optimize the solvation structure of Zn2+, regulate the local current distribution, and improve the electrode/electrolyte interface properties [18]. In comparison, the introduction of additives is the simplest and most direct method for stabilizing the zinc anode and is compatible with existing battery manufacturing processes.



Electrolyte additives can be categorized as ionic additives (Na+, Mg2+, Mn3+, etc.), inorganic additives (oxides and inorganic acids), organic additives (small molecules, polymers, ionic liquids, etc.), and metal additives (lead and tin). Ionic additives containing heavy metals can cause environmental and electrolyte side reaction issues [19,20]. Inorganic and metal additives have received less research attention due to their limited solubility. Organic additives have been a popular topic as they can optimize the solvation structure of zinc ions, regulate uniform nucleation, induce epitaxial deposition, and even produce SEI films in situ [21]. They can also lessen the movement of water and zinc ions by creating hydrogen bonds with water molecules, thereby mitigating water-related side reactions. However, common organic additives have safety hazards such as flammability and toxicity [22]. Consequently, there is an urgent to explore new excellent performance additives that are highly stable, have a wide voltage window, are safe, and have low flammability.



Ionic liquids (ILs) consist of asymmetric organic cations and organic/inorganic anions, which have special characteristics such as a low melting point, good thermal and chemical stability, strong ionic conductivity, a broad electrochemical window, non-volatility, and non-combustibility and have been widely applied in energy storage batteries, metal deposition, organic synthesis, and other fields [23]. In terms of non-aqueous zinc-based batteries, ILs can be used alone as the electrolyte (EMI-DCA [24]) or as the solvent for zinc salt (EMImOTf [25]), and the resulting Zn//graphite battery showed no signs of dendrites or short circuits after hundreds of cycles. In the area of aqueous alkaline zinc batteries, adding a small amount of IL (EMI-DCA [24]) to the KOH electrolyte can improve the secondary nucleation process of zinc, prevent uneven zinc deposition, and inhibit dendrite formation. As for AZIBs, only EMIES [26], [Ch]OAC [27], [BMIM]OTF [28], Me3EtNOTF [29], DES [30], and PIL [31] have been reportedly applied as electrolyte additives, with related work only providing preliminary verification of their feasibility and excellent effects. In summary, other high-performance IL additives need to be screened to provide experimental data for the subsequent design of ideal IL additives with multiple functions such as stabilizing the zinc anode, increasing the voltage window, and improving low-temperature performance [32].



In this paper, a common IL, [SBP]BF4, was chosen as a novel addition to pure ZnSO4 electrolyte, and its impact on the stability of the zinc anode and the performance of the whole battery was studied systematically [33,34]. In order to avoid side reactions between the electrolyte and electrode, it is discovered that the [SBP]BF4 is preferentially adsorbed on the zinc anode and facilitates the creation of an inorganic SEI layer. On the other hand, the solvation sheath of hydrated Zn2+ ions may be controlled by the [SBP]BF4, promote the ionic mobility of Zn2+, homogenize the flux of Zn2+, and thereby inhibit the formation of zinc dendrites. The findings of the experiment demonstrated that a minimal concentration of [SBP]BF4 (1%) may effectively prevent the production of zinc dendrites and produce uniform zinc deposition. Consequently, the zinc anode delivered an extended plating/stripping cycling life of 2000 h in the Zn‖Zn symmetric cell with additive at 1 mA cm−2, which is much higher than that of the cell without additives (where the life was only 330 h). Due to the critical dual functions originating from [SBP]BF4, with 2000 cycles at 5 A g−1, the Zn V2O5 battery maintained its specific capacity of 97 mAh g−1, which is significantly higher than the non-additive battery’s 46 mAh g−1 capacity; this indicates outstanding cycling stability.




2. Experimental Section


2.1. Materials


The following chemicals were procured from various suppliers: Pyrrolidine, 1,4-dibromobutane, and ammonium fluoroborate (NH4BF4) were acquired from Shanghai Macklin Chemical Co., Ltd., Shanghai, China. Potassium carbonate (K2CO3) and acetonitrile (ACN) were sourced from Sinopharm Chemical Reagents Co., Ltd., Shanghai, China. Vanadium pentoxide nanosheets were purchased from the same company. Zinc sulfate monohydrate (ZnSO4·H2O, AR) was obtained from Aladdin Reagent, Shanghai, China. Acetylene black was procured from Sinopharm Chemical Reagents Co., Ltd., China. Polyvinylidene fluoride (PVDF) was acquired from Sinopharm Chemical Reagents Co., Ltd., China. Finally, 1-methyl-2-pyrrolidone (NMP) was purchased from Sinopharm Chemical Reagents Co., Ltd., China.




2.2. Preparation of [SBP]BF4


Pyrrolidine (1.1 mol, 78.2 g) was combined with 1,4-dichlorobutane (1.1 mol, 139.7 g) and potassium carbonate (2.1 mol, 290 g) in acetonitrile (ACN, 1.5 L). The resultant mixture was stirred under reflux at 60 °C for 20 h. Upon cooling, the mixture was filtered and the filtrate was subjected to vacuum drying to yield 170 g of a crude chloridate salt. This crude product was then treated with 50% hydrofluoroboric acid (HBF4, 0.9 mol, 155 g) and ethanol at room temperature for 20 h to facilitate an ion exchange reaction, converting the chloride salt to a BF4 salt. The reaction mixture was evaporated, and the residual salt was purified through multiple recrystallization steps using ethanol. Following recrystallization, the product was thoroughly dried under vacuum at 90 °C to afford the ionic liquid additive [SBP]BF4 in a suitable white crystalline form with a purity of 99.99%.




2.3. The Chemical Structure Characterization of [SBP]BF4


The synthesized [SBP]BF4 sample was dissolved in a dimethyl sulfoxide (DMSO) solution, and the anions and cations of the sample were analyzed using nuclear magnetic resonance spectroscopy (NMR) (Figures S2 and S3). The 1H NMR (400 MHz, DMSO-d6) spectrum is depicted in the figure, with an integral ratio of δ 3.41 (s, 1H) to δ 2.03 (s, 1H) protons at 1:1. The 19F NMR (376 MHz, DMSO-d6) spectrum showed an integral of δ-148.62 (d, J = 20.4 Hz) proton at 1. The presence of DMSO solvent and residual water was also confirmed at dw2.49 and dw3.33, respectively. In conclusion, the NMR data confirm that the synthesized sample was [SBP]BF4.




2.4. Preparation of V2O5 Cathode


The synthesis of the V2O5 cathode was conducted following methods described in the existing literature [18]. Initially, a mixture of 70% V2O5 (0.21 g), 20% acetylene black (0.06 g), and 10% PVDF (0.03 g) was combined in a mortar. Then, 5 mL of NMP solvent was added and stirred manually for 3 h to obtain a slurry with a viscosity of 6000 mPa·S. Subsequently, the electrode slurry was uniformly coated onto graphite paper. The coated electrode was then subjected to vacuum drying at 50 °C for 12 h to facilitate solvent removal.




2.5. Materials Characterization


The crystal structure and phase of the material were ascertained using X-ray diffraction (XRD, GBC MMA diffractometer, Super-Dimensional Technology Co., Ltd., Taiwan, China). Fourier transform infrared spectroscopy (FTIR, Nexus 870, Thermo Fisher Nicolet, Waltham, MA, USA) and Raman spectroscopy (DXR3xi, Thermo Scientific, Waltham, MA, USA) were employed to investigate changes in functional groups and the sample’s molecular structure. The elemental composition and atomic valence were analyzed using X-ray photoelectron spectroscopy (XPS, ESCALAB 250, Thermal Power Corporation, Waltham, MA, USA). Field emission scanning electron microscopy (FE-SEM, Hitachi Regulus 8100, Hitachi, Tokyo, Japan) and transmission electron microscopy (TEM, JEM-2100FEG, Nippon Electronics Co., Tokyo, Japan) were utilized to study the material’s morphology.




2.6. Electrochemical Tests


The electrochemical properties of the Zn||Zn symmetric battery, Zn||Cu asymmetric battery, and Zn||V2O5 full battery were studied by assembling the CR2032 button battery. Zinc–zinc symmetric batteries were prepared by using ZnSO4 aqueous solution with and without [SBP]BF4 additive as an electrolyte, glass fiber as a separator, and two identical zinc foils as positive and negative electrodes. The stability of the zinc anode was evaluated at a current density of 1 mA cm−2 using the LAND battery test system (CT3002A Wuhan, China). The Zn||Cu battery, which employs Zn foil as the negative electrode and Cu foil as the positive electrode, underwent a prolonged cycle test at a capacity of 0.5 mAh cm−2 at 2 mA cm−2. The CHI660E electrochemical workstation conducted cyclic voltammetry (CV) testing at a scan rate of 1 m Vs−1, chronoamperometry (CA) testing at an overpotential of 10 mV for 600 s, and electrochemical impedance spectroscopy (EIS) testing within the frequency range of 0.01~105 Hz. The Zn||V2O5 full cell, assembled with a Zn anode and V2O5 cathode, was subjected to CV, cycle, and rate tests at different current densities of 0.2~1.6 V and 0.5~1.6 V. These evaluations confirmed the practical applicability of the [SBP]BF4 additive.





3. Result and Discussion


3.1. Structural Characterization Analysis


It is clear from Figure 1a that the initial stage of Zn deposition is usually uneven and is mainly caused by the recognized “tip effect”, and finally, obvious Zn dendrites are formed [35]. Simultaneously, the Zn anode/electrolyte contact experiences the development of H2 and the formation of by-products, both of which invariably result in fast capacity loss [30]. To solve these problems, we proposed using an IL named [SBP]BF4 as a functional electrolyte additive, which not only ensures the uniform deposition of Zn but also avoids the occurrence of adverse reactions. To verify these functions, AZIBs were constructed by incorporating different amounts of [SBP]BF4 into 22wt% ZnSO4 aqueous solution.



As shown in Figure 2a, by using the X-ray diffraction (XRD) technique, the composition of chemicals on the surface of zinc anodes after 70 cycles was examined. Apart from significant zinc deposition on the zinc anode surface during cycling in the absence of the [SBP]BF4 additive, diffraction peaks equivalent to the Zn4SO4(OH)6·4H2O by-product were also seen at 8.3° and 12.1° [31]. This is because the hydrogen evolution side reaction produced a large amount of OH−, which formed these by-products by combining with Zn2+, SO42−, and H2O in the electrolyte. However, no by-product peak was observed on the surface of the zinc electrode after cycling in the electrolyte with [SBP]BF4 additives, indicating that the additive inhibited the generation of by-products. Furthermore, we found that the addition of [SBP]BF4 was advantageous for weakening the solvation between Zn2+ and water. The FTIR spectra of pure ZnSO4 electrolytes and electrolytes containing varying concentrations (0.5wt%, 1wt%, and 2wt%) of [SBP]BF4 were compared in Figure 2b–d. The O-H stretching vibration peak of water at 3000–4000 cm−1 gradually moved to higher wavenumbers with the increase in additive content, which indicated that SBP+ cations were beneficial for weakening the interaction between water molecules and Zn2+ cations. The vibration stretching peak representing SO42− at 900–1200 cm−1 also shows a blue shift [32], indicating that the addition of additives damaged the electrostatic coupling between Zn2+ and SO42−, thereby weakening the binding around SO42− [33]. In addition, by comparing Raman spectra of pure ZnSO4 electrolyte and electrolytes with different [SBP]BF4 content, it was thoroughly shown that the addition of [SBP]BF4 can lower the activity of the water molecules in the electrolyte. As illustrated in Figure 2e,f, when the additive content increases, the shoulder peak at 3396 cm−1 in the Raman spectra gradually weakened and shifted to a higher wavenumber; this demonstrates how the interaction between [SBP]BF4 and water molecules damaged the initial hydrogen bond network. In summary, Zn2+ solvation in water can be lessened by [SBP]BF4 addition, which also accelerates the desolvation of hydrated zinc ions, achieves the homogenization of zinc ion flux, and inhibits the decomposition of water molecules, thereby suppressing dendrite growth and mitigating the occurrence of side reactions.



After 70 cycles, X-ray photoelectron spectroscopy (XPS) was used to characterize the Zn electrode both with and without Ar+ deep sputtering; the results are displayed in Figure 3a,b. In the absence of [SBP]BF4, C-C and O-C=O can be detected in the C1s spectra of both the zinc electrode surface (no Ar+ sputtering) and the inner side (Ar+ sputtering for 5 min), which may mainly be caused by the strong bonded glass fiber separator or CO2 dissolved in the electrolyte from air [34]. After introducing [SBP]BF4, in addition to the detection of O-C=O peaks related to inorganic ZnCO3, organic components such as C-N, C-H, and C-C were also detected on the surface and inside of the zinc anode, indicating that [SBP]BF4 molecules were adsorbed or decomposed. Analyzing the Zn2p spectra, in the absence of additives, only the loose structure formed by the unevenly distributed ZnO was detected on the surface and inside of the zinc. However, when [SBP]BF4 is present, a large amount of Zn(OH)2 and ZnO inorganic substances was detected both on the surface and inside of the zinc [35]. In addition, for the high-resolution F1 spectra, no F-containing inorganic zinc salt was detected regardless of the sputtering time when there was no [SBP]BF4. In stark contrast, when [SBP]BF4 was added, inorganic ZnF2 was found on the zinc anode surface, and the peak intensity of ZnF2 escalated with an increase in Ar+ sputtering depth, suggesting that ZnF2 not only resided on the surface but also intermingled with organic components embedded within the SEI layer. The existing literature confirms that inorganic constituents like Zn(OH)2, ZnO, and ZnF2 within the SEI layer have been proven to possess good Zn2+ conductivity and hydrophobicity. In summary, adding [SBP]BF4 additives caused a thick material to develop, as well as a homogeneous SEI layer via organic/inorganic hybridization on the zinc electrode surface. This not only gives it robust toughness but also provides ample transport channels for electrolyte ions [36]. The SEI film not only keeps the aqueous solution and electrode from coming into direct contact, which reduces side reactions related to hydrogen evolution and corrosion, but it also makes it easier for Zn2+ to deposit evenly and inhibits the swift proliferation of zinc dendrites.



To see how the [SBP]BF4 addition affected the formation of zinc dendrites, scanning electron microscopy (SEM) pictures (Figure 4a,b) were utilized. Without the addition of [SBP]BF4, disordered and complex dendritic dendrites appeared on the surface of zinc foil, and there were many glass fibers around the dendrites. However, with the addition of additives, zinc foil’s surface morphology underwent a dramatic alteration, dendritic development was suppressed, and a dense, homogenous planar structure developed [36]. The optical microscope images further verified that the consistent deposition of zinc ions on the zinc anode’s surface was positively impacted by the addition of [SBP]BF4. Figure 4c,d demonstrate this; many network dendrites appeared on the surface of the zinc sheet without the [SBP]BF4 additive, resulting in an irregular and rough appearance. After adding [SBP]BF4, there were no obvious dendrites on the surface of the zinc sheet, and the number of protrusions and dents was also reduced. This showed that the addition of [SBP]BF4 effectively prevented the formation of unwanted side reactions and the development of zinc dendrites, producing a uniform and smooth zinc sheet surface. Atomic force microscopy (AFM) was used to characterize the three-dimensional profile and roughness of the zinc anode surface in different states (Figure 4e–g). As can be seen from Figure 4g, the polished original zinc foil has a smooth surface with a height of about 94.7 nm. In the ZnSO4 electrolyte without additives, Zn2+ primarily deposited on the protrusions on the surface of the zinc anode due to the uneven electric field [37]. Therefore, following 140 h of cycling in pure ZnSO4 electrolyte, the surface of the zinc electrode becomes highly rough, with many zinc dendrites with a height of about 929.4 nm. In contrast, after cycling in the electrolyte containing [SBP]BF4 for 140 h, the tip effect was weakened, the surface of the zinc foil remained relatively smooth and uniform, and the height was dropped to 537.5 nm. It can be seen that the [SBP]BF4 additive can successfully stop zinc dendritic growth and has a positive effect on achieving a long cycle of the battery.




3.2. Electrochemical Measurement


To ascertain the impact of the [SBP]BF4 additive on the electrochemical stability of the zinc anode, we assembled a three-electrode system (the working electrode and counter electrode are zinc, and the reference electrode is Ag/AgCl) with Zn||Zn symmetrical batteries and tested their electrochemical properties in detail. The corrosion activity of zinc anodes in batteries with and without additives was characterized by linear voltammetry, and the result is shown in Figure 5a. It can be observed that the Zn corrosion potential of the zinc anode in batteries with 1wt% [SBP]BF4 and without the [SBP]BF4 additive was −914 mV and −929 mV, respectively, indicating that the [SBP]BF4 additive can prevent the corrosion of the Zn electrode to a certain extent by inhibiting hydrogen evolution reaction [38]. In addition, as shown in Figure S1, the cyclic voltammetry (CV) curves of Zn||SS (stainless steel) asymmetric batteries with and without the [SBP]BF4 additive were obtained. The introduction of the [SBP]BF4 additive increased the nucleation sites of the cell from 63 to 96 mV, which can reduce the radius of the Zn crystal nucleus and facilitate the formation of a compact, flat, and uniform layer of Zn [39]. Consequently, this prevented the growth of zinc dendrites.



By evaluating the Zn||Zn symmetric battery’s constant current charge–discharge curve, the Zn plating/stripping process on the Zn anode during long-term cycling may be examined. The results show that the batteries with different electrolytes exhibit different cycle life at a constant current density of 1 mA cm−2 and a cut-off capacity of 1 mAh cm−2. As shown in Figure 5b–e, the battery using pure ZnSO4 electrolyte was damaged after 330 h of cycling and therefore has a short life. After the addition of [SBP]BF4 into the electrolyte at ratios of 0.5% and 2%, it was found that the battery life was prolonged, but the polarization voltage was unstable, and they failed after 670 h and 680 h, respectively. It was worth noting that when the content of [SBP]BF4 is 1%, the resulting Zn||Zn battery exhibits a steady overpotential, and the cycle lifespan was up to 2000 h, which was significantly better than other batteries. It was proven that the [SBP]BF4 additive can affect the nucleation site of Zn2+ and encourage consistent and steady zinc plating or stripping on the zinc anode, which may successfully avoid the occurrence of zinc dendrites [40].



To further demonstrate that the [SBP]BF4 additive can improve the cycle stability of the zinc anode, Zn||Cu batteries were assembled and their electrochemical performance was tested. In the discharge process, the zinc stripped from the zinc anode in the battery will be deposited on the copper foil. When the battery is charged, the zinc metal on the copper foil will be stripped before the cut-off voltage. Thus, one crucial metric to confirm the reversibility and cycle stability of the zinc anode in zinc/copper batteries was the coulomb efficiency (CE) [40]. As shown in Figure 6a, the Zn||Cu battery using pure ZnSO4 electrolyte maintained a stable CE for 590 cycles, but then the CE value fluctuated and decreased due to the formation of zinc dendrites/by-products or other side reactions. After the [SBP]BF4 additive was added, the initial cycles of the battery belonged to the remodeling zinc ion coordination stage, so the CE was low. However, the CE value soon reached more than 99% and remained in more than 2200 cycles. These results indicate that the zinc anode can achieve higher cycle stability by using the [SBP]BF4 + ZnSO4 electrolyte. At the same time, the voltage–time curves of Zn||Cu batteries were also tested at a constant temperature of 25 °C. As shown in Figure 6b, the substrate metal (Cu) was used to create a zinc storage cell with a capacity of 2.26 mAh cm−2 (Qt), and a fixed current density of 0.565 mA cm−2 was used during the cycle for stripping and electroplating 0.565 mAh cm−2 (Qc) of Zn. In the final stage, the recoverable capacity Qs were stripped through the charging process to achieve a specific voltage of 1 V. According to the above conditions, the average CE value was calculated using Equation (1) [41]. The Qs value of the battery without additives was 1.236 mAh cm−2, and the average CE was calculated to be 87.1%. The Qs value of the battery with additives was 1.7932 mAh cm−2, and the average CE was calculated to be 94.1%. Therefore, it has been established that the reversibility and utilization rate of the zinc anode may be significantly boosted by adding the [SBP]BF4 additive to the ZnSO4 electrolyte.
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In order to further prove the role of the [SBP]BF4 additive, we used graphite as the positive and negative electrodes and glass fiber membrane as the diaphragm, assembled graphite||graphite batteries, tested their electrochemical impedance (EIS) curves (shown in Figure 6c,d), and calculated the ionic conductivity of the two electrolytes in glass fiber separators according to the obtained data and Equation (2) [42]. Where L is the thickness of the glass fiber (0.0675 cm), S is the contact area (1 cm−2), and Rb is the resistance value of the glass fiber obtained by testing, the results showed that the ionic conductivity of the separator with [SBP]BF4 + ZnSO4 electrolyte was 24.19 mS cm−1, which was higher than that of the separator with the pure ZnSO4 electrolyte (12.38 mS cm−1). High ionic conductivity of the glass fiber separator can improve the diffusion efficiency of Zn2+, so these data can also help explain the effect of additives on facilitating uniform deposition of zinc ions.
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In the chronoamperometry experiment (Figure 6e,f), the applied voltage was set to 10 mV, denoted as ΔV. The initial current and resistance were represented by Io and Ro, respectively, while the steady-state current and resistance were represented by Is and Rs, respectively. For the cell using electrolyte of 22wt% ZnSO4 + 78wt% H2O, the initial current (Io) was 0.158 mA, the initial resistance (Ro) was 218 Ω, the steady-state current (Is) was 0.099 mA, and the steady-state resistance (Rs) was 474 Ω. Therefore, according to Equation (3) [42], the calculated     t     z n   2 +       was 0.415. In contrast, for the cell using electrolyte of 22wt% ZnSO4 + 1wt% [SBP]BF4 + 77wt% H2O, the initial current (Io) and resistance (Ro) were found to be 7.747 mA and 183 Ω, respectively, while the steady-state current (Is) and resistance (Rs) were 2.485 mA and 250 Ω, respectively. Therefore, the     t     z n   2 +       calculated by Equation (3) is 0.739. The result shows that the addition of [SBP]BF4 can improve the migration rate of zinc ions and promote the uniform distribution of ions so as to help uniform galvanizing.



In this work, two full batteries were assembled using V2O5 as the cathode, Zn foil as the anode, and ZnSO4 and [SBP]BF4 + ZnSO4 as the electrolyte, respectively. As shown in Figure 7a, the CV curves of both whole cells showed four (two pairs) redox peaks at a scan rate of 1 mV s−1, which linked to the insertion/extraction of protons and Zn2+ ions [43]. Remarkably, the voltage difference of the Zn||[SBP]BF4+ZnSO4||V2O5 cell is only 6 mV, while the voltage difference of the Zn||ZnSO4||V2O5 cell is 32 mV. This indicated that the addition of [SBP]BF4 can alleviate the polarization of the battery and enhance the reversibility, which had a positive effect on preventing the growth of zinc dendrites [44].



Figure 7b displays the rate performance of the two batteries at various current densities (0.5 A g−1, 1 A g−1, 3 A g−1, 5 A g−1, 10 A g−1, and 0.5 A g−1). The discharge specific capacity of the zinc battery with [SBP]BF4 added to the electrolyte was 296.6 mAh g−1 at a current density of 0.5 A g−1, which was higher than that of the battery without the [SBP]BF4 additive (260.4 mAh g−1). Surprisingly, even at a high current density of 10 A g−1, the battery with the [SBP]BF4 additive can still maintain a high specific capacity of 166 mAh g−1, which is significantly higher than that of the battery without additives. This revealed that the rate performance of zinc batteries was much enhanced by the addition of additive [SBP]BF4. Upon evaluating the rate performance, it was noteworthy that the battery’s capacity (294.1 mAh g−1) could still be reached when the current density dropped to 0.5 A g−1, indicating strong cycle stability. Figure 7c,d shows the charge/discharge curves of two cells with different current densities, and there are two discharge plateaus near 0.68 and 1.08 V, corresponding to reversible Zn2+ insertion and extraction reaction processes, respectively, which are consistent with CV curves. Furthermore, the two batteries’ long-term cycle performance was assessed at a current density of 5 A g−1; the outcome is displayed in Figure 7e. Following 2000 cycles, the Zn||[SBP]BF4 + ZnSO4||V2O5 cell demonstrates a notable 97 mAh g−1 specific capacity and a high average CE of 99.7%. In contrast, under the same conditions, the specific capacity of the battery without [SBP]BF4 decreased to 46 mAh g−1, which was majorly attributed to the electrochemical hydrogen evolution corrosion and zinc dendrite growth [45]. The cycling stability of Zn||V2O5 batteries, both with and without additives, was evaluated at a current density of 20 A g−1, as depicted in Figure S4. After 3000 cycles, the battery equipped with additives maintained a capacity of 66.7 mAh g−1, outperforming its counterpart devoid of additives, which retained a capacity of merely 33.3 mAh g−1 after the same number of cycles. Following cycling, the zinc foil negative electrode and V2O5 positive electrode were detached from the Zn||V2O5 battery. Photographic evidence revealed that in the absence of additives (Figure S4a), severe corrosion had occurred on the surface of the zinc foil, leading to the proliferation of zinc dendrites. Consequently, there was an abundance of glass fiber separator residue on the zinc foil’s surface. Concurrently, the V2O5 positive electrode exhibited significant corrosion accompanied by numerous cracks. In stark contrast, the application of the [SBP]BF4 additive (Figure S4b) mitigated the corrosion and zinc dendrites on the Zn surface while also enhancing the density and regularity of the V2O5 pole piece surface. As shown in Table S1 [35,45,46,47,48,49,50,51,52], we also made a comparison with other electrolyte additives to further illustrate the role of [SBP]BF4 in inhibiting zinc dendrite formation and corrosion. Therefore, it can be concluded that the introduction of additive [SBP]BF4 has obvious advantages in improving the rate performance and long-term cycle stability of zinc batteries, and this result provides valuable supporting data for promoting the practical application of zinc-ion batteries.





4. Conclusions


AZIBs exhibit promising potential for use in the domains of portable electronics, electric cars, and large-scale energy storage. However, the metal zinc anode faces problems involving zinc dendrite growth and zinc metal corrosion, as well as anode surface passivation, which affect the electrochemical performance of AZIBs. In order to solve these problems, 1wt% [SBP]BF4 + 22wt% ZnSO4 electrolyte was used in this work to improve the stability of the zinc anode. We found that [SBP]BF4 can preferentially adsorb on the surface of the zinc anode to regulate the uniform nucleation of zinc ions and induce their epitaxial deposition, can improve the solvation sheath of hydrated Zn2+ to promote the transport and charge transfer of Zn2+, and can produce adaptive SEI film on the surface of the zinc anode to further prevent the occurrence of side reactions between the electrolyte and the electrode. This means that the Zn||Zn battery including the [SBP]BF4 additive has a cycle life of 2000 h, which was six times longer than the battery lacking [SBP]BF4. It is worth noting that the Zn||Cu battery with the [SBP]BF4 additive can also be stably cycled more than 2200 cycles, during which the CE value has been maintained above 99%, proving the good reversibility of the zinc anode. In addition, the Zn||[SBP]BF4+ZnSO4||V2O5 full cell has a large specific capacity (288 mAh g−1 at 0.5 A g−1), good rate performance (205 mAh g−1 at 10 A g−1), and a stable long life of 2000 cycles at a current density of 5 A g−1. In summary, the addition of [SBP]BF4 can increase the rate performance and cycle life of AZIBs in addition to improving the stability and reversibility of the zinc anode.
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Figure 1. The schematic diagram of the Zn deposition process in the electrolyte (a) without and (b) with [SBP]BF4 additive. 
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Figure 2. (a) XRD patterns of the original zinc foil and the zinc foil after 70 cycles in electrolytes with [SBP]BF4 and without [SBP]BF4. FTIR spectra (b–d) and Raman spectra (e,f) of electrolytes containing different proportions of [SBP]BF4. 
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Figure 3. The XPS spectra of the Zn foils after 140 h cycles in (a) pure ZnSO4 and (b) ZnSO4 + 1wt% [SBP]BF4 electrolytes. 
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Figure 4. SEM images and optical microscope images of zinc electrode after 140 h cycling in (a,c) pure ZnSO4 electrolyte and (b,d) electrolyte containing [SBP]BF4. AFM images of (e) the original Zn foil and (f,g) Zn foil after 140 h cycling in different electrolytes. 
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Figure 5. (a) The potentiodynamic polarization curves of the zinc anode in three-electrode system in electrolyte with 1wt% [SBP]BF4 and without [SBP]BF4. (b–e) The constant current charge and discharge cycle performance of Zn||Zn symmetrical battery using electrolytes with different proportions of [SBP]BF4 additive at 1 mA cm−2. 






Figure 5. (a) The potentiodynamic polarization curves of the zinc anode in three-electrode system in electrolyte with 1wt% [SBP]BF4 and without [SBP]BF4. (b–e) The constant current charge and discharge cycle performance of Zn||Zn symmetrical battery using electrolytes with different proportions of [SBP]BF4 additive at 1 mA cm−2.



[image: Batteries 10 00102 g005]







[image: Batteries 10 00102 g006] 





Figure 6. (a) The coulombic efficiency and (b) the voltage–time curves of Zn||Cu batteries using electrolytes with and without additives. Nyquist plots tested of the graphite paper||graphite paper batteries (c) without [SBP]BF4 additive and (d) with additive in the electrolyte. The chronoamperometry curves of Zn||Zn cells (e) without and (f) with 1wt% [SBP]BF4 additives in the electrolyte (insets give the corresponding Nyquist plots at initial and steady states after fitting). 
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Figure 7. In the study of the electrochemical performance of Zn||V2O5 fuel cells, it was determined that the active material loading on the positive electrode sheet is between 1 and 2 mg cm−2: (a) the CV cures at a scan rate of 1 mV s−1 in electrolytes with and without [SBP]BF4 additives; (b) rate performance in electrolytes with and without [SBP]BF4 additives; charge/discharge profiles in electrolytes of (c) without and (d) with [SBP]BF4 additive; (e) cyclic stabilities and efficiencies in electrolytes with and without [SBP]BF4 additives at 5 A g−1. 
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