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Abstract

:

Aqueous rechargeable zinc ion batteries (ZIBs) have been revived and are considered a promising candidate for scalable electrochemical energy storage systems due to their intrinsic safety, low cost, large abundance, mature recyclability, competitive electrochemical performance, and sustainability. However, the deployment of aqueous rechargeable ZIBs is still hampered by the poor electrochemical stability and reversibility of Zn anodes, which is a common, inherent issue for most metal-based anodes. This review presents a comprehensive and timely overview of the challenges and strategies of Zn anodes toward durable ZIBs. First, several challenges that significantly reduce the Coulombic efficiency and cycling stability of Zn anodes are briefly discussed including dendrite formation, hydrogen evolution, and corrosion. Then, the mitigation strategies are summarized in terms of modifying the electrode/electrolyte interfaces, designing electrode structures, and optimizing electrolytes and separators. Further, we comprehensively discuss the mechanisms behind these issues and improvement strategies with respect to the anodes, electrolytes, and separators. Lastly, we provide perspectives and critical analyses of remaining challenges, outlook, and future direction for accelerating the practical application of aqueous rechargeable ZIBs.
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1. Introduction


Electrochemical energy storage systems that can store energy from green and renewable sources are essential for reducing electricity overconsumption and environmental pollution. Among various forms of electrical energy storage, batteries store energy as chemical potential in the electrodes via redox reactions. One well-known example is the prevailing lithium-ion batteries (LIBs), which have a high energy density, superior cycle life, and low weight making them ideal for powering portable electronics and electric vehicles. Unfortunately, the application of LIBs in grid energy systems is hindered by the potential risk and environmental concerns occurring from highly reactive lithium compounds and flammable organic electrolytes [1,2,3,4,5,6]. The most significant safety concern associated with LIBs is a thermal runaway, which results in battery rupture and explosion as flammable gases from the battery react with ambient oxygen [7,8]. There are several origins of thermal runaway in batteries, including side reactions involving organic electrolytes, cathodes, and anodes, and interactions between electrode surfaces and Li plating caused by thermal, electrical, and thermal abuse without effective battery management and risk monitoring [9]. Moreover, LIBs often experience different types of improper operation during daily usage, such as overcharging and over-discharging due to variations in cell capacities caused by manufacturing processes, over-heating enabled by poor battery system temperature management, elevated ambient temperature or nearby fire, and physical damage impact [10]. Additionally, the widespread deployment of LIBs for scalable energy storage is restricted by a limited Earth abundance of lithium and other critical metals and difficulty in recycling LIBs [11,12]. Therefore, rechargeable batteries with high safety, long-term stability, low cost, and environmentally benign manufacturing processes are highly desirable for large-scale energy storage [13,14].



Aqueous metal-ion batteries are a promising alternative to traditional LIBs for their higher ionic conductivity, cost-effectiveness, simplified processing, and safety for aqueous electrolytes compared to organic electrolytes [15,16]. Additionally, aqueous metal-ion batteries can be assembled in ambient environments without harsh conditions [17,18,19]. Diverse aqueous metal-ion batteries have been developed, including aluminum-ion batteries (AIBs), calcium-ion batteries (CIBs), magnesium-ion batteries (MIBs), potassium-ion batteries (KIBs), sodium-ion batteries (SIBs), and zinc-ion batteries (ZIBs) [20]. In contrast to the high reactivity of Ca, K, and Na metal anodes with water and poor reversibility of Al, Zn anodes have a high theoretical capacity of 820 mAh g−1, volumetric capacity of 5854 mAh cm−3, low redox potential of −0.76 V vs. standard hydrogen electrode (SHE), fair redox stability, and relative stability in aqueous solutions [21,22,23] (Figure 1). From these advantages, ZIBs is considered a suitable energy storage solution for the next generation of electrical energy storage systems. Therefore, the research on ZIBs or Zn anodes has attracted intense interests leading to a trend of continuously increased publications in this field over the past 10 years (Figure 1d).



The performance and lifespan of batteries are strongly influenced by the anodes. A similar problem occurs with ZIBs such as lithium metal batteries, where the inhomogeneous Zn stripping/plating leads to dendritic growth of the Zn anodes [24]. The uncontrolled growth of zinc dendrites can negatively impact the Coulombic efficiency (CE) and cycling lifetime of ZIBs, piercing the separator, and resulting in a short circuit [25]. In addition, weakly acidic electrolytes provide a more corrosive environment for the thermodynamically favored hydrogen evolution and anode corrosion than traditional alkaline electrolytes [26,27]. In the entire pH range, H2O/H2 has a higher equilibrium potential than Zn2+/Zn, indicating spontaneous hydrogen evolution and corrosion on the anode. In turn, the increase in pH value of electrolytes and the residual OH− ions will result in the formation of by-products, including zinc hydroxide sulfate (ZHS) and other Zn compounds, which interfere with ion/electron diffusion and lead to the negative effect on Zn reversibility. Additionally, these by-products firmly bind zincate complexes, further promoting Zn dendrite formation. ZIBs are often prone to rapid failure due to the above-mentioned issues. Consequently, it is challenging to translate academic knowledge into industrial or commercial applications for ZIBs. Therefore, an overview of Zn anodes problems and mitigation strategies is needed to realize high-capacity and durable ZIBs for practical application.



The issues of zinc anodes have been usually addressed in two kinds of methods, including (i) anode tailoring with the introduction of a protective layer on Zn foil, design of a three-dimensional Zn structure and use of Zn alloy, and (ii) electrolyte modification. Several review articles have highlighted these strategies [28,29,30,31,32]. For example, Tao and co-workers discussed different methods for introducing protective layer strategies on the surface of the Zn anodes [28]. On the other hand, Liu et al. summarized the electrolyte optimization regarding the procedure for stabilizing Zn anodes [32]. Furthermore, Li et al. discussed and outlined the optimization strategies of ZIBs in two aspects: anode modification and electrolyte tuning [33]. However, little attention is paid to the separator construction, which also plays a vital role in the performance of ZIBs together with anode structure and electrolyte. Thus, it is crucial to provide a broad and up-to-date overview of the anode challenges, mitigation strategies in terms of the anode design, electrolyte component, separator fabrication, and critical perspectives as well as analyses.



This review aims to provide a comprehensive and timely overview of challenges and various mitigation strategies developed in recent years for Zn anodes. The existing issues in Zn anodes are summarized, including the dendrite growth, hydrogen evolution reaction (HER), corrosion, and their interplay. Then, several emerging strategies for improving Zn electrochemistry are categorized and mapped out, including surface modification, rational design of anode architectures, electrolyte optimization, and separator design (Figure 2). Last, the remaining Zn anode challenges and future opportunities for developing stable Zn anodes in practically viable ZIBs are highlighted. This review will provide guidance and a new understanding of Zn electrochemistry for promoting the application of rechargeable aqueous ZIBs in large-scale energy storage.
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Figure 1. (a) Comparison of the gravimetric capacity, volumetric capacity, and price for typical anode metals (Reproduced with permission [34] Copyright 2021, John Wiley & Son). (b) Comparison of the redox potential and ionic conductivity for Zn and other metal anodes (Reproduced with permission [35] Copyright 2020, John Wiley & Son). (c) Radar plot of performance properties of selected metal anodes (Reproduced with permission [22] Copyright 2019, Elsevier). Compared to other metals, Zn shows balanced kinetics and a high level of stability in an aqueous solution. The fair reversibility of plating and stripping for Zn in aqueous media makes it an ideal material for aqueous energy storage systems. (d) The number of publications with keywords of zinc ion batteries or zinc anode over the past 10 years (data were collected from Clarivate Web of Science database as of December 2022). 
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Figure 2. Schematic diagram of issues and strategies related to Zn anodes (Reproduced with permission [24] Copyright 2022, Royal Society of Chemistry [36] Copyright 2021, John Wiley & Son [37] Copyright 2018, John Wiley & Son [38] Copyright 2020, John Wiley & Son [39] Copyright 2020, John Wiley & Son [40] Copyright 2019, American Chemical Society [41] Copyright 2021, Royal Society of Chemistry). 
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2. Challenges of Zn Anodes


2.1. Dendrite Formation


The formation of Zn dendrites is a critical issue in mild aqueous ZIBs. Zn dendrites are generally caused by an irregular deposition of Zn2+ ions during the plating/stripping processes, leading to an uneven surface (Figure 3a,b). The uneven electrode surface may cause an inhomogeneous electric field and intense Zn2+ flux at the tips, aggravating dendrite growth and capacity decay [41]. On the other hand, the formation of residual “dead Zn” on the electrode can reduce Coulombic efficiency and battery lifespan. Additionally, the Zn dendrites may continuously grow and even penetrate the separator, leading to a short circuit of the cell. The electrode polarization, especially concentration polarization, affects the Zn deposition. The concentration polarization is caused by the limited migration of Zn2+ ions at the electrode/electrolyte interface, leading to a large concentration gradient perpendicular to the anode surface. The concentration polarization results in an increase in overpotential on the Zn anode. The Zn dendrite growth is also related to the current density. Generally, a large current density can aggravate the rampant growth of Zn dendrites [42]. As charge accumulates on Zn tips (also called the “tip effect”), a high electric field is created, further facilitating the growth of Zn dendrites, eventually resulting in capacity fading and short circuits [25]. In contrast, a low current density delays Zn dendrite initiation, decreasing the growth rate. At the low current density, there is less distortion of the surface electric field due to a uniform local current density distribution [43]. A negative relationship between Zn anode lifespan and current density may reflect deteriorating Zn plating/stripping behavior at high current densities that may result in the formation of Zn dendrites, whereas this will be alleviated at low current densities. However, the issue of Zn anodes under low current densities should not be neglected [42]. A short circuit will eventually occur as the dendrites grow cumulatively.



Additionally, Zn anodes demonstrate less serious dendrite issues compared to Li anodes [25,48]. In terms of its one-dimensional (1D) topology and ramified structure, the Li dendrites derive from the body-centered cubic (BCC) matrix, accounting for the aggressive piercing ability of Li dendrites (Figure 3c) [35]. The surface roughness causes an uneven electric field to develop Li dendrite growth, which stimulates the formation of an inhomogeneous solid electrolyte interface (SEI) during organic electrolyte decomposition [48,49]. The in situ formed Li SEI is not mechanically robust and stable, leading to repeated growth and fracture. Thus, Li dendrites gradually grow until they pierce the separator, causing battery failure [45]. Additionally, Li dendrites can invade the separator from various angles, as the inhomogeneous electric field distribution in the vicinity of the anode/separator interface can result in the uncontrolled ramification texture [50]. Accordingly, it is extremely challenging to eliminate the Li dendrite even using solid-state electrolytes. Unlike Li dendrites, Zn dendrites in near-neutral or mildly acidic media exhibit no invasive topologies or ramifications, reducing the destruction trend of separator piercing. Dendrites of Zn formed in near neutral or mildly acidic electrolytes were found to be two-dimensional (2D) hexagonal platelets, which was a result of a hexagonal close-packed (HCP) crystalline structure of Zn (Figure 3d). The size of 2D hexagonal platelets of plated Zn depends on the cycling conditions, electrode host, and electrolytes [25,51]. Moreover, Zn has a higher critical overpotential for dendrite nucleation than Li [35]. Since Zn dendrites have a unique topology and a high nucleation overpotential, in-depth systematic investigation is of significant scientific importance.




2.2. Hydrogen Evolution Reaction


Hydrogen evolution reaction (HER) is a common side reaction in aqueous ZIBs, determined by thermodynamics. The standard reduction potential of Zn2+/Zn (−0.76 V vs. SHE) is lower than that of HER according to the Pourbaix diagram in the entire pH range of 1–14, suggesting that the HER is more thermodynamically favorable than Zn deposition (Figure 3e) [52,53]. Although a large overpotential for the HER on Zn can suppress its kinetics, the hydrogen gas can still be gradually generated and accumulated in the cells [54]. The HER kinetics is influenced by the composition, surface area, morphology and structure of electrodes, electrolyte species, and pH [55,56,57,58,59,60,61]. The cathodic reactions that occur on Zn electrodes during the charging of the cell include:



Zn deposition:


Zn2+ + 2e− ↔ Zn



(1)







Competing HER:


2H2O + 2e− ↔ H2↑ + 2OH− (in neutral or alkaline electrolytes)



(2)






2H+ + 2e− ↔ H2↑ (in acidic electrolytes)



(3)







The hydrogen bubbles accumulated in the cell can increase internal pressure and resistance and inflate the cell [60]. Regardless of the battery’s rest (shelf life) or operation state, it is difficult to eliminate the HER [61,62].




2.3. Corrosion


Zn corrosion is another critical problem of ZIBs with mildly acidic electrolytes. The spontaneous Zn corrosion in the low pH can dissolve Zn in the aqueous electrolyte, leading to self-discharge [63]. The corrosion process is shown in Equations (4)–(6)



Anode reaction:


Zn − 2e− → Zn2+



(4)







Cathode reaction:


2H+ + 2e− → H2↑



(5)







Overall reaction:


Zn + 2H+ → Zn2+ + H2↑



(6)







The voltage of this overall reaction is calculated as follows:


  E =  E  Z  n  2 +   / Z n     −  E   H +  /  H 2    −   R T   2 F   l n      c  Z  n  2 +            c   H +       2       



(7)




where    E  Z  n  2 +   / Z n    ,    E   H +  /  H 2     ,    c  Z  n  2 +      ,    c   H +     , R, T and F represent the standard potential of Zn/Zn2+ (0.763 V vs. SHE) and H+/H2 (0 V vs. SHE), the concentration of Zn2+ and H+, thermodynamic constant (8.314 J mol−1 K−1), temperature (298.15 K) and Faraday constant (96,485 C mol−1), respectively [64]. Taking the ZnSO4 electrolyte as an example, e.g., 1 M ZnSO4 with a pH value of 4.6, 2 M ZnSO4 with a pH value of 3.6 or 2 M ZnSO4 + 0.5 M MnSO4 with the pH value of 3.1, the voltage can be calculated, respectively,


  E = 0.763 −   298.15 × 8.314   2 × 96485     l n    1        10   − 4.6      2      = 0.491  



(8)






  E = 0.763 −   298.15 × 8.314   2 × 96485     l n    1        10   − 3.6      2      = 0.541  



(9)






  E = 0.763 −   298.15 × 8.314   2 × 96485     l n    2        10   − 3.1      2      = 0.571  



(10)







The positive value of E suggests the spontaneous occurrence of this electrochemical reaction shown in Equation (6). 2 M ZnSO4 (Equation (9)) has a lower pH than 1 M ZnSO4 (Equation (8)), leading to a more positive voltage value. The addition of other sulfates, e.g., 0.5 M MnSO4 in 2 M ZnSO4 further lowers the pH value, thus raising E (Equation (10)) and promoting the corrosion process [64].



The OH− ions can be produced when H+ ions are consumed by the HER, corrosion reaction, and proton insertion into the battery-positive electrodes. In this case, secondary passive material will be formed. For example, hexagonal Zn(OH)2 and Zn4SO4(OH)6·xH2O flakes can be formed when Zn metal anodes are soaked in ZnSO4 electrolyte (Figure 3f). The reaction is as follows:


4Zn2+ + 6OH− + SO42− + xH2O ↔ Zn4SO4(OH)6·xH2O



(11)







The reaction (Equation (10)) consumes the same amount of OH− produced by the HER. Therefore, the electrolyte pH does not significantly vary [65]. In addition, ZnO and Zn(OH)2 may also be formed as by-products. Furthermore, these by-products can pose a high barrier to the diffusion of ions and transfer of electrons, leading to increased impedance and cell performance failure [46]. Moreover, the water is consumed in those side reactions, resulting in the drying of lean electrolytes, and increased internal resistance due to the interrupted ion diffusion process [66].



It is noteworthy that these problems can take place concurrently and interplay to accelerate the performance decay of ZIBs. The interactive effect includes but is not limited to (i) the growth of Zn dendrites increases the interfacial area between Zn anode and electrolyte, providing more active reaction sites for both HER and corrosion processes; (b) the coverage of hydrogen bubbles on the anode inhibits the nucleation of zinc, leading to increased overpotentials and uneven zinc deposition; (c) HER accelerates the side reaction (Equation (10)) due to the accumulation of OH− in the electrolytes; (d) the preferential oxidation of Zn (Equation (4)) on some active sites increases the roughness of the anode surface, accelerating the formation of zinc dendrites; (e) the curvature and irregularity associated with the formation of by-products induce inhomogeneous electric field distribution. Therefore, the above-mentioned issues in ZIBs must be addressed to achieve the long-term stability of the Zn anode.





3. Improvement Strategies towards High-Performance Zn Anode


3.1. Surface Modification


The charge transfer resistance, ion diffusion behavior, and redox reactions on the surface of the Zn anode are the main problems affecting the stripping and plating of Zn2+ ions [32]. The Zn electrodes coated with heterogeneous materials directly operate in the vicinity of Zn electrodeposition and stripping reactions. In addition to regulating Zn ion diffusion in an electrolyte, coating materials serve as ion-sieving filters for ion transfer within the coating. Therefore, an appropriate coating layer can inhibit undesirable reactions such as Zn dendrite formation, HER, corrosion, and other side reactions at the Zn electrode surface, which improves the electrodeposition and extends the lifespan of ZIBs. Recently, many types of materials have been investigated as interfacial layers for Zn anode, such as carbon-based materials [67,68,69,70,71,72,73,74,75,76]; metal-based materials such as metal oxides and metal sulfides [77,78,79,80,81,82,83], inorganic compounds [84,85,86,87,88,89], metal nanoparticles [90,91,92,93,94,95,96,97] and MXene [98,99,100,101]; metal-organic framework (MOF) materials [102,103,104,105,106]; polymer materials [46,60,61,107,108,109,110,111,112,113].



3.1.1. Carbon-Based Materials


The surface electric field is a critical factor in Zn nucleation and growth. Additionally, the random distribution of Zn ions during nucleation can affect the relatively balanced electric field at the surface [114]. According to the “tip effect”, Zn continues to grow because of the roughness of bare Zn, which further aggravates the imbalance of electric field distribution [34]. Therefore, it is necessary to uniformize electric field distribution on the anode surface, preventing Zn dendrites growth during the cycling process to induce a well-defined Zn nucleation. Carbon-based materials have become ideal coating materials for protecting the Zn anode due to their high conductivity, chemical stability, mechanical properties, and material diversity. Consequently, various types of carbon-based materials consisting of graphene, carbon black, activated carbon (AC), and carbon nanotubes (CNTs) are often used as conductive interfacial layers on Zn anodes. This strategy can minimize charge accumulation and balance surface charge distribution, resulting in a smooth Zn deposition process with high stability and reversibility.



For example, Zhou et al. reported a thin and uniform layer of graphene oxide (GO) coated on a Zn mesh (~15 µm) (Zn@GO) using a solution casting method, which effectively alleviates the Zn dissolution into the electrolyte [69]. The GO layer on the Zn surface enables electrons to cross the ZnO insulator (Figure 4a) due to the encapsulation of ZnO by GO, which slows down the dissolution of Zn intermediates into the electrolyte and enhances the rechargeability and utilization of Zn anodes. The results showed that the morphology of Zn@GO remained in its original shape after cycling (Figure 4b), which proved that the GO layer successfully encapsulated ZnO products and reduced the dissolution rate of Zn intermediates. Due to its abundance of O-containing groups, rich functional groups, and flexible matrix, GO benefits homogenous Zn deposition and aids stress release during Zn plating/stripping processes [115].



In addition to GO, carbon black is another ideal coating material for the Zn anode. Wang et al. introduced the coating of carbon black on Zn foil (ZF@CB) with the support of nanofibrillated cellulose (NFC) using a drop coating method [70]. As shown in Figure 4c, spherical carbon black particles can create a continuous conductive network with enough void space to accommodate the plated Zn. Additionally, the coating of carbon black on Zn foil can enlarge the electroactive area. As a result, the modified anode eliminates dendritic growth and side effects. In the meantime, carbon black adheres to Zn foil by an NFC, which an aqueous electrolyte can easily penetrate. The NFC serves as an electrolyte reservoir and guides uniform Zn deposition during charging. Consequently, the symmetric ZF@CBǁZF@CB cells showed a lower overpotential (160 mV) than the ZFǁZF cells (280 mV) at a current density of 0.5 mA cm−2 due to a much larger electroactive area for Zn plating/stripping provided by the carbon black coating layer (Figure 4d). Then, the cycling stability of Zn-MnO2 batteries was remarkably enhanced by the ZF@CB anode, which exhibited higher capacity retention (87.4%) than that of pure ZF (42.6%) after 1000 cycles at the current density of 3 A g−1. Conclusively, the improvement of cyclability was attributed to a large surface area and high electrical conductivity of the carbon black coating layer.



Carbon nanotubes (CNTs) are another well-known one-dimensional material with high electrical conductivity, low weight, and excellent chemical stability. Li et al. applied a dip-coating method to prepare a Zn-CNTs anode [71]. Zn nuclei with a high overpotential deposit on the surface of the Zn foil due to the anisotropic deposition process of Zn during the charging process, and these dendrites continue to develop with increasing cycles. With the help of charge redistribution effects of CNTs on overpotential, uniform Zn nanosheets can be observed on the Zn foil surface without dendrite formation after 400 h (Figure 4e,f). The Zn-CNTs anode effectively inhibits Zn dendrites and controls the side reaction, thus demonstrating an outstanding cyclability of the Zn-CNTsǁZn-CNTs symmetric cells (33 times longer than the bare Zn foil) without polarization up to 400 h (Figure 4g). Benefitting from the Zn-CNTs anode, the Mn2+/Zn2+ hybrid batteries performed well over 11,000 cycles with 100% capacity retention (Figure 4h).



Overall, carbon-based material coatings provide conductive protection. Due to their mechanical strength, dendrites cannot penetrate the separator, effectively inhibiting the growth of dendrites. Moreover, high-conductivity carbon-based materials provide strong electric field strength, reduce charge accumulation, and promote uniform electric field distribution. A summary of the coating strategies and electrochemical results for carbon materials can be found in Table 1.
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Figure 4. (a) Diagram of morphological changes occurring on zinc electrodes during electrochemical cycling and (b) SEM images of bare Zn anode before and after cycling and SEM images of bare Zn@GO anode before and after cycling (Reproduced with permission [69] Copyright 2019, Elsevier). (c) Schematic illustrations for the evolution of surface morphology of the pure ZF and ZF@CB during Zn plating and (d) Cycling performance of ZF@CB|ZF@CB symmetrical cells at the current density of 0.5 mA cm−2 (Reproduced with permission [70] Copyright 2020, Elsevier). (e) Schematic illustrations for morphology evolution of bare Zn anode and anti-dendrite mechanism of Zn-CNTs anode, (f) SEM image of Zn-CNTs surface after 400 h. (g) Typical galvanostatic discharge-charge profiles of symmetric cells with bare Zn foil and Zn-CNTs anode at a current density of 0.5 mA cm−2, and (h) cycling performance at 5 mA cm−2 and Coulombic efficiency as a function of cycles (Reproduced with permission [71] Copyright 2019, John Wiley & Son). 
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3.1.2. Metal-Based Materials


Generally, ideal interfacial layers should have the following characteristics: (1) chemical and electrochemical inertness for preventing reactions with the electrolyte; (2) mechanically strong to resist volume change and dendrite growth; and (3) wettability to electrolytes or unique ion channels to facilitate ion diffusion [39,114]. As insulating layers at the Zn-electrolyte interface, various metal-based materials have been reported.



Metal Oxide and Sulfide Materials


Metal oxide and sulfide materials have been recently studied as an effective coating material to form a passivation layer and regulate the distribution of Zn2+ ion at the interface, including ZnS [39], Al2O3 [77], HfO2 [78], Sc2O3 [79], TiO2 [80], ZrO2 [81], MoS2 [82], ZnO [83]. For instance, Hao et al. introduced a vapor–solid strategy to obtain a robust and homogeneous ZnS artificial layer on the Zn surface at 350 °C (ZnS@Zn-350) (Figure 5a), which effectively improved the Zn reversibility [39]. By forming a physical barrier on the surface of Zn, the dense ZnS artificial layer suppressed Zn corrosion by blocking the electrolyte and inhibited dendrite growth by guiding the Zn plating/striping beneath the artificial layer (Figure 5b). As a result, the ZnS@Zn-350 symmetric cell displayed extended cycling stability over 1100 h at a current density of 2 mA cm−2, while the symmetric cell of bare Zn showed a short circuit after 200 h due to a dynamic dendrite-induced short circuit (Figure 5c). Moreover, excellent cycling stability of the MnO2/ZnS@ZN-350 full-cell was obtained with 87.6% capacity retention after 2500 cycles (Figure 5d). Due to the mechanical robustness and high ionic conductivity, ZnS is stable in aqueous electrolytes, facilitating dendrite-free Zn during the plating and stripping process.



In addition, Dai et al. applied a facile coating method to coat the γ-Al2O3 on the surface of Zn foils by using a tetrahedral preparator [77]. The γ-Al2O3 artificial layer can guide the uniform deposition of Zn ions and act as a conductive layer to accelerate ion diffusion due to its hydrophilicity. They also emphasized that the thickness of a protective layer should be controlled to achieve superior electrochemical performance. A thick coating can inhibit the contact of Zn foil with the electrolyte and hinder the migration of Zn ions and limit the number of Zn ions transported. A thin coating can promote the migration rate of Zn ions, but the effects of uniformity, anticorrosion, and dendrite suppression may not be optimized. A proper thickness of the γ-Al2O3 coating layer lowers the reactivity of Zn anodes with electrolyte and improves the uniformity of Zn plating/stripping, which reduces the development of Zn dendrites and suppresses side reactions. The mechanism of different γ-Al2O3 coating thicknesses compared to bare Zn is displayed in Figure 5e. It is observed that the 15 µm thick γ-Al2O3 coated Zn foil (Zn@Al2O3-15) exhibited the best performance and maintained a stable lifetime of 300 h at the lowest overpotential of 21 mV at 1.0 mA cm−2 (Figure 5f). The coating layer of γ-Al2O3 with a thickness of 15 µm facilitated the rapid migration of Zn2+ ions and led to a uniform Zn nucleation and growth process, hindering the formation of dendrites and by-products. Al2O3, TiO2, and ZrO2 have high dielectric constants, enabling them to control electrolyte flux and separate charges over significant distances at the interface [80,81].
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Figure 5. (a) Schematic illustrations for preparing ZnS coated Zn foil. (b) Mechanism of anti-dendrite and blocking site reactions of ZnS during plating process. (c) Cycling performance of symmetric ZnǁZn and ZnS@ZnǁZnS@Zn cells. (d) Specific capacity and Coulombic efficiency of Zn/ZnS@Zn-MnO2 batteries (Reproduced with permission [39] Copyright 2020, John Wiley & Son). (e) Schematic illustrations for the morphological evolution of bare Zn and γ-Al2O3 coated on Zn foils with different coating thicknesses during stripping/plating process. (f) Galvanostatic charge/discharge cycling voltage profiles of Zn@Al2O3-15 symmetric cell (Reproduced with permission [77] Copyright 2021, Elsevier). 
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Inorganic Compounds


The porous nature of inorganic compounds allows them to be used as adequate protective layers for inhibiting dendrite growth and buffering volume change during repeated Zn stripping/plating, redistributing zinc ions, and reducing the ion concentration gradient generated by preferential ion flux [84,85,86,87,88,89]. For example, a porous nano-CaCO3 coating material for the protection of Zn anode (nano-CaCO3-coated-Zn) was reported by Kang et al. [84]. Due to the high porosity, nano-CaCO3-coating can be promptly permeated by an aqueous electrolyte, promoting a relatively uniform electrolyte flux and an even Zn plating rate (Figure 6a). The nanopores of the nano-CaCO3 coating confine Zn nuclei with small sizes, which explains the lower polarization of these electrodes. As a result, dendrite growth and short-circuit issues were effectively prevented, enabling an extended performance for the Zn anode (Figure 6b).



In addition, Deng et al. proposed kaolin as a coating material owing to its sieve-element function (selective channel of Zn2+) and uniform pore distribution [86]. Because of the uniform pore distribution, the layer structure of kaolin exhibited good mobility and Zn2+ transfer in a neutral environment. During the charge/discharge process, Zn ions tend to accumulate on the tips and grow on the surface of the anode to lower the surface energy, which is systematically shown in Figure 6c. The confinement of Zn2+ transfer in kaolin is described in Figure 6d. Because of the confined structure of uniform porous kaolin layers, Zn dendrites were prevented. Thus, kaolin was an appropriate interfacial and protective covering on the Zn surface, regulating the transmission of Zn2+ and isolating bulk electrolytes from the Zn electrode. Benefiting from these advantages, the kaolin-coated Zn anode (KL-Zn) ensured the growth of dendrite and restrained side reactions (Figure 6e). As a result, the long-time stability of the KL-Zn symmetric cell could be maintained up to 800 h at the current density of 4.4 mA cm−2 and 1.1 mAh cm−2 areal capacity (Figure 6f).



Hence, the insulating layers, which do not participate in any reactions, not only block zinc dendrites directly but also allow the electrolyte to penetrate and enrich Zn2+ within a narrow range near the anode surface, improving the Zn deposition and reversibility of the Zn anode.
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Figure 6. (a) Schematic diagrams of the morphological evolution of bare Zn and nano-CaCO3-coated Zn during Zn plating/stripping cycling. (b) Typical GCD profiles of Zn|ZnSO4+MnSO4|Zn symmetric cells with bare Zn and nano-CaCO3-coated Zn electrodes (Reproduced with permission [84] Copyright 2018, John Wiley & Son). (c) Schematic diagrams of Zn deposition process on bare Zn and KL-Zn. (d) Schematic representation of confined Zn2+ transmission in kaolin. (e) Schematic illustrations of morphology transformation of bare Zn and KL-Zn anodes during Zn2+ deposition process. (f) Long-term galvanostatic cycling results of symmetrical cells with bare Zn and KL-Zn electrodes (Reproduced with permission [86] Copyright 2020, John Wiley & Son). 
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Others


Various metal nanoparticles have been investigated for Zn metal anode surface coating, including Au [90], Cu [91], Sn [92], and In [93]. Due to their excellent anticorrosion properties and effectiveness in reducing Zn nucleation energy, metal nanoparticles provide superior electrochemical performance. For instance, a uniform and stable Zn plating/stripping process is enabled by the pre-formed seeds created by sputtering the Au nanoparticles on the Zn anode surface (Figure 7a) [90]. Comparing the NA-Zn-60 electrode with bare ZF, the NA-Zn-60 electrode showed a relatively uniform surface morphology after cycling (Figure 7b). Additionally, Cai et al. successfully coated Zn metal with Cu nanoparticles using 0.1 M CuCl2 as a precursor solution (Figure 7c) [91]. Improved stability of the Cu/Zn anode was due to the excellent corrosive resistance and positive electrode potential of Cu (Figure 7d), which is electrochemically converted to Cu-Zn alloy/Zn composite during cycling. Table 2 shows different metal nanoparticles coated on Zn anodes. Metal nanoparticles provide homogeneous surface electrical fields due to their superior electric conductivity. The Zn metal may also be inhibited by the anticorrosion properties of some metals in aqueous electrolytes. As seed layers on the surface of the Zn anode, metal nanoparticles could further facilitate easier zinc nucleation. In addition, Zn plating is facilitated by the interaction between metal and Zn atoms, providing several nucleation sites. As a result of the above merits, metal nanoparticle-coated Zn anodes are highly reversible during the stripping/plating process.



Since their superior electrical and mechanical properties, MXene transition metal carbides have been extensively explored as an excellent material in the energy storage field [98,99,100]. An in situ spontaneously reducing and assembling strategy has been developed to fabricate a highly uniform artificial MXene (Ti3AlC2) layer to homogenize the surface electric field and smooth the Zn deposition on the Zn surface (Figure 7e) [98]. Through the charge redistribution effect, the MXene layer confers a lower Zn nucleation energy barrier and uniformly distributed electric field on the Zn anode compared with the pure Zn anode (Figure 7f). Therefore, Zn-ion batteries with MXene-integrated Zn anodes retain the high capacity and have low polarization potential without showing apparent voltage hysteresis (Figure 7g,h). Tian et al. also proved that MXene (Ti3C2Tx) effectively regulated Zn deposition behavior (Figure 7i) [100]. In addition to the increased surface area, the enhanced hydrophilicity of MXene can also ensure low current density and high ion mobility, hence obviating the formation of Zn dendrites after long charge–discharge cycles (Figure 7j). Also, the layered structure of MXene introduces zincophilic and chemically inert seed crystals as Zn nucleation sites for more uniform Zn deposition [101]. As a result of its unique layering structure and high conductivity, MXene is an ideal material for anode support.
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Table 2. Summary of metal nanoparticles (NP) and MXene as coating materials for improving Zn metal anodes.
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	Metal NPs
	Overpotential
	Performance
	Cycled Life
	Ref





	Au
	~100 mV
	0.25 mA cm−2–0.05 mAh cm−2
	2000 h
	[90]



	Cu
	~30 mV
	1 mA cm−2–0.5 mAh cm−2
	1500 h
	[91]



	Sn
	~25 mV
	1 mA cm−2–0.5 mAh cm−2
	500 h
	[92]



	In
	~54 mV
	0.2 mA cm−2–0.2 mAh cm−2
	1500 h
	[93]



	In
	~15 mV
	0.25 mA cm−2–0.05 mAh cm−2
	1400 h
	[94]



	Cu
	~50 mV
	1 mA cm−2–1 mAh cm−2
	5000 h
	[95]



	Ag
	~25 mV
	0.25 mA cm−2–0.25 mAh cm−2
	1500 h
	[96]



	Ridge-like Zn
	~52 mV
	1 mA cm−2–0.2 mAh cm−2
	400 h
	[97]



	MXene
	47 mV
	0.2 mA cm−2–0.2 mAh cm−2
	>800 h
	[98]



	MXene
	75 mV
	1 mA cm−2–1 mAh cm−2
	300 h
	[100]
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Figure 7. (a) Schematic illustration of the Zn stripping/plating process on B-Zn and NA-Zn anode and (b) SEM images of B-Zn and NA-Zn after 100 cycles at 0.25 mA cm−2–0.05 mAh cm−2 of symmetric Zn cells (Reproduced with permission [90] Copyright 2019, American Chemical Society). (c) Diagram illustrating the fabrication process of the Cu/Zn electrode and (d) Schematic illustration of the function, and the top-view and cross-section SEM images of Cu/Zn electrode (Reproduced with permission [91] Copyright 2020, Elsevier). (e) Schematic illustration of synchronous reduction and assembly of MXene layers on Zn foils, (f) illustration of Zn plating behavior of MXene-coated Zn and pure Zn, (g) long-term cycling performance at 0.2 mA cm−2–0.2 mAh cm−2, and (h) long-term cycling performance at 1 A g−1 after 500 cycles. (Reproduced with permission [98] Copyright 2021, John Wiley & Son). (i) The evolution of the morphology of the bare Zn and Ti3C2Tx MXene@Zn anodes during stripping and plating and (j) SEM image bare Zn and Ti3C2Tx MXene@Zn anode after being cycled (Reproduced with permission [100] Copyright 2019, American Chemical Society). 
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3.1.3. Metal-Organic Framework (MOF)


MOF materials have drawn much attention recently because of their large surface area, high microporosity, uniform pore dispersion, and multifunctionality [116,117]. Several MOFs have been utilized as coating protectors for the Zn anode, such as zeolite imidazolate framework-7 (ZIF-7) [102], zeolite imidazolate framework-8 (ZIF-8) [103,104,105], and Universitetet I Oslo-66 (UIO-66) MOFs [106]. For example, Liu et al. prepared ZIF-8 as a coating layer deposited on Zn foil (ZIF@Zn) by a one-step solvent thermal method [103]. Because of well-organized porous channels and rich N species, ZIF-8 can easily coordinate Zn2+ ions and modulate the plating rate at the Zn anode interface. The porous structure of the ZIF-8 layer allows orderly nanosized channels to separate the space above the Zn anode into small confinements, enhancing Zn2+ flux within each confinement and guiding a uniform Zn nucleation and plating rate (Figure 8a). Additionally, a certain amount of Zn2+ will be held by N species because of the strong interaction between Zn2+ ions and N atoms in ZIF-8 (Figure 8b). Since Zn2+ ions near Zn surfaces are consumed during plating, the supplementary Zn2+ ions will be more effective on Zn@ZIF-8, ensuring homogeneous Zn deposition (Figure 8c). Therefore, the symmetric ZIF@ZnǁZIF@Zn cell demonstrated a stable overpotential at a low voltage of 58 mV with ultralong cycling for over 1200 h (Figure 8d).



On the other hand, Liu et al. proposed an artificial composite protective layer of UIO-66 to reconstruct the Zn/electrolyte interface [106]. Thus, a good interface contact is formed between UIO-66 particles and the electrolyte (Figure 8e). Due to the hydrophilic property of the UIO-66 coating layer, the UIO-66 particles immersed with electrolyte enabled a well-contacted interface and modulated even Zn plating, leading to the suppression of Zn dendrite. At the same time, insufficient wetting of the electrolyte on the bare Zn anode resulted in localized current flow, which led to dendrite formation. A zincophilic interface formed by the microporous UIO-66 significantly reduced the interface charge transfer resistance and improved the wettability of the Zn anode (Figure 8f). The UIO-66 coating also decreases the overpotential of the battery (Figure 8g), reduces the nucleation energy, and promotes zincophilicity on the interface. As a result, Zn plating and stripping cycles can be maintained for over 500 cycles without short circuits (Figure 8h). According to previous research, a porous structure is observed in the metal-organic framework (MOF), and a unique organic–inorganic structure is discovered in the organic–inorganic composite coating. Further, these coating materials can effectively suppress side reactions caused by water due to the desolvation effect. Table 3 showed the comparison of some MOF materials-coated on Zn anode in previous literature.
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Figure 8. (a) Schematic diagram of the morphology evolution of bare Zn and ZIF@Zn anodes during cycling, (b) schematic illustration of the interaction between Zn and ZIF-8, (c) SEM image of the ZIF@Zn, and (d) voltage profile of symmetric bare Zn and Zn@ZIF cells at 2 mA cm−2 with a capacity of 1 mAh cm−2. (Reproduced with permission [103] Copyright 2020, John Wiley & Son). (e) Schematic propose of Zn plating mechanism on bare Zn and UIO-66-coated Zn, (f) the contact angles between the electrolyte and different anodes as well as the electrochemical impedance spectra of Zn-symmetric cells, (g) Zn plating voltage curves for bare and coated Zn at various current densities, and (h) voltage profile of galvanostatic Zn plating/stripping at 3 mA cm−2 for different Zn electrodes. (Reproduced with permission [106] Copyright 2019, American Chemical Society). 






Figure 8. (a) Schematic diagram of the morphology evolution of bare Zn and ZIF@Zn anodes during cycling, (b) schematic illustration of the interaction between Zn and ZIF-8, (c) SEM image of the ZIF@Zn, and (d) voltage profile of symmetric bare Zn and Zn@ZIF cells at 2 mA cm−2 with a capacity of 1 mAh cm−2. (Reproduced with permission [103] Copyright 2020, John Wiley & Son). (e) Schematic propose of Zn plating mechanism on bare Zn and UIO-66-coated Zn, (f) the contact angles between the electrolyte and different anodes as well as the electrochemical impedance spectra of Zn-symmetric cells, (g) Zn plating voltage curves for bare and coated Zn at various current densities, and (h) voltage profile of galvanostatic Zn plating/stripping at 3 mA cm−2 for different Zn electrodes. (Reproduced with permission [106] Copyright 2019, American Chemical Society).



[image: Batteries 09 00041 g008]







[image: Table] 





Table 3. Summary of metal oxides, metal sulfides, metal-organic frameworks (MOFs) and inorganic compounds coated on Zn surface.
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	Material
	Overpotential
	Performance
	Cycled Life
	Ref





	ZnS
	98 mV
	2 mA cm−2–2 mAh cm−2
	1100 h
	[39]



	Al2O3
	~200 mV
	1 mA cm−2–0.5 mAh cm−2
	300 h
	[77]



	HfO2
	~40 mV
	0.4 mA cm−2–0.1 mAh cm−2
	150 h
	[78]



	Sc2O3
	~40 mV
	0.5 mA cm−2–0.5 mAh cm−2
	280 h
	[79]



	TiO2
	50 mV
	0.4 mA cm−2–0.2 mAh cm−2
	160 h
	[80]



	ZrO2
	24 mV
	0.25 mA cm−2–0.125 mAh cm−2
	3700 h
	[81]



	MoS2
	120 mV
	2.5 mA cm−2–0.416 mAh cm−2
	160 h
	[82]



	CaCO3
	~100 mV
	0.25 mA cm−2–0.05 mAh cm−2
	836 h
	[84]



	NaTi2(PO4)3
	17.4 mV
	0.4 mA cm−2–0.2 mAh cm−2
	200 h
	[85]



	Kaolin
	~100 mV
	4.4 mA cm−2–1.1 mAh cm−2
	800 h
	[86]



	ZnP
	31 mV
	2 mA cm−2–1 mAh cm−2
	1100 h
	[87]



	Zeolite
	60 mV
	1 mA cm−2–0.5 mAh cm−2
	1200 h
	[88]



	Zn3(PO4)2
	~30 mV
	1 mA cm−2–0.5 mAh cm−2
	3000 h
	[89]



	MOF
	~60 mV
	0.5 mA cm−2–0.5 mAh cm−2
	3000 h
	[102]



	ZIF-8
	~25 mV
	2 mA cm−2–1 mAh cm−2
	1300 h
	[103]



	ZIF-8
	105 mV
	0.25 mA cm−2–0.05 mAh cm−2
	170 h
	[105]



	UIO-66
	~50 mV
	1 mA cm−2–0.5 mAh cm−2
	500 h
	[106]









3.1.4. Polymer


Polymers have abundant functional groups such as C=O and N–H that can provide absorption/coordination sites and transport the Zn2+ to the reaction interface along the polymer chains, modulating the uniform distribution of Zn2+ and improving the cycling stability. Some common polymers materials, consisting of polyimide [46], poly(vinyl butyral) [60], polyamide [61], poly(vinylidene difluoride) (PVDF) [107], polyacrylonitrile (PAN) [108], and cyanoacrylate [109] have been studied as coating materials for Zn anode due to their rich functional groups. As shown in Table 4, various polymer coating materials for Zn surface engineering were summarized.



For example, polyimide was used as a covering material for Zn anodes to improve Zn deposition and suppress side reactions. Zhu et al. proposed that a polyimide coating layer could act as an insulating layer to provide ohmic resistance control for suppressing corrosion [46]. Figure 9a shows how the polyimide layer acts as an anticorrosion mechanism. By separating Zn and the electrolyte, the polyimide layer prevents the formation of anodic and cathodic sites at the interface between Zn and the electrolyte. Additionally, the strong polar and electron-donating sites in carbonyl oxygen atoms of the polyimide chain (Figure 9b) form stable bonds with the electron-accepting sites on the Zn surface to create coordination ions during cycling. Hence, coordination ions built a Zn blanket at the electrode/electrolyte interface during cycling, which minimized concentration gradients and allowed fast kinetics and low overpotentials during the plating and stripping processes. Consequently, the polyimide-Zn anode had a lower overpotential and longer cycle lifespan than the pure Zn foil counterpart (25 mV vs. 100 mV and 300 h vs. 105 h, respectively), at a current density of 4 mA cm−2 with a total capacity of 2 mAh cm−2 (Figure 9c).



In another work, a ternary polymer poly(vinyl butyral, vinyl alcohol, and vinyl acetate), PVB, coating with rich polar functional groups was fabricated by Hao et al. [60]. It was found that PVB coating effectively removed solvated water during Zn plating/stripping and significantly inhibited the occurrence of side reactions, as shown in Figure 9d. The PVB coating also assisted in dissolving and depositing Zn2+ ions evenly on the Zn surface, guiding electrolyte distribution. Hence, PVB coatings prevent Zn dendrites from growing and undergoing side reactions (Figure 9e,f).



On the other hand, Cao et al. utilized a solvent-free cyanoacrylate adhesive (502-glue) as a coating layer on the Zn surface using the spin-coating method (Figure 9g) [109]. As shown in Figure 9h, due to the adsorption function between Zn2+ ions and polar cyano groups present in 502-glue backbones, lateral diffusion, and aggregation of Zn2+ along the surface can be adjusted during the nucleation process with the 502-glue coating, resulting in fine nuclei of varying sizes. Additionally, absorbed Zn2+ could not transfer laterally because of the additional energy barrier and therefore lands close to the initial nucleation sites rather than moving elsewhere. Moreover, the covering layer plays a vital role as an artificial solid/electrolyte interphase, effectively inhibiting the corrosion of the Zn anode from water molecules and O2 evolution, preventing the formation of dendrite and other side reactions. Furthermore, the Zn nucleation sites are distributed evenly and orderly in the 502-glue backbone due to the adsorption effect between Zn2+ and the polar cyano groups. As a result, a constant voltage profile after 400 h at 2 mAcm−2 and 1 mAh cm−2 was achieved with a smooth surface Zn electrode (Figure 9i,j).



To sum up, an artificial SEI between the electrode and the electrolyte was created by using a polymer coating. Polymers with large functional groups contribute great sites for Zn ions adsorption and coordination, regulating Zn2+ migration to the reaction interface along polymer chains. Additionally, polymers also act as an electrostatic shield to avoid Zn2+/electrons accumulation. The superior adhesion of polymers on the Zn surface hinders the corrosion caused by water, O2, and other side reactions, leading to the high performance of the Zn anode.
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Table 4. Summary of polymers used as coating layers on Zn anodes.
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	Material
	Overpotential
	Performance
	Cycled Life
	Ref





	Polyimide
	~25 mV
	4 mA cm−2–2 mAh cm−2
	300 h
	[46]



	PVB
	~80 mV
	0.5 mA cm−2–0.5 mAh cm−2
	2200 h
	[60]



	Polyamide
	~100 mV
	0.5 mA cm−2–0.25 mAh cm−2
	8000 h
	[61]



	PVDF
	~60 mV
	0.25 mA cm−2–0.05 mAh cm−2
	2000 h
	[107]



	PAN
	~75 mV
	1 mA cm−2–1mAh cm−2
	1150 h
	[108]



	502-glue
	~ 50 mV
	2 mA cm−2–1 mAh cm−2
	400 h
	[109]



	PVA
	~125 mV
	0.25 mA cm−2–0.25 mAh cm−2
	5000 h
	[110]



	PFPE
	~40 mV
	1 mA cm−2–1 mAh cm−2
	800 h
	[111]



	PPy
	~25 mV
	2 mA cm−2–1 mAh cm−2
	600 h
	[112]



	SPEEK
	~40 mV
	1 mA cm−2–1 mAh cm−2
	500 h
	[113]







PVB = poly(vinyl butyral), PVDF = poly(vinylidene difluoride), PAN = polyacrylonitrile, PVA = polyvinyl alcohol, PFPE = perfluoropolyether, PPy = polypyrrole, SPEEK = sulfonated poly(ether ether ketone) (SPEEK).
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Figure 9. (a) Mechanism of anti-corrosion providing by polyimide layer, (b) structure of polyimide, (c) long-term galvanostatic cycling of symmetrical cells with bare Zn and polyimide-Zn anode at a current density of 4 mA cm−2 and capacity of 2 mAh cm−2 (Reproduced with permission [46] Copyright 2021, John Wiley & Son). (d) Schematic illustration of the morphological evolution of a bare Zn and PVB@Zn symmetrical cell during stripping/plating cycles, (e) images of electrodes stripped out of cells after 100 cycles of Zn and PVB@Zn, and (f) in situ optical microscope images of Zn electrodes and PVB@Zn electrodes in symmetric transparent cells, along with the specified plating/stripping cycles. (Reproduced with permission [60] Copyright 2020, John Wiley & Son). (g) Schematic diagram of a preparation of cyanoacrylate adhesive (502-glue) coating on Zn foil, (h) schematic diagram of the mechanism of 502-glue for suppressing Zn dendrite, (i) cycling stability for symmetrical cells of bare Zn and 502-Zn at 2 mA cm−2 for 1 mAh cm−2, and (j) morphology of bare zinc foil (left) and 502-decorated Zn foil (right) obtained from symmetric Zn cells after zinc stripping/plating for 100 cycles at 0.5 mA cm−2 for 0.25 mAh cm−2. (Reproduced with permission [109] Copyright 2021, Elsevier). 






Figure 9. (a) Mechanism of anti-corrosion providing by polyimide layer, (b) structure of polyimide, (c) long-term galvanostatic cycling of symmetrical cells with bare Zn and polyimide-Zn anode at a current density of 4 mA cm−2 and capacity of 2 mAh cm−2 (Reproduced with permission [46] Copyright 2021, John Wiley & Son). (d) Schematic illustration of the morphological evolution of a bare Zn and PVB@Zn symmetrical cell during stripping/plating cycles, (e) images of electrodes stripped out of cells after 100 cycles of Zn and PVB@Zn, and (f) in situ optical microscope images of Zn electrodes and PVB@Zn electrodes in symmetric transparent cells, along with the specified plating/stripping cycles. (Reproduced with permission [60] Copyright 2020, John Wiley & Son). (g) Schematic diagram of a preparation of cyanoacrylate adhesive (502-glue) coating on Zn foil, (h) schematic diagram of the mechanism of 502-glue for suppressing Zn dendrite, (i) cycling stability for symmetrical cells of bare Zn and 502-Zn at 2 mA cm−2 for 1 mAh cm−2, and (j) morphology of bare zinc foil (left) and 502-decorated Zn foil (right) obtained from symmetric Zn cells after zinc stripping/plating for 100 cycles at 0.5 mA cm−2 for 0.25 mAh cm−2. (Reproduced with permission [109] Copyright 2021, Elsevier).



[image: Batteries 09 00041 g009]







3.2. Structural Design Optimization


Reduced dendrite growth can be effectively achieved by modifying the Zn anode structure. The structural design is aimed to reduce the internal resistance and inhibit the uneven distribution of Zn2+ ion on the anode surface, which effectively impedes the shape change and dendrite formation [22]. Numerous forms of Zn anodes can be classified based on their internal bulk structure, such as 3D framework-hosted Zn anodes [40,118,119,120] and Zn alloy anodes [121,122,123,124,125,126,127,128].



3.2.1. Three-Dimensional (3D) Network Hosted Zn Anodes


Increasing the surface area of Zn electrodes is one of the most practical methods for improving the electrochemical performance of Zn anodes, providing a long cyclability of ZIBs. A large surface area of an electrode can form an even electrical field and disperse current density, avoiding the critical current density caused by dendrite growth. Additionally, extensive contact with electrolytes allows the homogeneous dispersion of ions. The 3D structures enable Zn dendrites to grow in confined space, reducing the risk of short circuits puncturing the separator to a certain degree.



For instance, the plating/stripping performances of Zn anodes can be enhanced by supporting 3D porous metal structures. Kang et al. proposed that the 3D porous copper scaffold has good electrical conductivity and a well-defined open structure, facilitating uniform Zn deposition [40]. A highly stable 3D Zn anode was prepared by electrodepositing Zn on a chemically etched porous copper scaffold (3D Zn@Cu) (Figure 10a). As shown in Figure 10b, bare planar Zn foil electrodes exhibit large dendrites and partial oxidation, which suggests that the plating/stripping of Zn has a short lifespan. Due to their dual role as a current collector and an active material, planar Zn foils experience volume and electrical properties variations during the deposition and stripping of Zn from their surface, resulting in unstable electrochemical behavior. As opposed to this, the 3D Zn@Cu electrodes always maintain high electrical conductivity and can effectively accommodate the volume changes that result from Zn deposition/stripping. Thus, the symmetric 3DZn@Cu cell shows a low voltage hysteresis of only 40 mV, corresponding to cycling stability over 350 h, which is better than that of the bare planar Zn foil with a higher overpotential (100 mV) and a shorter lifespan (110 h) (Figure 10c).



Carbon-based materials have been generally reported as 3D structure electrodes in battery research due to their large surface area, structural stability, and superior electrical conductivity. A simple method for preparing Zn anodes is to electrodeposit dense Zn films onto carbon skeletons. For example, Zeng et al. constructed a 3D carbon nanotubes (CNTs) structure on a carbon cloth substrate (CC) for Zn dendrite-free deposition as a Zn plating/stripping scaffold [118]. It was observed that a higher charge region appears near the isolated Zn nuclei sites compared to other areas on the bare CC surface (Figure 10d). Consequently, more Zn2+ flux can adsorb onto nucleation centers, leading to preliminary uneven Zn deposition because of the apparent intensity gradient. According to Figure 10b, Zn dendrite growth occurred from the continuous deposition of Zn2+ on protuberance sites during cycling. With the introduction of the 3D CNT scaffold, the electric field streamlines become uniform, and this unique property is attributed to the enlarged specific area due to its 3D architecture and the minimized Zn nuclei size (Figure 10a). The 3D structure ensures more homogeneous Zn2+ adsorption to the electrode surface due to the uniformly distributed electric field. Consequently, Zn is evenly distributed onto the CNT surface at the early stage, and further cycling did not result in the development of Zn dendrites (Figure 10e). The Zn/CNT anode showed a remarkable electrochemical performance with a low overpotential and long-time cycling (27 mV and 200 h), while bare Zn deposited on CC (Zn/CC) anode exhibited a larger overpotential and short cyclability (70 mV and 50 h) (Figure 10f), implying that the CNT network plays a vital role in Zn deposition performance. By taking advantage of the low Zn nucleation overpotential and uniformly distributed electric field, the CNT electrode effectively eliminates the negative impacts of Zn dendrites and other byproducts during electrochemical deposition, resulting in highly reversible Zn plating/stripping for a long-life cycle.



In addition to the large surface area, MOFs are another porous material applying battery fields, the same as 3D carbon-based materials. MOFs provide specific chemical compositions and quickly transform into a 3D structure by thermal treatment. For instance, Wang et al. reported that ZIF-8 was an excellent candidate for hosting Zn plating/stripping [120]. Because of its intrinsic porous structure, ZIF-8 can be moderately thermally reduced to create a uniformly distributed elemental Zn that can act as a nucleation site, resulting in an even deposition of Zn. However, high temperatures between 500 and 800 °C could cause Zn volatilization, which seriously diminishes the amount of Zn elemental (Figure 10g). It is observed that the electrochemical performance of the ZIF-8-500 electrode had the highest Coulombic efficiency of 99.8% and cyclic stability over 200 cycles compared to the others (Figure 10h,i), suggesting the best reversibility of Zn deposition using ZIF-8-500 as an anode. As illustrated in Figure 10j, the initial Zn plating occurs mainly on ZIF-8-500 particles because ZIF-8-500 contains trace amounts of Zn0, which serve as nuclei for Zn plating. Following initial plating, the ZIF-8-500 particles with Zn can be used as substrates with uniform Zn-nuclei for further plating, resulting in dendrite-free depositing of Zn. Hence, a smooth surface with uniform morphology is consistently produced even at high capacity (Figure 10k). These results proposed that the ZIF-8-500 electrode could be used to develop a high-capacity zinc anode.
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Figure 10. (a) Schematic illustration of the procedures to prepare 3DZn@Cu anode, (b) schematic diagrams of Zn deposition/stripping processes on 3DZn@Cu and planar Zn foil anode, and (c) cycling performance at a constant current of 0.5 mA cm−2 of 3DZn@Cu and planar Zn foil anodes. (Reproduced with permission [40] Copyright 2019, American Chemical Society). (d) Simulation of electric field distribution on Zn/CC and Zn/CNT, (e) schematic illustration of Zn deposition on the CC and CNT electrodes, and (f) Electrochemical performance of Zn/CC and Zn/CNT at the current density of 2 mA cm−2 and areal capacity of 2 mAh cm−2. (Reproduced with permission [118] Copyright 2019, John Wiley & Son). (g) TEM images and elemental mapping of the ZIF-8 samples prepared at 400, 500, 600, and 800 °C, (h) the polarization of the plating and stripping for the different electrodes at 2 mA cm−2 and 1 mAh cm−2, (i) Coulombic efficiency of the plating and stripping for the different electrodes at 2 mA cm−2 and 1 mAh cm−2, (j) schematic illustration of Zn plating, and (k) SEM images of Zn plating at a current density of 1 mA cm−2 with different capacities. (Reproduced with permission [120] Copyright 2019, Elsevier). 
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3.2.2. Zn Alloying


In terms of regulating the physiochemical properties of Zn anodes and optimizing their electrochemical performance, the preparation of an alloy is simple and effective [129]. Alloying Zn with other metals to form an anode is another approach for optimizing the Zn bulk structure to address irreversible problems, such as dendrite growth, hydrogen evolution, and corrosion. Most Zn alloys reported on mild aqueous Zn anodes are binary alloys, including Zn–Al [121], Zn-Ni [122], Ga-In-Zn [123], Cu–Zn [124,125], Ag–Zn [126], Zn–Mn [127], and Zn–Sb [128]. In the alloy, a restructuring reaction and a solid solution reaction are included in the electrochemical alloying of Zn [130]. As an alternative to standard Zn stripping/plating, solid solution reactions should involve dealloying/alloying reactions to indicate the inward transfer of Zn atoms in the alloy and their reversible extraction [131]. Hence, Zn alloy anodes with different alloy phases can significantly increase battery performance due to the stable solution reaction.



Recently, a eutectic-composition alloying of Zn and Al was reported by Wang at el., which effectively tackled irreversible problems due to the lamellar structure of Zn-Al alloy [121]. The Zn lamellae provided the Zn2+ charge carriers, whereas the Al lamellae were responsible for accommodating the deposition of Zn (Figure 11a). Also, the presence of Al lamellae reduced the formation of ZnO and Zn(OH)2 and other byproducts due to the passivation of the Zn anode. In addition, the Al2O3 insulating layer can inhibit the electroreduction of Zn2+ on Al/Al2O3 cores–shells, decrease the local charge density of the Zn deposition, and lead to Zn deposition at the Zn site, resulting in the continuous inhibition and elimination of Zn dendrites. Because of the layered nanostructure, the plating/stripping time of symmetric cells of Zn88Al27 alloy maintained a stable overpotential for more than 2000 h (Figure 11b). After more than 1000 cycles of plating and stripping, the surface of the Zn88Al12 alloy electrode remained smooth compared to that of bare Zn (Figure 11c). Moreover, the cyclic voltammogram of full Zn88Al27ǁKxMnO2 cells exhibited a higher current density and more significant peak displacement than bare ZnǁKxMnO2 cells (Figure 11d). In addition, the Zn88Al27ǁKxMnO2 battery performs better at a higher rate with a longer cycle life and a higher Coulombic efficiency (Figure 11e).



In addition, a typical Cu–Zn alloy, brass, was thermally and electrochemically transformed into a 3D nanoporous Zn–Cu alloy (3D NP Zn-Cu) by Liu et al. (Figure 11f) [124]. A hallmark of this unique design was the presence of (1) an interconnected electrolyte-filled pore network to facilitate rapid ion transport, (2) a short diffusion length to minimize the effects of sluggish solid-state ion diffusion, (3) a large electrode/electrolyte contact area, and (4) a high electron conductivity (Figure 11g). Hence, an electrode based on 3D NP architecture enables high electron and ion transport paths and increased material loading per unit substrate area, allowing uniform Zn deposition, and enhancing charge storage capability. Due to the architectural features, the 3D NP Zn-Cu anode exhibited a long-life cycle of 300 h at 2 mA cm−2 (Figure 11h). Furthermore, preparing a high voltage aqueous Zn-Br2 battery based on a 3D NP Zn-Cu anode can deliver an excellent areal capacity of approximately 1.56 mAh cm−2, close to typical Li-ion batteries (1–3 mAh cm−2).



Additionally, a co-deposition process of various ions has been proposed to design a favorable structure of 3D Zn3Mn alloy to enhance the performance of the Zn anode [127]. A 3D anode can be formed by H2 bubbles evaporating at solid–liquid interfaces. Effective migration of Zn2+ ions is facilitated by the alloy’s porous morphology and large specific surface area. In addition, Zn nucleation and growth are induced and regulated on the alloy surface due to the relatively high binding energy (Figure 11i). During the deposition process, Zn is plated faster in trenches than in protruding areas, minimizing dendrite formation (Figure 11j–l). These advantages make the Zn3Mn alloy anode a highly reversible anode. Despite interference from several impurity ions in seawater-based electrolytes, it still exhibits high stability and reliability (Figure 11m). By adjusting the solution composition and deposition current or voltage and adjusting the deposition time, this co-electrodeposition strategy can be applied to other alloy systems. Therefore, the alloy structure can be designed by developing the alloy preparation process while introducing more element species to the alloy anode.
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Figure 11. (a) Schematic illustration of eutectic strategy for dendrite and crack suppression, (b) long-term Zn stripping/plating cycling of the symmetric batteries of bare Zn and Zn/Al alloys, (c) SEM images of eutectic Zn88Al12 and bare Zn after long term Zn stripping/plating, (d) typical CV curves for Zn88Al12ǁKxMnO2 and ZnǁKxMnO2 batterie, and (e) long-term cycling performance of the Zn88Al12/KxMnO2 battery at 0.5 A g−1 compared to the Zn/KxMnO2 battery. (Reproduced with permission [121] Copyright 2020, Springer Nature). (f) The fabrication of 3D Zn-Cu alloy electrode, (g) the four primary resistances in 3D NP Zn-Cu alloy electrode, and (h) charge/discharge profiles of 3D NP Zn-Cu alloy and bare Zn anodes at 2 mA cm−2. (Reproduced with permission [124] Copyright 2020, John Wiley & Son). (i) Schematic illustration of Zn plating at the bare Zn anode and Zn-Mn anode, (j,k) is the surface topography images of 3D Zn-Mn alloy before and after Zn plating, (l) the derived image calculated by (k − j)/k = (ΔI/I). The experiment was performed at a current density of 80 mA cm−2 for 320 s, and (m) Long-term galvanostatic cycling performance of symmetric Zn-Mn and pristine Zn cells at a current density of 80 mA cm−2 with a capacity of 16 mAh cm−2. (Reproduced with permission [127] Copyright 2021, Springer Nature). 
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3.3. Electrolyte Optimization


3.3.1. Zinc Salts and Their Concentration


Commonly, the anion can participate in the Zn2+ ion solvation process in the electrolyte. Therefore, the compatibility of electrodes with Zn2+ ions, which is regulated by their nature of anions, can determine the battery performance. By selecting different zinc salts, these issues can be resolved. Zinc salts soluble in aqueous solutions have become widely used in electrolytes due to the rapid development of ZIBs. Several zinc salts including inorganic zinc salts such as ZnSO4, Zn(NO3)2, ZnCl2, Zn(ClO4)2, ZnF2, and organic zinc salts such as Zn(CF3SO3)2, Zn(TFSI)2, Zn(CH3COO)2, and Zn(CF3SO3)2 have been reported [32,132]. As noted, NO3− anion is a strong oxidant. Hence, Zn foil can be easily oxidized, causing serious corrosion, local pH changes, and increased acidity in the zinc nitrate electrolyte (Figure 12a) [133]. In comparison with Zn(NO3)2, ZnCl2 often shows higher compatibility with Zn anodes due to its minor side reaction. However, the narrow anodic potential window limits its practical use since the electrolyte continually decomposes at a higher voltage, as illustrated in Figure 12b [134].



Contrary to Zn(NO3)2 and ZnCl2, the ZnSO4 electrolyte exhibits excellent electrochemical stability in a wider electrochemical window [134]. Furthermore, it possesses the advantages of stable SO42− anion structure and compatibility with Zn electrode (Figure 12c), low cost, and sustainability making it one of the most commonly used inorganic salts for aqueous ZIBs [135,136,137]. However, its practical application is hampered by the HER and byproduct formation (Figure 12d), which can reduce the Zn stripping/plating cycling stability and Coulombic efficiency [138]. Recent studies revealed that the organic zinc salt Zn(CF3SO3)2 can enhance electrolyte performance [134,139]. It can reduce the number of water molecules surrounding the Zn2+ ions and the solvent effect and release the Zn2+ ions from the solvation sheath, boosting the migration of Zn2+ ions and charge-transfer rate (Figure 12e). Hence, it can effectively inhibit the formation of Zn dendrites and accelerate Zn deposition/dissolution kinetics. Additionally, suppression of parasitical reactions of O2 evolution was observed for 1 M Zn(CF3SO3)2 and 1 M ZnSO4 at 2.3 and 2.4 V, respectively (Figure 12f). Above 2.3 and 2.4 V, ZnSO4 and Zn(CF3SO3)2 exhibit anodic processes caused by the oxygen evolution reaction (OER). Overall, Zn(CF3SO3)2 exhibits a smaller potential separation between plating and stripping and a higher response current than ZnSO4, suggesting significantly improved reversibility and faster kinetics (Figure 12g).
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Figure 12. (a) Zn/Zn(NO3)2/CuHCF battery potential profile at 1 C current rate. (Reproduced with permission [133] Copyright 2016, Elsevier). Cyclic voltammograms of Zn electrode in aqueous electrolyte of (b) 1 M ZnCl2 and (c) 1 M ZnSO4 at the scan rate of 0.5 mV s−1 between −0.2 and 2.0 V (Reproduced with permission [134] Copyright 2016, American Chemical Society). (d) Illustration of reactions that occur in α-MnO2/Zn cells employing aqueous ZnSO4 electrolytes during discharge process. (Reproduced with permission [138] Copyright 2016, John Wiley & Son). (e) Cyclic voltammogram of Zn electrode in aqueous electrolyte of 1 M Zn(CF3SO3)2. (f) Electrochemical stability of ZIBs using ZnSO4 or Zn(CF3SO3)2. (g) Long-term cyclability of Zn/Zn symmetrical cells in ZnSO4 and Zn(CF3SO3)2 electrolytes (Reproduced with permission [134] Copyright 2016, American Chemical Society). 
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In addition to the types of zinc salt, the salt concentration plays a vital role in the property of electrolytes. As stated in previous publications, Zn2+ ions form a solvation sheath structure with water molecules that the formula can be represented by (Zn(H2O)6)2+ ions [140,141,142]. Since this structure creates a high energy barrier, it is more difficult for solvated Zn2+ to desolvate and deposit, thereby increasing the irreversibility issue associated with Zn anodes [140,143]. Further, increasing the electrolyte concentration can decrease the number of solvent molecules around the Zn2+ ions, altering solvation structures and cation/anion transport [144,145]. Usually, higher electrolyte concentrations for identical salts will result in improved electrochemical performances, including higher plating/stripping Coulombic efficiencies of active ions and better capacity retention [134]. For example, in a Zn/V2O5 system, an exceptional electrochemical performance was observed as ZnSO4 electrolyte concentration increased from 0.5 to 3 M (Figure 13a) [146]. Additionally, the Coulombic efficiency of the Zn/ZnMn2O4 system can increase to 100% when the salt concentration (Zn(CF3SO3)2) is increased from 1 to 4 M, as reported by Zhang et al. (Figure 13b) [134]. However, an increase in concentration reduces the ionic conductivity of the electrolyte and increases in solution viscosity (Figure 13c). Thus, selecting the appropriate concentration is crucial to obtaining optimum compatibility.



The effect of concentration could be more apparent in ultrahigh concentration electrolytes or “water in salt” electrolytes. Wang et al. first introduced their concentrated electrolyte of 1 m Zn(TFSI)2 + 20 m LiTFSI (m represents molality (mol kg−1)), which showed exceptional stability and reversibility of Zn anode without forming byproducts (Figure 13d) [140]. This study also discovered that the pH value increased with electrolyte concentration and reached approximately 7 in 1 m Zn(TFSI)2 + 20 m LiTFSI (Figure 13e), which indicates an effective suppression of Zn ion interaction with a water molecule. According to FTIR analysis, the intensity of the hydrogen bonding peak at 3414 cm−1 gradually decreased as LiTFSI concentration rose and almost disappeared once LiTFSI concentration reached 10 m (Figure 13f). It indicates that hydrogen bonds between water molecules had been disrupted. In addition to reducing water activity, water-induced side reactions were suppressed. Thus, the cycle stability was remarkably enhanced (Figure 13g). In another study, Zhang et al. developed an extremely concentrated 30 m ZnCl2 [147]. As shown in Figure 13h and i, the increment of ZnCl2 concentration raised the plating potential of Zn and declined the onset potential of HER, which contributed to the improved Coulombic efficiency of Zn deposition. Additionally, the Zn2+ solvation structures were converted to [ZnCl4]2−, inhibiting the formation of Zn(OH)2 and ZnO. Consequently, an electrolyte containing concentrated ZnCl2 could obtain superior cycling stability (compared to 5 m ZnCl2) and yield a reasonably high Coulombic efficiency of 95.4% (Figure 13j,k).



Developing concentrated electrolytes offers an attractive alternative to a highly reversible Zn anode. Nevertheless, at a low current density (0.2 mA cm−2) and low plating or stripping capacity (0.03 mAh cm−2), a concentrated electrolyte can cause a relatively large voltage polarization or result in high viscosity and low ionic conductivity, leading to deficient rate performance of Zn anode [23,148]. In addition, concentrated electrolytes cost more than diluted electrolytes, and these factors impede the large-scale application of concentrated electrolytes.
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Figure 13. (a) Specific capacity and cycle of Zn/V2O5 at different concentrations of ZnSO4 electrolyte (Reproduced with permission [146] Copyright 2018, Royal Society of Chemistry). (b) Coulombic efficiency as a function of cycle number of Zn/ZnMn2O4 and (c) viscosity and ionic conductivity at different Zn(CF3SO3)2 electrolyte concentrations. (Reproduced with permission [134] Copyright 2016, American Chemical Society). (d) SEM image and XRD pattern (inset) of a Zn anode after 500 stripping/plating cycles in 1 m Zn(TFSI)2 + 20 m LiTFSI, (e) the pH values of the electrolytes with increasing LiTFSI concentrations, (f) FTIR spectra with increasing LiTFSI concentrations, (g) the Zn plating/stripping time and Coulombic efficiency on a Pt working electrode at 1 mA cm−2, and (h) cyclic voltammogram of Zn plating/stripping at a scan rate of 1 mV s−1. (Reproduced with permission [140] Copyright 2018, Springer Nature). (i) Electrochemical stability window at different ZnCl2 electrolyte concentrations, (j) the plating/stripping of Zn in 30 m and 5 m ZnCl2 in a ZnǁZn symmetric cell at 0.2 mA cm−2, and (k) Coulombic efficiency ZnǁZn symmetric cell in 30 m ZnCl2 electrolyte. (Reproduced with permission [147] Copyright 2018, Royal Society of Chemistry). 
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3.3.2. Electrolyte Additives


Instead of changing the Zn salts and concentration, additives have been recently introduced into electrolytes to solve issues related to the anode in ZIBs. Commonly, additives are incorporated into electrolytes to solve non-uniform Zn deposition [149,150,151]. In addition, the side reactions and the 2D diffusion mechanism are inhibited, and the nucleation rate is enhanced. It is thus possible to significantly improve the electrochemical performance of batteries. Electrolyte additives can be divided into inorganic additives and organic additives.



Inorganic Additives


Ionic additives (inorganic salts or metal cations) are the most used inorganic additives for aqueous ZIBs because of their species diversity and simplicity of control within electrolyte solvents. Adding ionic additives to Zn ions can help improve their deposition location through ion adsorption mechanisms or electrostatic shielding. Hence, the growth of Zn dendrite is hindered, and a uniform deposition layer can be obtained. An overview of inorganic additives used to protect Zn anodes in previous reports was summarized in Table 5. Several research groups reported that adding MnSO4 to electrolytes suppressed the dissolution of Mn2+ ions from the MnO2 cathode and inhibited the dendrite growth of Zn [152,153,154,155,156,157,158]. Cycle performance for ZnǁMnO2 batteries can be improved by adding Mn2+ to the aqueous electrolyte, as shown in Figure 14a,b [154,156]. During cycling, the accessibility of Mn2+ ions in the electrolyte stabilized the crystal structure by dealing with limited Mn dissolution, thus limiting the number of vacancies for Zn2+ insertion. The cathode was subject to dissolution during the cycling without the Mn2+ additive in the electrolyte resulting in instabilities in the crystal structure and poor capacity retention (Figure 14b). Also, other inorganic salts such as MgSO4 [159], NaSO4 [160,161], and LiCl [162] have recently been reported as electrolyte additives to prevent Zn dendrites growth and stabilize Zn electrodes. For example, Guo et al. found that the LiCl additive suppressed dendrite growth and stabilized the Zn metal anode [162]. The Li+ ions preferentially formed Li2O and Li2CO3 on the Zn surface, shielding against the deposition of dendrites. A moderate number of Cl− anions reduced Zn polarization and enhanced ion transport (Figure 14c). Hence, long-cycled asymmetric cells with LiCl additives demonstrated much higher stability (Figure 14d). Also, the morphology of the Zn anode was smooth after 500 cycles, confirming that the LiCl additive effectively inhibits dendrite growth (Figure 14e). In this research, metal cations and anions synergistically reduced dendrite growth and improved battery performance.



In addition, recent studies have revealed new types of inorganic additives such as MXene [163], polyoxometalate [164], iodine [165,166], GO [167], SeO2 [168], Zn(H2PO4)2 [169], Zn(OH)2 [170], and La(NO3)3 [171]. For instance, polyoxometalate (NH4)6[Mo7O24]·4H2O (NMO), was first introduced as a dual-function electrolyte additive by Wu et al. [164]. It is assumed that massive Zn ions would be deposited on the surface of the Zn anode through the [Mo7O24]6− anion clusters to ensure even distribution of Zn ions, while the NH4+ cation control a uniform Zn layer deposition during plating due to electrostatic repulsion forces, further impeding the dendrite growth (Figure 14f). Consequently, the cycle life of Zn anodes in symmetric cells has improved substantially in a significantly high current density of 10 mA cm−2 (Figure 14g), and full ZnǁNaV3O8.1.5H2O cells also demonstrate excellent, rapid charge/discharge and capacity retention (Figure 14h). According to these studies, synergistic effects of anions and cations enhanced the cycle life of aqueous ZIBs, setting the stage for further development.
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Figure 14. (a). Cycle performances of the ZnǁMnO2 cells using different electrolytes for 1000 cycles at a current density of 200 mA g−1 (Reproduced with permission [154] Copyright 2020, Elsevier). (b) Discharge curves of MnO2 electrodes in Mn2+ free and added Mn2+ electrolytes at 60 mA g−1 (Reproduced with permission [156] Copyright 2018, Elsevier). (c) Illustration of LiCl additive inhibiting dendrite growth and stabilizing Zn anode, (d) galvanostatic charge–discharge curve under the current density of 0.2 mA cm−2, and (e) SEM of Zn electrode after 500 cycles with 3 M ZnSO4 + 2 M LiCl (Reproduced with permission [162] Copyright 2021, American Chemical Society). (f) Schematic illustration of Zn deposition with polyoxometalate additive, (g) cycling performance of Zn symmetric cells using electrolytes without or with polyoxometalate additives at 10 mA cm−2 and 1mAh cm−2, and (h) long-term cycling performance of the Znǁ NaV3O8·1.5H2O full cells with or without polyoxometalate additive at 5000 mA g−1 (Reproduced with permission [164] Copyright 2021, Royal Society of Chemistry). 
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Organic Additives


The electrochemical performance of ZIBs can also be enhanced using organic additives such as polymers [172,173,174,175,176,177,178,179,180], surfactants [181,182,183,184,185,186,187], and organic compounds [36,188,189,190,191,192,193,194]. A summary of previous reports regarding organic additives that preserve Zn anodes was presented in Table 5. Among them, polymers stand out for their wide variety and adjustable molecular weight, suppressing the development of Zn dendrite formation on the anode surface [195]. Zeng et al. applied a polyacrylamide (PAM) electrolyte additive to modify the Zn anode [172]. With large polar amide groups, polymer layers with PAM strongly coordinate with Zn ions to restrict their free movement (Figure 15a), which could decrease the overpotential of Zn nucleation and increase the stability of zinc deposition. Thus, batteries with PAM additive display 7.5% capacity fading after 24 h, but those without PAM additive display 14.4% capacity fading (Figure 15b), indicating relatively good self-discharge performance. Due to the dendrite-free Zn anode, the symmetric cell could be cycled for more than 180 h at a high current density of 10 mA cm−2 with an aerial capacity of 1 mAh cm−2 (Figure 15c). Jin et al. recently reported using long-chain polyethylene oxide (PEO) as an electrolyte additive in ZnSO4 electrolytes to stabilize the Zn metal anode [176]. Through interactions between the ether groups and Zn2+ ions, PEO molecules control Zn2+ ion transfer kinetics and Zn2+ ion concentration adjacent to Zn anodes (Figure 15d), regulating Zn2+ ion concentration distribution and electrolyte flux at the electrode/electrolyte interface. Then, Zn2+ ion transfer kinetics are suppressed, and Zn2+ ions at interfaces are distributed uniformly to facilitate uniform Zn deposition-dissolution processes. Hence, the CuǁZn cells with PEO additive can enhance the Coulombic efficiency and cycling stability compared to that without PEO (Figure 15e). As shown in Figure 15f, the resulting ZnǁLiMn2O4 full cells also significantly improved cycling stability and higher Coulombic efficiency (99%) in electrolytes containing PEO polymer.



Currently, surfactants have drawn much attention due to their protection mechanism on the Zn anode, and their surface tension generally enables easy adsorption at the electrode/electrolyte interface. For example, Bayaguud et al. reported that a cationic surfactant, tetrabutylammonium sulfate (TBA2SO4) enabled a uniform Zn deposition by forming a shielding layer via a zincophobic repulsion mechanism, leading to uniform distribution of Zn2+ ions (Figure 16a). In contrast, a large amount of Zn dendrites were formed in the absence of TBA2SO4 (Figure 16b) [181]. As a result, 3D-Znǁ3D-Zn symmetric cells demonstrated remarkable cycle stability for >300 h at a current density of 2 mA cm−2 (Figure 16c) and excellent rate performance up to 10 mA cm−2 (Figure 16d). In addition to inhibiting corrosion and delaying passivation, surfactant additives also display unique properties as cathode additives for aqueous ZIBs. Hao et al. reported that the sodium dodecylbenzene sulfonate (SDBS) additive could modify the intrinsic deposit pattern of Zn2+ ions, making the plating/stripping process highly reversible [182]. On the other hand, the SDBS additive enhanced LiFePO4 cathode wettability, accelerating Li-ion diffusion at the electrolyte/electrode interface. Thus, ZnǁLiFePO4(LFP) batteries provide both coin and pouch cells with high-rate capability and cycling stability (Figure 16e,f).
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Figure 15. (a) Schematic description of zinc deposition with PAM electrolyte additive, (b) self-discharge tests by standing for 24 h after fully charged, and (c) cycling performance of symmetric cells at 10 mA cm−2 for 1 mA h cm−2. (Reproduced with permission [172] Copyright 2021, Elsevier). (d) Schematic illustration of Zn deposition with dendritic surfaces and hydrogen evolution, (e) cycling stability and Coulombic efficiency of ZnǁLiMn2O4 cells at 0.5 C with and without PEO additive, and (f) Coulombic efficiency and cycling performance of Zn metals in CuǁZn cells under a current density of 1 mA cm−2 for 1 mAh cm−2. (Reproduced with permission [176] Copyright 2020, John Wiley & Son). 
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Figure 16. SEM images and EDX mapping of Zn anodes synthesized (a) in 2 M ZnSO4 electrolyte with 0.05 mM TBA2SO4 and (b) in 2 M ZnSO4 electrolyte. Cycling performance of Zn|Zn and 3D-Znǁ3D-Zn symmetric cells in different electrolytes at current densities of (c) 2 mA cm−2 and (d) 10 mA cm−2. (Reproduced with permission [181] Copyright 2020, American Chemical Society). (e) Polarization curves of Zn–Zn symmetric cells with/without SBDS additive at a constant current density of 0.5 mA cm−2 and (f) cycling stability and Coulombic efficiency of a pouch cell at 1 C. (Reproduced with permission [182] Copyright 2019, John Wiley & Son). 
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Previous studies have also shown that some organic compounds as additives can have multiple effects by altering the solvated structure of the electrolyte and the morphology of Zn during deposition. Dendrites are inhibited, and side effects are reduced by using these electrolyte additives. These additives make aqueous ZIBs safer and more efficient. Adsorption of macromolecules on the Zn anode surface can modulate the anode surface, leading to simultaneous inhibition of dendrite growth and side reactions. To stabilize reversible plating/stripping on Zn anodes, Sun et al. used glucose as a solvation shell adjustment additive in a typical ZnSO4 electrolyte [36]. A side reaction caused by the decomposition of active water can be inhibited by adding glucose to the first stage Zn2+-6H2O solvation shell (Figure 17a). According to experimental results and theoretical calculations (Figure 17b), glucose has a stronger affinity for Zn ions and has better muscular coordination with them. Simultaneously, glucose molecules also tend to adsorb on Zn anode surfaces at a parallel state (Figure 17c), altering the electric field distribution around Zn layers and inhibiting Zn dendrite growth uncontrollably. Thus, aqueous ZIBs can show long-term stability due to the co-regulation of electrode interfaces and solvation structures. Additionally, Zhou et al. introduced a polyasparic acid (PASP)-containing electrolyte [193]. This macromolecular compound is composed of carboxyl and amide groups, which absorb readily on metal ions and metal surfaces. As a result of adsorption, a protective layer was formed, providing favorable conditions for the uniform deposition of Zn (Figure 17d). The protective layer transforms irregular flaky particles into homogeneous and dense spheres during the Zn deposition (Figure 17e). By blocking the interaction between active water molecules and Zn2+ ions, the protective layer further prevented the release of by-products. Moreover, multifunctional additives can be achieved by regulating the interface between electrodes and electrolytes and the solvation structure.



A hydrolysis strategy was proposed by Wang et al. to promote silk fibroin structural reconfiguration and the formation of more amino/carboxylic groups (NH2, COOH) [194]. In combination with spectral characterization, molecular dynamics (MD) and density function theory (DFT) calculations were conducted to investigate the synergistic regulation mechanism of silk peptides’ solvation and electrode interfaces (Figure 17f,g). By reducing coordinated active H2O and SO42−, silk peptide regulates the solvation structure of Zn2+ and anchors itself on the Zn anode surface for electrostatic shielding as well as the isolation of contact H2O/SO42−, showing a synergistic effect on both solvating and controlling interfaces, and effectively alleviating the dendrite formation and by-products (Figure 17h). As a result, silk peptide hydrolyzed from silk fibroin was introduced as an efficient, low-cost, and eco-friendly electrolyte additive to remarkably prolong the cycle life of ZIBs (Figure 17i).



Overall, additive engineering offers a range of opportunities for further innovation to solve critical issues of electrodes. Through additive engineering, dissolution can be reduced, electrostatic interactions can be adjusted, and by-products can be regulated in the cathode [196]. On the anode, the effects consist of inhibiting Zn dendrites and reducing side reactions. Also, appropriate additives can improve the stability of Zn electrodeposition and the reversibility of ZIBs. Moreover, it is crucial to control the level of additives to avoid undesirable effects on Zn deposition. Finally, cost-competitive ZIBs are needed to develop new additives for large-scale applications.
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Figure 17. (a) Illustrations of Zn2+ solvation structure and interfacial interaction between Zn anode surface and electrolyte under ZnSO4 and ZnSO4-glucose electrolytes, (b) DFT calculation of Zn2+ binding energies with glucose and water, and (c) comparison of absorption energies of H2O and glucose molecules on Zn (002) crystal plane, with insets showing absorbed models for different situations. (Reproduced with permission [36] Copyright 2021, John Wiley & Son). (d) Schematic illustration for the Zn deposition process in the electrolyte with PASP additive and (e) SEM images of the surface of the Zn anode deposited at 1 mA cm−2 with a capacity of 1 mAh cm−2 with and without PASP additive. (Reproduced with permission [193] Copyright 2022, Elsevier). (f) DFT calculations of binding energies between Zn2+ and COOH (ΔE1), NH2 (ΔE2), and CO-NH (ΔE3) groups, respectively, on the silk peptide chain, (g) MD simulations for Zn2+ solvation structure in ZnSO4 aqueous electrolyte containing silk peptide, (h) schematic illustration of Zn2+ solvation structure with/without silk peptide, and (i) cycling performance of Zn-Zn symmetric cells using the ZnSO4 aqueous electrolytes with/without silk peptide. (Reproduced with permission [194] Copyright 2022, John Wiley & Son). 
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Table 5. Summary of previously reported electrolyte additives and their effects in ZIBs.
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Types

	
Additives

	
Effects

	
Ref






	
Inorganics

	
MnSO4

	
Suppress Zn dendrites and dissolution of Mn2+ ions from the MnO2 cathode

	
[152]




	
MgSO4

	
Inhibit the HER

Enable a uniform nucleation and deposition of Zn

Suppress the growth of Zn dendrite

	
[159]




	
Na2SO4

	
Limit the dissolution of cathode

Restrict the growth of dendrites on anode

	
[161]




	
LiCl

	
Inhibit the formation of dendrites

Reduce side reactions

	
[162]




	
MXene

	
Regulate the uniform nucleation of Zn2+

Suppress Zn dendrites growth

Relieve the side corrosions

	
[163]




	
NMO

	
Suppress the formation of protrusions on Zn anodes

	
[164]




	
I3−

	
Passivate the growth hotspots of Zn dendrites

Reduce HER and corrosion rate

	
[166]




	
GO

	
Promote the uniform distribution of electric field

Reduce the nucleation overpotential of Zn2+

Eliminate Zn dendrites

	
[167]




	
SeO2

	
Impede dendrite formation

Inhibit the parasitic reactions

	
[168]




	
Zn(H2PO4)2

	
Provide dendrite-free Zn deposition

Restrain the side reactions

	
[169]




	
Zn(OH)2

	
Suppress parasitic reactions and dendrite growth

Promote the reaction kinetics

	
[170]




	
La(NO3)3

	
Favor dense metallic Zn deposits

Regulate the charge distribution at electrode/electrolyte interface

	
[171]




	
Organics

	
Glucose

	
Restrain side reactions

Suppress the growth of Zn dendrite

	
[36]




	
PAM

	
Inhibit the dendrite growth

Induce the uniform Zn deposition

Homogeneously distribute Zn on the surface of the electrode

	
[172]




	
PEO

	
Promote dendrite-free homogeneous Zn deposition

Eliminate H2 generation

	
[176]




	
PVP

	
Render less corrosion and more uniform Zn deposition on the anode

Modulate the deposition of cathode without aggregations

	
[179]




	
PEG

	
Inhibit Zn dendrites and side reactions

	
[180]




	
SDS

	
Suppress the evolution of hydrogen and oxygen

Suppress the decomposition of water

Inhibit the corrosion of Zn

	
[183]




	
TPAH

	
Inhibit the Zn dendrite growth

	
[185]




	
TMBA+

	
Inhibit side reactions

Regulate Zn uniform distribution

	
[187]




	
Acetonitrile

	
Accumulate on the Zn surface to shield water molecules

Suppress the HER

	
[189]




	
PASP

	
Promote dendrite-free Zn deposition

Resist the side reactions

	
[193]




	
Silk peptide

	
Suppress dendrite formation

Regulate solvation and interface

	
[194]




	
Vanillin

	
Promote dendrite-free Zn deposition

Suppress HER and by-products

	
[197]








NMO = polyoxometalate, GO = graphene oxide, PAM = polyacrylamide, PEO = polyethylene oxide, PVP = polyvinyl pyrrolidone, TMBA+ = benzyltrimethylammonium, SDS = sodium dodecyl benzene sulfonate, TPAH = tetra propylammonium hydroxide.













3.3.3. Other Electrolytes


In comparison to water, organic solvents form different solvation structures with Zn2+ ions that are more thermally stable with Zn anodes and have a larger electrochemical window (up to ~3.8 V vs. Zn2+/Zn) [198]. For this reason, there have been numerous attempts to develop an ideal organic electrolyte for ZIBs that would suppress dendrite formation and minimize side reactions [41,199,200,201,202]. This strategy can stabilize the electrode and provide high Coulombic efficiency. Recently, triethyl phosphate (TEP) was reported as a cosolvent and a solvent with aqueous electrolytes [202]. The TEP solution leads to the deposition of Zn3(PO4)2 rather than ZnO on the Zn anode surface. Zn3(PO4)2 could serve as an in situ formed molecular template to guide Zn nucleation at the interface, resulting in porous morphology instead of dendrites (Figure 18a). The ZnǁKCuHCf full cells combined with this electrolyte display good cycling stability with average Coulombic efficiency of 97.66% after 1000 cycles (Figure 18b). Nevertheless, the water content must be controlled appropriately because excess water would negatively affect cycling (Figure 18c,d). Hence, this research might aid in developing safer organic electrolytes.



On the other hand, ionic liquids (ILs) offer great promise due to their low vapor pressure, temperature stability, exceptional chemical/physical stability, and extensive electrochemical stability. Thus, recent reports have suggested using ILs in ZIBs to obtain reversible Zn plating/stripping and eliminate HER [149,203,204,205]. Fan et al. developed a Zn-graphite dual-ion battery (DIB) using an ionic liquid electrolyte (mixture of 0.2 M Zn(TfO)2 and EMImTfO), in which Zn2+ ions were deposited and dissolved on the anode and TfO ions were inserted and removed into/from the cathode (Figure 18e) [203]. It demonstrated a dense and dendritic-free Zn electrodeposition with a cycling performance of 100 cycles and high Coulombic efficiency of 93.5% (Figure 18f). Ma et al. also reported 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIMBF4) and zinc tetrafluoroborate (Zn(BF4)2) as effective electrolytes for ZIBs [204]. This electrolyte could widen the electrochemical stability window compared with an aqueous solution (Figure 18g). However, ionic-liquid electrolytes pose serious problems for cost-effective ZIBs due to their relatively high cost compared to their aqueous counterparts.



Although aqueous electrolytes have certain benefits, such as high ionic conductivity, low cost, and sustainability, some side reactions initiated by water and unrestricted Zn2+ diffusion may appear inevitable and indispensable when the anode is in contact with water [17]. Using a gel electrolyte could effectively reduce the influence of free water on the discharge and charging of batteries. Thus, gel electrolytes have been proven to inhibit the Zn dendrite growth on the anode [47,206,207]. Previously, a gel electrolyte of zinc alginate (Alg-Zn) was reported by Tang et al. [207]. Due to the ion-confinement effect, the diffusion of Zn2+ ions was constrained by the carboxyl groups of Alg-Zn, which could firmly bind the ions and guide their migration (Figure 18h left). While in the liquid electrolyte, the Zn tips grow to vast Zn slices with bulk aggregation and non-uniform deposition in the electrolyte and finally crack to form “dead Zn” without electrochemical activity (Figure 18h right). Hence, ZnǁMnO2 batteries with Alg-Zn gel electrolyte performed well at high rates and cycling stability. In particular, the capacity can rapidly recover and a stable overpotential was maintained after resting over 60 h (Figure 18i). Additionally, flexible batteries are a major development direction in the future, and gel electrolytes will play a major role in this area [208,209,210].
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Figure 18. (a) SEM images of the morphologies grown at the Zn anode after plating/stripping 1000 times (2000 h) in a 0.5 M Zn(CF3SO3)2-TEP electrolyte (left) and magnified view (right), (b) cycling performance of a ZnǁKCuHCf cell at a rate of 1 C in 0.5 M Zn(CF3SO3)2 in a TEP:H2O (7:3) electrolyte, (c,d) influence of water content on the cycling performance of Zn/Zn symmetrical cells. (Reproduced with permission [202] Copyright 2019, John Wiley & Son). (e) Schematic illustration of the working mechanism of the Zn/graphite DIB and (f) Cycling performance of the Zn/graphite DIB. (Reproduced with permission [203] Copyright 2019, Springer Nature). (g) Electrochemical window of water and EMIMBF4 ionic liquid. (Reproduced with permission [204] Copyright 2020, John Wiley & Son). (h) The mechanism for the deposition behaviors of Zn2+ in ZnSO4+MnSO4 aqueous electrolyte and Alg-Zn electrolyte, and (i) Zn plating/stripping performance of the symmetric cell under a current density of 1.77 mA cm−2 at room temperature after resting for 60 h. (Reproduced with permission [207] Copyright, Elsevier). 
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3.4. Design of Separators


Several studies have been conducted to modify the Zn metal anode and aqueous electrolyte interface to address Zn issues. These methods modify the zinc metal anode-electrolyte interface, which is in the vicinity of the separator. Additionally, Zn ion distribution, ion transfer resistance, and ion migration are significantly influenced by separator properties, including composition, pore size, elastic modulus, and surface functional groups. Therefore, the separator plays a crucial role in the performance of the aqueous ZIBs. The majority of aqueous ZIB research uses glass fiber (GF) separators. However, a drawback of GF separators is their poor wettability and low elastic modulus with large and uneven pores, which is susceptible to causing Zn dendrites and short-circuit issues [211,212]. Therefore, the mechanical and elastic properties and wettability of ZIB separators should be enhanced to overcome these drawbacks.



A functional group within a separator may strongly interact with electrolyte ions, thus modifying the transport of Zn2+ ions and the deposition of Zn. For example, the SO3− functional group was utilized to modify Nafion membranes [213,214]. As proposed by Zeng et al., Zn-Nafion separators could be prepared by immersing the Nafion membrane in aqueous solutions of 2 M ZnSO4 [214]. Based on the finite element simulation, dendrite seeds have a more significant uniform electric field than GF seeds in Zn-Nafion separators (Figure 19a,b), which is due to the Donnan potential associated with the fixed negative charges in the Nafion material. Compared with that of the GF separator (226 h), the ZnǁZn cell with a Zn-Nafion separator worked better and exhibited lower polarization (553 h at 5 mA cm−2) (Figure 19c). Moreover, the Zn-Nafion promoted the formation of the SEI layer composed of ZHS at the cathode by enhancing the participation of H+ in H+/Zn2+ co-intercalation, preventing cathode from dissolving to the electrolyte. Consequently, the Zn-Nafion separator can significantly increase both cyclability and energy density. However, the cost of Nafion membranes is too high, which makes them unsuitable for the large-scale production of low-cost ZIBs. Thus, low-cost, and environmentally friendly separator materials are highly desirable.



Due to multiple merits including abundance, mechanical strength, hydrophilicity, excellent insulating properties, and biodegradability, cellulose has attracted attention in the membrane technology and rechargeable battery industries [215]. A cellulose film (CF) separator prepared with cotton material was proposed by Zhou et al. [216]. The cellulose obtained after pretreatment with NaOH and H2O2 was vacuum filtered to create a CF separator (Figure 19d), which is more hydrophilic than a GF separator (Figure 19e). Therefore, CF separators infiltrated with electrolytes can achieve an ionic conductivity of 56.95 mS cm−1. Additionally, the tensile strength and modulus of a CF separator are 34 and 8.4 times larger than those of a GF separator, respectively. As a result, due to their excellent mechanical properties, Zn dendrites cannot grow vertically in CF separators. On the other hand, CF separators have dense and homogeneous nanopores, whereas GF separators display large, irregular, and non-uniform pores (Figure 19f,g). Thus, the CF separator would produce a more uniform Zn ion flux. As cellulose contains large hydroxy groups, it can attract Zn2+ ions and form strong hydrogen bonds with water, which facilitates Zn2+ ion transfer, regulates Zn2+ ion flux, promotes desolvation, reduces Zn plating barriers, and inhibits parasitic reactions. As shown in Figure 19h, the Zn||Zn cell with a CF separator performs much better than the GF separator and can handle high areal capacity (20 mAh cm−2). This work showed how uniform porosity and functional groups of separators play a role in Zn anodes for aqueous ZIBs.



Additionally, integrated hybrid separators incorporating dielectric materials have been developed. According to Cao et al., cellulose nanofiber-ZrO2 (CZ) composite separators prepared via the solution casting method (Figure 19i) resulted in a high Zn ion transfer number (0.69) and excellent ionic conductivity (Figure 19j) [217]. Because of the presence of ZrO2, the Maxwell–Wagner polarization effect is enabled. In addition to accelerating the diffusion of Zn2+ ions and repelling anions, ZrO2 supports uniform Zn deposition and prevents side reactions during cell cycling by stabilizing the Zn anode. As a result, Zn stripping/plating behavior is stabilized for 2000 h at 0.5 mA cm−2 (Figure 19k).



The modification of separators has also attracted interest. As shown in Figure 20a, chemical vapor deposition was used by Li et al. to prepare vertical graphene (VG) on one side of commercial graphite (GF), which was also known as the Janus separator [38]. A 3D-VG scaffold, with a large area and porous structure, is an extension of a planar zinc anode (Figure 20b). The 3D VG separator ensures an even electrical field and prevents localized current concentrations at the anode/electrolyte interface (Figure 20c–e). Hence, zincophilic properties are beneficial in generating a uniform flux of Zn ions. According to Figure 20f, the stable atom configuration of O- and N-doped graphene significantly impacts Zn adsorption. The binding energies in Figure 20g also illustrate the Zn adsorption behavior as a function of the functional groups. Based on FEM modeling simulation, the frontier orbitals surrounding the Fermi level indicate the origin of enhanced Zn-capture ability for the modified separator (Figure 20h). DFT calculation and FEM modeling also proved that the Janus separator of vertical graphene contributes to uniform Zn deposition.
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Figure 19. Distribution of electric fields within (a) GF separator and (b) Zn-Nafion separator, and (c) cycle life of the Zn symmetric cell with Nafion and GF separator. (Reproduced with permission [214] Copyright 2021, Royal Society of Chemistry). (d) Diagram illustrating the preparation of CF separators, (e) comparison of contact angles between CF and GF separator, SEM images of (f) CF separator and (g) GF separator, and (h) cycling performance at 2 mA cm−2–20 mAh cm−2 of Zn symmetric cells with CF and GF separators. (Reproduced with permission [216] Copyright 2022, Elsevier). (i) Schematic illustration of fabricating CZ separators, (j) ionic conductivity of cellulose and CZ separator, and (k) voltage–time profiles of Zn symmetrical cells with CZ and cellulose separators. (Reproduced with permission [217] Copyright 2021, Elsevier). 
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Figure 20. (a) Illustration of the synthetic process of the Janus separator, (b) demonstration of directly grown VG carpet on one side of the Janus separator which lowers local current density and homogenizes ion distribution, (c) current distribution in the 3D scaffold. The distribution of electric fields in (d) 2D planar structures (pristine separator case) and (e) 3D scaffold structures (Janus separator case), (f) N-doped and O-doped graphene configurations. Carbon, oxygen, nitrogen, and hydrogen atoms are indicated by gray, red, blue, and white colors, (g) the binding energy of Zn atoms on the O/N-functionalized graphene, and (h) the yellow contour with the isosurface value of 0.002 e bohr−3 of partial charge density around the fermi level by top view (upper) and side view (lower) in the C=O–G and C–Npr–G configuration from left to right. (Reproduced with permission [38] Copyright 2020, John Wiley & Son). 






Figure 20. (a) Illustration of the synthetic process of the Janus separator, (b) demonstration of directly grown VG carpet on one side of the Janus separator which lowers local current density and homogenizes ion distribution, (c) current distribution in the 3D scaffold. The distribution of electric fields in (d) 2D planar structures (pristine separator case) and (e) 3D scaffold structures (Janus separator case), (f) N-doped and O-doped graphene configurations. Carbon, oxygen, nitrogen, and hydrogen atoms are indicated by gray, red, blue, and white colors, (g) the binding energy of Zn atoms on the O/N-functionalized graphene, and (h) the yellow contour with the isosurface value of 0.002 e bohr−3 of partial charge density around the fermi level by top view (upper) and side view (lower) in the C=O–G and C–Npr–G configuration from left to right. (Reproduced with permission [38] Copyright 2020, John Wiley & Son).



[image: Batteries 09 00041 g020]







4. Summary, Challenges, and Perspectives


Since Zn metal anodes possess merits of high theoretical capacity and natural abundance, ZIBs have developed rapidly in recent years and are viewed as a new generation of sustainable energy storage systems. It is essential to address the issues of dendrite growth and parasitic reactions at Zn anodes for large-scale application of ZIBs. Herein, we briefly reviewed the challenges of Zn anodes, including the Zn dendrite formation, HER, side reactions, and corrosion based on the formation mechanisms from a fundamental point of view. To address these issues, several emerging mitigation strategies are systematically summarized, including surface modification, rational design of anode architectures, and electrolyte optimization. Although recent progress has been made in realizing high-performance Zn anodes, some persistent problems still need to be further resolved. Accordingly, some perspectives and future directions are proposed as follows:




	(1)

	
Surface modification with a variety of coating materials that can tune the interaction of Zn with the electrolyte and maintain homogeneous Zn deposition is crucial to optimize the electrode/electrolyte interfacial reactions. However, a high interface impedance may be induced by the surface modification layer, impairing the rate capability. Hence, future efforts should be devoted to developing a surface modification layer with fast ion transport channels and high affinity to Zn anodes. Ideally, the surface modification layer should have the minimum loading and function effectively at both low and high current densities.




	(2)

	
Some conflicting claims were found in the reports about the design principle of the interphase layer of Zn anodes. For example, the roles of surface wettability and zincophilicity in regulating Zn electrochemistry remain elusive and controversial. Some reports claimed that the interphase hydrophilicity is beneficial to the Zn plating/stripping, whereas other reports indicate the interfacial hydrophobicity is favorable. Furthermore, it is still debated whether high or low zincophilicity is beneficial to the plating and stripping of Zn. Therefore, in-depth mechanistic insights into the effects of interphase properties on Zn electrochemistry should be uncovered.




	(3)

	
An in-depth understanding of the zinc ion diffusion through the artificial coating interfaces or in situ formed solid electrolyte interphases on Zn anodes is needed.




	(4)

	
The development of high-performance and inexpensive Zn anodes with excellent structural integrity is highly demanded to promote the widespread application of ZIBs. Alloying with Zn is a promising method for the large-scale preparation of stable anodes. The alkaline Zn batteries have employed the Zn alloyed with some heavy metals. To date, only a few zinc alloy anodes have been investigated for mild ZIBs. A wider range of alloy systems with varied compositions should be considered in the future through the predication based on thermodynamic phase diagrams and theoretical computations coupled with experimental results to optimize functional alloying parameters and phase information.




	(5)

	
A promising way to substantially improve Zn anodes is to optimize the electrolyte formulation composed of solvents, salt concentration, and additives. In the meantime, it is a key challenge how to solve the high corrosion of Zn anodes and suppress other side effects with the appropriate formulation. When an electrolyte formulation is designed, the bond strength between Zn2+ ions, various anions, and water molecules should be critically considered. The drying-out of the electrolytes in long-term cycling must be avoided. Moreover, some electrolyte additives may cause sluggish ion or electron transport, and high polarization of the battery system. Especially, the effects of electrolyte formulation and additives on the ionic diffusion into the positive electrodes and the possible electrochemical oxidation of added organic molecules (e.g., glucose) upon high potentials should also be considered.




	(6)

	
A well-balanced combination of multiple strategies and tactics should be explored to improve the comprehensive performance of ZIBs. Since the anode interfacial issues are interconnected, various strategies can be integrated to synergistically address those issues. Some electrolyte additives can destroy the solvation structure by coordinating with Zn2+ ions and adsorb on the metal surface to suppress the H+ adsorption and HER and regulate Zn nucleation and growth. Structured anodes can be combined with the use of electrolyte additives or gel electrolytes to achieve a stable anode interface. Moreover, by incorporating metal or metal oxide particles into the modified layers or structured anodes, it is possible to design composite anodes to boost Zn deposition.




	(7)

	
A gap usually exists between the anode performance and battery performance, suggesting the observed long-term cycling stability in symmetric Zn cells may not directly translate to the cyclability of full cells and stack systems. Therefore, the effectiveness of developed strategies should also be assessed by validating the performance of the whole battery system.




	(8)

	
It is necessary to consider the costs and high gravimetric energy density of ZIBs in the practical application. A trade-off between economic cost, fabrication process, and electrochemical performance should be established to ensure competitiveness. In this scenario, the mass loading of Zn and utilization are crucial. Most of the reported aqueous ZIBs contain excessive Zn, whereas most Zn does not participate in the electrochemical reaction. This will reduce the Zn utilization and high gravimetric energy density of whole cells. Increasing the Zn plate utilization and employing Zn powder can enhance the gravimetric energy density of ZIBs. However, it is a formidable challenge to address the issues of dendrite growth, HER, and Zn corrosion when the Zn loading is low or high-surface-area Zn powder is used. The use of high-concentration electrolytes can increase the cost and reduce the rate of performance. Note that aqueous ZIBs feature low cost, high safety, and environmental friendliness, making them ideal for long-term usage. However, much research focuses on developing dendrite-free anodes with less consideration of the cost and scalability that are more relevant to practical production and application. Some methods involve the use of expensive and harmful raw materials, require complex procedures and harsh conditions, and have low yields, which significantly limits their viability in industrial applications. Therefore, the cost and benefits should be thoroughly weighed for the future development of viable Zn anodes.




	(9)

	
Most of the reported testing protocols are proper to fundamentally evaluate the Zn anode but inappropriate for assessing the viability of entire batteries for practical application. For example, the long-term cycling performance of full ZIBs are evaluated at high rates, as the cells seemingly show better stability under high rates. However, such good cycling stability is misleading for practical energy storage applications. To bridge the gap between academic research and practical application, rigorous testing protocols towards pouch cells and stack systems should be established beyond lab-scale coin cells, considering the high mass loadings, proper electrolyte dosage (rather than flooded electrolytes), large depth of discharge, and proper negative to positive electrode capacity ratio (N/P ratio) for high utilization of Zn anodes and electrolytes to meet the industrial requirements. Future work may focus on the translation of lab-scale innovation to industrial production and transforming the material-level performance assessment into the device and system-level metrics.




	(10)

	
Rechargeable batteries are an excellent option for smart grids, electric vehicles, and consumer electronics requiring excellent energy storage. Despite their merits, the steady supply of electricity, efficient utilization, operation and safety management, and effective control of these battery systems have always been concerns for many applications. For Zn-ion batteries, their capacity fade, cycling lifetime, possible cell deformation, and release of gases in the practical operation must be rigorously monitored and controlled. Hence, the battery management system (BMS) plays a vital role in evaluating and monitoring battery usage and health. There are several functions performed by a BMS, including (i) estimation of battery condition, (ii) battery cell balance, (iii) pack charging/discharging control, (iv) thermal management, (v) fault prognosis, and (vi) health diagnosis. However, the complexity of internal battery chemistry and difficulty in precisely measuring individual parameters make it challenging to accurately evaluate the battery’s state of health. Additionally, battery modeling can simulate the electrochemical behavior of batteries. In terms of hardware, a sensor can monitor and provide feedback on various battery parameters to establish appropriate models and estimate battery states. To achieve power conversion and information interaction, the controllers will process battery information and issue control instructions. The BMS may also embrace various emerging technologies, such as artificial intelligence (AI), cloud computing (CC), and blockchain technology. Thus, it is desirable to have precise battery models that can be easily computed in an advanced battery management system.
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Figure 3. (a) Schematic illustration of the formation of inactive “dead” Zn (Reproduced with permission [41] Copyright 2021, Royal Society of Chemistry). (b) Operando optical microscopic study of Zn dendrite growth, dissolution, and regrowth in aqueous electrolytes (Reproduced with permission [44] Copyright 2019, Elsevier). (c) SEM image of Li dendrites and schematic diagram of dendrite topologies (Reproduced with permission [35] Copyright 2020, John Wiley & Son and Reproduced with permission [45] Copyright 2016, American Chemical Society). (d) SEM image of Zn dendrites and schematic diagram of dendrite topologies (Reproduced with permission [35] Copyright 2020, John Wiley & Son). (e) Pourbaix diagram of Zn in a 2 M ZnSO4 solution (Reproduced with permission [46] Copyright 2021, John Wiley & Son). (f) XRD patterns of Zn immersed in 2 M ZnSO4 electrolyte for different periods (Reproduced with permission [47] Copyright 2021, John Wiley & Son). 
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Table 1. Carbon-based coating materials for improving Zn metal anodes.
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	Anodes
	Overpotential
	Performance
	Cycled Life
	Ref





	AC-Zn
	~20 mV
	1 mA cm−2–1 mAh cm−2
	200 h
	[67]



	CF-Zn
	~13 mV
	1 mA cm−2–1 mAh cm−2
	2500 h
	[68]



	CB-Zn
	~160 mV
	0.5 mA cm−2–0.5 mAh cm−2
	400 h
	[70]



	PEDOT:PSS/GS-Zn
	~25 mV
	1 mA cm−2–1 mAh cm−2
	500 h
	[72]



	rGO-Zn
	~20 mV
	1 mA cm−2–1 mAh cm−2
	300 h
	[73]



	rGO-Zn
	~80 mV
	1 mA cm−2–2 mAh cm−2
	200 h
	[74]



	NGO-Zn
	~32 mV
	1 mA cm−2–1 mAh cm−2
	1200 h
	[75]



	CNTs scaffold-Zn
	~36 mV
	0.1 mA cm−2–0.5 mAh cm−2
	1800 h
	[76]







AC = activated carbon, CF = carbon fiber, CB = carbon black; PEDOT:PSS/GS = Poly(3,4- ethylenedioxythiophene)-poly(styrenesulfonate) decorated graphene sheets; rGO = reduced graphene oxide, NGO = nitrogen-doped graphene oxide, CNT = carbon nanotube.
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