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Rechargeable aqueous alkaline Zn-Ni batteries (AZNBs) are considered a potential contender for energy storage fields and portable devices due to their inherent safety, high output voltage, high theoretical capacity and environmental friendliness. Despite the facilitated development of AZNBs by many investigations, its practical application is still restricted by inadequate energy density, sluggish kinetics, and poor stability. Therefore, Ni-based cathodes with boosted redox chemistry and enhanced structural integrity is essential for the high-performance AZNBs. Herein, this review focus on critical bottlenecks and effective design strategies of the representative Ni-based cathode materials. Specifically, nanostructured optimization, defect engineering, ion doping, heterostructure regulation and ligand engineering have been employed from the fundamental aspects for high-energy and long-lifespan Ni-based cathodes. Finally, further exploration in failure mechanism, binder-free battery configurations, practical application scenarios, as well as battery recycling are considered as valuable directions for the future development of advanced AZNBs.
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1 INTRODUCTION
Faced with the growing shortage of fossil fuels and the aggravation of environmental pollution, the development and utilization of new energy sources have gradually become a research focus (Molaiyan et al., 2024). However, the wind, solar and wave energy generally exhibit the disadvantages of intermittent operation, regional distribution, and immovably confined (Mahlia et al., 2014). Thus, reliable and safe energy storage systems are crucial for building a clean and reliable power grid (Fan et al., 2021; Zhao et al., 2020). Actually, lithium-ion batteries (LIBs) and supercapacitors have been the two major energy storage systems in many fields. As for supercapacitors, a lot of researches have been carried out to improve their electrochemical performance. For instance, a hexagonal-CoMn2O4 electrode synthesized by KOH mediated hydrothermally approach delivers a great capacitance (638.8 F g−1) and remarkable cyclic stability (85% capacity retention after 4000 charge-discharge cycles) (Ramachandran et al., 2022). Nevertheless, the energy density of supercapacitiors should be further efficiently raised to boost their large scale application. To date, lithium-ion batteries (LIBs) currently dominate the rechargeable battery market due to their high energy density and extended lifespan (Wang et al., 2016). Yet, the resource-constrained Li/Co materials and flammable organic electrolytes severely limit the further development of LIBs (Wang Y. et al., 2022). Consequently, it is urgent to develop a high-security and low-cost battery technology for large-scale energy storage systems (Konarov et al., 2018). Due to intrinsic safety, environmental friendliness, low cost, as well as high theoretical capacity (820 mAh g−1), aqueous Zn batteries are considered as one of the most promising alternatives or supplements for LIBs (Li L. et al., 2022; Chen R. et al., 2024; Yuan et al., 2023; Wang Q. et al., 2022). Currently, Mn-based oxides, V-based oxides, Ni-based hosts, prussian blue analogues, and some organic compounds have been employed as cathode materials for aqueous Zn batteries (Wang Y. et al., 2024; Yan et al., 2024; Chen X. et al., 2022; Zhao Y. et al., 2021). Notably, Zn anodes exhibit more negative redox potential of −1.26 V (vs. standard hydrogen electrode, SHE) in alkaline electrolytes than that of −0.76 V in mild/acid electrolytes (Li J. et al., 2018). Typical Ni-based cathodes such as nickel hydroxide (Ni(OH)2) exhibit the redox reaction of Ni(OH)2/NiOOH with the potential of 0.49 V (vs. SHE). Therefore, alkaline Zn-Ni batteries (AZNBs) are attracting intensive attentions in next-generation batteries owing to their higher output voltage (∼1.75 V) than that of mild aqueous Zn-Mn (∼1.35 V), Zn-V (∼0.6 V), and Zn-organic batteries (<1.2 V) (Chao et al., 2019; Abdalla et al., 2024; Yuan et al., 2022).
In recent years, a serious of successes have been reported for achieving high-utilization and long-life cathode materials in aqueous batteries (Jia et al., 2020). Specifically, Ni(OH)2, NiO, NiS2, and other Ni compounds are investigated as the Ni-based cathodes for aqueous AZNBs (Lee et al., 2016; Lu et al., 2015). Reportedly, Parjer’ group developed a Ni-3D Zn battery based on a Zn sponge anode, which demonstrates a specific energy equivalent to lithium-ion systems (Parker et al., 2014). Zhou et al. have prepared a Co-free Ni-based microsphere cathode, which is a cost-effective alternative to Zn-Ni battery (Zhou et al., 2020c). Yet, the development of Ni-based cathode is trapped by their restrictive energy density, uncontrolled oxygen evolution reactions (OER) and sluggish reaction kinetics (Shen et al., 2021; Wang K. et al., 2023; Smith and Berlinguette, 2016). Compared to the high theoretical capacity of Zn anodes, Ni-based cathodes typically suffer from comparatively low capacity (like 290 mAh g−1 of β-Ni(OH)2) (Kimmel et al., 2021). Therefore, the practical energy density for assembled AZNBs is about 70 Wh kg−1, merely 20% of their theoretical level (Gong et al., 2014). Besides, Ni-based cathodes generally exhibit the oxygen evolution side reaction during the charging process, thereby inducing the low energy efficiency and serve capacity decaying of Zn-Ni batteries (Xie et al., 2023). More seriously, unoptimized Ni-based cathodes exhibit poor conductivity and high charge transfer impedance, consequently resulting in poor rate capacity of AZNBs (Zhang et al., 2022). Therefore, the development of high-performance cathode materials with optimized structures and components is essential for high-energy, fast-charging and long-lifespan Zn-Ni batteries. Very recently, metal-organic frameworks (MOFs) and covalent-organic frameworks (COFs) are proposed as the novel cathodes for high-capacity and high-rate alkaline Zn batteries (Li M. et al., 2018). For instance, Li et al. systematically introduced the latest advancements in Ni-based composite materials for supercapacitors electrodes (Li J. et al., 2024). Kang et al. developed a novel aqueous rechargeable Ni/Bi battery based on highly porous Bi2WO6 and Co0.5Ni0.5MoO4 microspheres as electrode active materials, which demonstrates a specific capacity of 179.2 mAh g−1 at 1 A g−1 and outstanding rate capability of 74.7% at 20 A g−1 (Kang et al., 2023). Notably, a few reviews about battery failure mechanisms, critical bottlenecks and mostly recent developments for Ni-based cathodes have been comprehensively delivered for high-performance AZNBs.
Herein, this review comprehensively focuses on the timely summary of representative Ni-based cathode materials and their corresponding energy storage chemistry in AZNBs. Subsequently, the key scientific challenges currently faced by alkaline Ni-based cathodes are introduced, specifically from the perspectives of limited energy density, inevitable side reactions, and the sluggish kinetics. Furthermore, design strategies including nanostructured optimization, defect engineering, ligand engineering, ion doping, and heterostructure regulation have been collected for high-performance Ni-based cathode materials. The final target of the ideal AZNBs should have high-performance electrode materials with low cost, durability and environmental suitability for the grid storage applications. Thus, prospective opportunities in the construction of more consummate Ni-based cathodes with novel reaction chemistry are brought forward to provide valuable directions, providing a fundamental guidance for future designing and development of advanced AZNBs.
2 OVERVIEW OF NI-BASED CATHODES
The development of AZNBs is closely related to the extensive exploration and establishment of various cathode materials, which are pivotal in determining the working voltage and theoretical capacity of the battery system (Huang M. et al., 2019). Specifically, Ni-based cathodes, in particular, contribute to an output voltage of approximately 1.75 V and the excellent low-temperature performance, retaining 84.1% of the capacity at −40°C (Chen S. et al., 2022). Over the past few years, a diverse range of Ni-based micro/nanostructures have been developed as cathode materials for AZNBs, demonstrating enhanced electrochemical performance and stability. Edison’s pioneering Zn-Ni battery emerged in 1901, and various Ni-based cathode materials like (Y(OH)3−coated Ni(OH)2, NF@NiO, GF-CNT@NiO) and their hybrids with carbon nanomaterials have been developed from 1901 to 2014 (N. Sac-Epee et al., 1997; Cheng et al., 2005; Liu et al.,2012). Up to now, lots of efforts have been made to realize Zn-Ni batteries with better performance and the development of novel Ni-based material exhibits a spiralrising feature. A summary of the major advancements and a brief development history of Ni-based cathode materials is presented in Figure 1.
[image: Figure 1]FIGURE 1 | Main progress and brief development history of Ni-based cathode materials in aqueous Zn batteries in the past decade.
2.1 Nickel hydroxide
To date, commercial Ni(OH)2 as cathodes have been utilized to power high-power and high-security equipment, demonstrating effective supplements for LIBs (Hao et al., 2019). To be specific, Ni(OH)2 is particularly distinguished within the family of Ni-based cathodes due to its high specific capacity and good reproducibility. Notably, Ni(OH)2 exists in two main crystal forms of α-Ni(OH)2 and β-Ni(OH)2 (Shruthi et al., 2016; Zhang et al., 2015). Thereinto, β-Ni(OH)2 cathode characterized by good crystallinity generally undergoes two distinct reaction stages of “[image: image] ” and “[image: image] ” during charging process. Notably, the second stage involves a side reaction known as the oxygen evolution reaction (OER) in which should be suppressed as much as possible to prevent loss of energy and degradation of Ni-based cathode materials. Furthermore, Ni(OH)2 cathodes experience complex phase transitions during the charge/discharge process. As described by the Bode mechanism in Figure 2, β-Ni(OH)2 phase can only convert into β-NiOOH possessed poor crystallinity.” Yet, the β-Ni(OH)2/β-NiOOH transformation involved only 1 M transferred electrons per formula unit transfer limits the theoretical capacity of β-Ni(OH)2 cathode (290 mAh g−1). In contrast, α-Ni(OH)2 cathodes can reversibly convert into γ-NiOOH involving the transfer of 1.67 M of electrons per formula unit, resulting in a higher theoretical capacity of 480 mA h g−1 for AZNBs (Qin et al., 2021).
[image: Figure 2]FIGURE 2 | Bode cyclic graph of phase transition of Ni(OH)2/NiOOH reactions during charging and discharging processes in AZNBs. Reprinted with permission from Qin et al. (2021). Copyright (2021) John Wiley and Sons.
In addition, α-Ni(OH)2 features a larger interlayer spacing than that of β-Ni(OH)2, which facilitates proton and electron migration for boosted reaction kinetics and rate capacity of Zn-Ni batteries. Moreover, this interlayer structural endows α-Ni(OH)2 with less volume changes and better cycling stability compared to β-Ni(OH)2 (Zhang et al., 2014). However, α-Ni(OH)2 cathode is prone to aging into β-Ni(OH)2 due to its instability in alkaline solution, and β-Ni(OH)2 can further irreversibly transform into γ-NiOOH during charging, thereby leading to a decline in battery performances (Ash et al., 2006). More seriously, the phase transitions within Ni(OH)2 cathodes are also associated with volume expansion and contraction, resulting in the deterioration of capacity, rate performance, and cycle stability of Zn-Ni batteries (Liu et al., 2020). Furthermore, NiOOH generally acts as an effective oxygen evolution reaction (OER) catalyst (Diaz-Morales et al., 2016). Therefore, the inevitable oxygen evolution side reaction at the cathode side poses significant challenges for achieving high energy efficiency and long-lifespan in AZNBs.
2.2 Nickel sulfides
Due to their higher electronic conductivity and superior structural stability compared to Ni-based oxides and hydroxides, nickel sulfides including NiS2, Ni3S2, and Ni3S4 exhibit remarkable performance in the field of optoelectronics (Wei et al., 2019; Mi et al., 2015; Wei et al., 2014). As for AZNBs, NizSx cathodes generally experience the redox reaction of “[image: image]” (Gao et al., 2018). Notably, the multiple valence states of nickel allow it to form a variety of compounds with sulfur elements, thereby resulting in distinct electrochemical properties of nickel sulfide cathodes (Dai et al., 2013). Moreover, the low electronegativity of sulfur ions enables nickel sulfide cathodes with relatively stable structures, which effectively protect and facilitate electron transfer for high-rate and robust Zn-Ni batteries (Krishnamoorthy et al., 2014). Among the nickel sulfides, Ni3S2 shows significant potential for AZNBs due to its high electronic conductivity (5.5 × 104 S cm−1 at room temperature) and highly reversible redox reactions in alkaline solution (Guan et al., 2015; Ke et al., 2015). For instance, He et al. developed a novel binder-free r-Ni3S2 nanosheets supported on Ni foam as the cathode for AZNBs, which demonstrated an impressive specific capacity of 240.8 mAh g−1 at 1 A g−1 and remarkable rate capability (Figures 3A,B) (He et al., 2020). However, the high capacity and cyclic durability of the Ni3S2 cathode still need improvement for high-performance Zn-Ni batteries. Due to the fast diffusion of electrolyte ions, high electrical conductivity, and abundant active sites, NiS2/reduced graphene oxide (NiS2/rGO) composite cathode exhibits enhanced stability and energy density of 357.7 Wh kg−1 for advanced AZNBs (Figure 3C) (Shi et al., 2019).
[image: Figure 3]FIGURE 3 | (A, B) Schematic illustration for the fabrication of the r-Ni3S2 NS electrode with sulfur vacancies and rate performance of r-Ni3S2//Zn battery. Reprinted with permission from He et al. (2020). Copyright (2020) American Chemical Society. (C) Preparation process of NiS2/rGO for high performance AZNBs. Reprinted with permission from Shi et al. (2019). Copyright (2019) Royal Society of Chemistry. (D) The CV profiles of Ni3S4 and Ni3S4/CNFs at 20 mV s-1. Reprinted with permission from Bao et al. (2021). Copyright (2021) Royal Society of Chemistry. (E–G) XRD and XPS Ni 2p spectra of Ni0.95Zn0.05(OH)2, NiS-coated Ni0.95Zn0.05(OH)2, respectively and cycling performance of 3 Ah Zn//NiS-coated Ni0.95Zn0.05(OH)2 pouch cell in comparison with the commercial BPI Ni-Zn battery. Reprinted with permission from Zhou et al. (2020c). Copyright (2020) Royal Society of Chemistry.
Despite these significant advancements, the design of transition nickel sulfide cathodes is still limited by insufficient reaction activity and kinetics (He et al., 2017). Recently, Bao et al. proposed Ni3S4/CNFs cathode which uses carbon nanofibers (CNFs) as support materials for the growth of Ni3S4 nanoparticles (Bao et al., 2021). The addition of conductive CNFs not only exposes more active sites, but also accelerates electron transfer to improve the battery performance. Furthermore, due to the binding effect of oxidized CNFs with oxygen functional groups, Ni3S4/CNFs hybrid cathode exhibits a larger redox peak intensity compared to bare Ni3S4 at 20 mV s−1, which suggests the improved capacity of 215 mAh g−1 in Ni3S4/CNFs cathode (Figure 3D). In addition, the similar significant results have been achieved in α-Ni(OH)2 cathode wrapped by NiS protective layer (Figures 3E,F) (Zhou et al., 2020c). Zhou et al. constructed ultra-dense NiS-coated Co-free Ni0.95Zn0.05(OH)2 cathode based on the anion exchange reaction and Kirkendall effect, which combines the rich ion transmission pathways of α-Ni(OH)2 with the excellent conductivity of NiS. The obtained 3-Ah Zn-Ni pouch cell exhibits an exceptionally high energy density of 506 Wh L−1 and outstanding long-term durability over 400 cycles, as shown in Figure 3G. Therefore, rational designing nickel sulfide cathodes with optimized surface and reaction activity is essential for the fast-charging and high-energy AZNBs with long lifespan.
2.3 Nickel oxide
Various NiO-based nanoarchitectures, such as NiO nanoflakes, NiO nanosheets, and Co3O4@NiO arrays, have been extensively explored as cathodes for AZNBs, demonstrating notable electrochemical performance and stability (Liu et al., 2016; Li et al., 2020). The excellent two- or three-dimensional ordered ion transport channels formed within NiO cathode enable rapid ion migration during electrochemical reactions, making NiO-based materials strong candidates for advanced AZNBs (Zeng et al., 2018). Despite the same electron transfer number as Ni(OH)2, NiO cathode exhibits a higher theoretical capacity (360 mAh g−1) and better cycling stability due to its lower molecular weight and simpler composition (Yin et al., 2022). However, the inherently large size of NiO leads to extended ion/electron transfer paths during electrochemical processes, which slows down rate performance of Zn//NiO batteries during charge/discharge cycles (Wang et al., 2007). Current research on transition metal oxides (TMOs) primarily focuses on developing multiple valence hosts, reducing particle size, increasing surface area to shorten ion/electron transfer paths, improving oxide conductivity, and using doping modifications to enhance cycle stability by forming more stable oxides (Wang et al., 2018).
Recently, Jiang et al. developed robust Ni-NiO nanoparticles as cathodes by configuring nanostructured Ni and Ni/NiO nanoparticles onto bamboo-derived cellulose nanofibers (BCF) (Jiang et al., 2020). The unique hierarchical 3D network of Ni-NiO cathode allows for easy electrolyte penetration and rapid ion/electron transport, contributing to high energy density (313.4 Wh kg−1) and good cycling stability over 1000 cycles (Figure 4A). Besides the substrate BCF, Wang et al. prepared NiO nanoflakes as cathode materials onto the supported carbon nanofibers (Figure 4B) (Wang et al., 2015). Attributed to the ultra-thin nanosheets, shorter electron transmission distance, and higher crystallinity, NiO-CNT cathode exhibits improved electrical conductivity to enhance the specific capacity and energy density for high-performance AZNBs. Thus, NiO-based cathodes with nanoparticles and modified element components is beneficial for the high conductivity and redox active sites for high-performance Zn-Ni batteries.
[image: Figure 4]FIGURE 4 | (A) The schematic diagram to prepare Ni-BCF materials. Reprinted with permission from Jiang et al. (2020). Copyright (2020) Royal Society of Chemistry. (B) X-ray diffraction patterns of CNT, NiO and NiO–CNTs. Reprinted with permission from Wang et al. (2015). Copyright (2015) Royal Society of Chemistry. (C) The most important properties of MOFs and COFs. Reprinted with permission from Zhao X. et al. (2021). Copyright (2021) Royal Society of Chemistry. (D, E) Schematic diagram of metal ion dissolution/deposition and Zn2+ insertion/extraction mechanisms of pristine MOF cathodes. Reprinted with permission from Zhang D. et al. (2024). Copyright (2024) Elsevier.
2.4 Metal-organic and covalent-organic frameworks
Metal-organic frameworks (MOFs) and covalent-organic frameworks (COFs) possess unique features, including high porosity, tunable pore size, large specific surface areas and customizable chemistry (Figure 4C) (Zhao et al., 2022; Chen W. et al., 2024; Peng et al., 2023; Zhao X. et al., 2021). Thus, MOFs and COFs in electrochemical energy storage have distinct advantages, especially in AZNBs. First and foremost, the porous nanostructures with high porosity and large specific surface areas are beneficial to high charge storage capacity of Zn-Ni devices; simultaneously, the tunability of pore sizes make it possible to optimize the ion transport channels, thereby potentially improving the ion diffusion and reaction kinetics of these MOF and COF cathodes (Zhang D. et al., 2024). Owing to these attributes, MOFs and COFs hold powerful competitive advantages over other traditional materials and tremendous promise in AZNBs (Peng et al., 2023; Xing et al., 2024). For instance, Chen et al. reported that NiCo-MOF@CC-3 (NCM@CC-3) cathode with an optimized Co/Ni ratio of 1:1 showed excellent electrical conductivity based on density functional theory (DFT) calculations (Chen T. et al., 2022). As a result, the NCM@CC-3//Zn@CC battery featured a high areal energy density of 2.97 mWh cm−2, and superior capacity retention of 83% after 6000 cycles. Besides, Chen et al. introduced a novel C3-symmetrical azacrown ether (ACE) building block, tris(pyrido)[18]crown-6 (TPy18C6), for the preparation of ACE-COFs with strengthened Ni2+ immobilization through reticular synthesis (Chen Q. et al., 2024). As a result, Ni@ACE-COF cathode displayed ultra-high areal capacity (∼1.27 mAh cm−2 at 8 mA cm−2) and excellent cycle stability (>1000 cycles) for superb AZNBs.
Currently, the energy storage mechanisms of MOFs and COFs are lacking systematic summary to boost their further development. For MOFs, there are two main reaction chemistry of metal ion dissolution/deposition and Zn2+ insertion/extraction mechanism, as shown in Figures 4D,E. As for the metal ion dissolution/deposition mechanism, metal ions are dissolved into the electrolyte to become electrochemically active materials and subsequently deposited on the cathode surface during the battery working. And in Zn2+ insertion/extraction mechanism, Zn2+ inserts into the MOF structure and binds with the active sites within the framework, promoting energy exchange and charge transfer for high-performance Zn//MOF batteries (Zhang D. et al., 2024). Previous studies show that n-type COF cathodes, which acquire electrons and reduced to anions, exhibit pure Zn2+ intercalation or Zn2+/H+ co-storage mechanisms for AZNBs (Lu et al., 2024). Thus, regulating the active sites and reaction mechanisms of MOF and COF cathodes can effectively broaden the research scope of Zn-Ni batteries.
2.5 Layered double hydroxide
Layered double hydroxides (LDH), commonly known as hydrotalcite-like compounds, represent a unique class of layered materials composed of positively charged layers intercalated with anions, to maintain charge equilibrium (Hu et al., 2021). The intermediate anions and layers of Ni-based LDHs are loosely bound and can often be exchanged. Among the reported nickel-based cathode materials, LDHs are regarded as promising candidates due to their high capacity, long cycle life, and tunable properties, making them extensively studied and utilized as cathodes in Ni-Zn batteries. The general formula for LDHs is [M(II)1-xM(III)x (OH)2] x+(An−)x/nmH2O, where M(II) is a divalent metal cation, M(III) is trivalent metal, and An− is an anion. The common LDH used in the cathode material of nickel-zinc batteries is: Ni-based LDHs and Mixed LDHs (Chen et al., 2019). The most common type among LDHs is nickel cobalt layered double hydroxide, designed as NiCo-LDHs (Chen et al., 2019; Jiang et al., 2023). Specifically, NiCo-LDH cathode materials combine the advantages of nickel and cobalt with good conductivity and redox reversibility, contributing to the high capacity and good cycling stability of AZNBs.
In recent years, researchers have prepared NiCo-LDH materials through different synthesis methods, such as hydrothermal method and co-precipitation method (Lu et al., 2020). And these NiCo-LDH cathode materials have been continuously modified to enhance their battery performances. Recently, two-dimensional (2D) MXene heterostructures are successfully synthetized to solve the common issues of inevitable aggregation and self-degradation (Chen Z. et al., 2024; Zhang G. et al., 2024). Due to the unique surface characteristics of MXenes, various NiCo-LDH nanomaterials can be induced onto the MXene substrates. This strategy effectively mitigates self-stacking defects and increases the exposure of surface area of the NiCo-LDH cathodes. In particular, 2D-MXene@NiCo-LDH (MH-NiCo) heterostructures exhibit enhanced structural stability, improved chemical reversibility, and higher charge transfer efficiency compared to pure NiCo-LDH (Figure 5A) (Zhang G. et al., 2024). Besides the modification of 2D-MXenes, zinc-induced phase reconstitution method can greatly improve the electrochemical stability of CoNi-LDH cathode materials (Pang et al., 2022). Specifically, the molybdate intercalation significantly increases the specific surface area as well as expands the interlayer spacing of CoNi-LDH cathodes, thus improving the ion diffusion kinetics and specific capacity of AZNBs. A typical molybdate intercalated cathode material of MCN-LDH@CP have been prepared via simple hydrothermal process for high capacity (1.74 mAh cm−2) and good cycle stability (97.8% after 7000 cycles) of Zn-Ni batteries (Figure 5B) (Ma et al., 2024).
[image: Figure 5]FIGURE 5 | (A) Schematic synthesis process of MH-NiCo heterostructure, 2D-2D Heterostructured Nanomaterials. Reprinted with permission from Zhang et al. (2024c). Copyright (2024) John Wiley and Sons. (B) Schematic preparation illustration of MCN-LDH@CP with bilayered structure. Reprinted with permission from Ma et al. (2024). Copyright (2024) Elsevier. (C) Schematic illustration of the synthesis process of NiFeCo LDH nanoplate arrays with 3D porous structure. Reprinted with permission from Wang H. et al. (2023). Copyright (2023) Elsevier. (D) Schematic diagram of the synthesis of NF\Ni3S/NiS@NiCo-LDH with hierarchical heterostructure. Reprinted with permission from Zhou K. et al. (2022). Copyright (2022) John Wiley and Sons.
Furthermore, mixed LDHs incorporating multiple metal ions are also frequently used as cathode materials for high-performance AZNBs. For example, NiFeCo-LDH, which combines nickel, cobalt, and iron, provides greater stability and higher energy density compared to single-metal LDHs (Wang H. et al., 2023). The synthesis process of NiFeCo-LDH nanoplate arrays is showed in Figure 5C. By controlling synthesis conditions, including the ratio of metal ions and the type of interlayer anions, the structure and properties of NiFeCo-LDH can be precisely tailored to meet the needs of advanced Ni-Zn batteries. Another mixed LDH cathode of NF\Ni3S2/NiS@NiCo-LDH has been fabricated with the self-supported 3D hierarchical heterostructures (Zhou K. et al., 2022). Notably, NF\Ni3S2/NiS@NiCo-LDH cathode with strong interfacial bonds provide abundant reactive sites, rapid ion diffusion channels, as well as strong structural stability for high capacity (434.5 mAh g−1) and long lifespan (over 5000 cycles) of Zn-Ni batteries. A schematic diagram of the synthesis of NF\Ni3S2/NiS@NiCo-LDH is shown in Figure 5D. Therefore, compositions and interlayer spacing of these Ni-based LDHs can be rational designed to optimize Ni-Zn battery performances.
2.6 Other cathode materials
In addition to the above five cathode materials, there are some other Ni-based cathode materials such as nickel molybdate (NiMoO4), nickel selenides (NiSe2) and nickel/cobalt-based materials (Zhou L. et al., 2020; Shen et al., 2020; Liu et al., 2023; Zhou L. et al., 2022). Specifically, NiMoO4 with superior conductivity is a typical low-cost and environmentally friendly binary nickel oxide cathode for AZNBs. As a result, NiMoO4-NC cathode exhibits a improved capacity of 229.2 mAh g−1 (3.4 A g−1) and cycling stability of 85.9% capacity retention after 3000 cycles (Zhou L. et al., 2020). Moreover, intrinsically Pauli-paramagnetic NiSe2 cathode has low resistivity (10–3 Ω cm) for high-rate and fast charging AZNBs (Zhou et al., 2020b; Wang et al., 2017). Recently, Zhou et al. proposed layered NiSe2 nanosheet arrays as a robust cathode for high-performance AZNBs, which showed excellent rate capability (58% capacity reservation at 72.8 A g−1), ultrahigh power density (91.22 kW kg−1) and extremely long lifespan (91.7% capacity retention after 10,000 cycles) (Zhou et al., 2020b).
Nickel/cobalt-based cathode materials have the same advantages as NiMoO4, except for poor electrical conductivity and insufficient electrochemically active sites. To address these issues, various strategies including defect engineering, structural design, element doping and composition regulation, have been reported to optimize the capacity and cycling stability of nickel/cobalt-based cathode materials (Liu et al., 2023). For instance, Liu et al. synthesized S-NCO cathode by hydrothermally doping sulfur into NiCo2O4 to improve the lifespan without capacity fading after 4000 cycles (Liu et al., 2023). Moreover, Zhou et al. prepared bimetallic cobalt-nickel phosphate octahydrate (NCP) with hierarchical structure in situ on nickel foam by one-step hydrothermal method (Zhou L. et al., 2022). Regulating the composition of cobalt and nickel elements, Zn//NCP battery exhibits a high areal energy density of 5.42 mWh cm−2 and a maximum power density of 129.68 mW cm-2. Thus, exploring novel Ni-based cathodes with new redox reactions is of importance for advanced AZNBs.
3 CHALLENGES FOR NI-BASED CATHODES
Despite the significant success achieved since the commercialization of Ni(OH)2, optimization of cathode materials still face several challenges for advanced AZNBs. Early research primarily focused on the development of new materials and morphology control in electrodes and electrolyte. However, inadequate energy density, inevitable side reaction, and slow dynamics become visible issues with the deepening of studies. Thus, these challenges pose significant obstacles to the commercialization of AZNBs and must be thoroughly addressed for the technology to reach its full potential.
3.1 Inadequate energy density
The energy density of a battery, which refers to its ability to store energy, is crucial for meeting the endurance requirements of electronic devices. It is closely related to both the discharge capacity and operating voltage of the battery. Notably, AZNBs are distinguished within the AZIBs family by their high discharge voltage platform (∼1.75 V), which surpasses that of ordinary aqueous Zn batteries with mild/acid electrolytes (typically <1.5 V) (Li W. et al., 2018). However, the energy density of assembled AZNBs falls short of expectations due to the relatively lower capacity of Ni-based cathodes compared to zinc anodes and their lower utilization rates (Fang et al., 2018). To overcome this barrier, significant efforts have been made to develop cathode materials with higher specific capacities, as discussed earlier. Nevertheless, most of these materials rely on a reversible redox process involving a single electron transfer, which inherently limits their theoretical specific capacity (Liu et al., 2019). Furthermore, the redox potential of electrode materials is intrinsically tied to their crystal structure and configuration, making it difficult to alter (Lu et al., 2012). Thus, expanding the operating voltage seems to be an attractive option to improve energy density.
From the perspective of battery design, another strategy of designing a Zn-based hybrid batteries has been used to broaden the operating voltages (Li et al., 2017). Due to similar electrolyte systems and well-matched discharge voltage platforms of Zn-Ni and Zn-Air batteries, their electrochemical reactions can be technically integrated within the hybrid devices (Huang Z. et al., 2019). Specifically, the assembled hybrid battery can achieve a high energy density of 644.7 Wh kg−1 and good durability in a wide operating voltage range of 0.6–2.0 V (Li L. et al., 2023). More importantly, compared to standalone AZNBs, the hybrid Zn batteries with continuously oriented three-phase reaction interface channels can significantly improve the kinetics of electrocatalytic oxygen reaction with a specific capacity by about 370%, making them one of the most excellent alkaline Zn batteries (Figures 6A,B). Inspired by this, alkaline zinc/lithium hybrid batteries have been designed to provide an unprecedented operating voltage of 3.41 V and a high energy density of 362.4 Wh kg−1, approaching the energy density of commercial LIBs (Chen et al., 2023).
[image: Figure 6]FIGURE 6 | Comparison of (A) conventional three-phase interfacial channels with imperfect matching and disordered transfer feature and (B) continuously oriented three-phase interfacial channels with 1D directional transfer characteristics in hybrid AZNBs. Reprinted from Li L. et al. (2023). Copyright (2023) John Wiley and Sons. (C, D) Schematic pathways and the process of H2 evolution in alkaline medium. Reprinted with permission from Wang H. et al. (2024). Copyright (2024) Elsevier. (E) OER cycling process of two different mechanisms. Reprinted with permission from Zhao et al. (2023). Copyright (2023) American Chemical Society. (F) Ni-based MXene hosts for high conductivity and reaction catalysis. Reprinted with permission from Wang Z. et al. (2024). Copyright (2024) John Wiley and Sons. (G, H) NCGs constructed by the coordination of Ni2+ with organic ligands for improved redox kinetics and 3D stacks formed by hydrogen bonds and π-π stacking interactions to provide rapid electron/ion transport channels. Reprinted with permission from Zhang et al. (2021). Copyright (2021) John Wiley and Sons.
Compared to the strategy of developing high-capacity cathode materials to boost the energy density, designing multiple electrochemical reactions is considered as a more effective potential strategy for high-voltage AZNBs (Cui M. et al., 2021). Although optimized electrolytes can effectively widen the battery working window, they often fail to achieve satisfactory energy density due to mismatches with hybrid batteries (Manna et al., 2022). Therefore, achieving a well-matched reaction interface is crucial for the success of hybrid power batteries. Furthermore, achieving both ultra-high volumetric and gravimetric energy density remains a challenge in reported AZNBs (Chen Z. et al., 2024). Hence, the continuous search for more cathode materials with theoretical capacity higher than that of Zn metal (820 mAh g−1) would be a significant advancement in the reaction designed hybrid Zn batteries.
3.2 The inevitable side reactions
The inevitable HER and OER along with the release of H2 and O2 at the anode and cathode sides, respectively, present severe issues for low energy efficiency, degradation of cathode materials, and zinc dendrite growth (Xiao et al., 2022; Yang et al., 2024; Xie et al., 2023; Li et al., 2021). Moreover, the side reaction also causes swelling of the AZNBs in a closed system, leading to short circuits or battery expansion in practical applications. Specifically, the redox couple of Zn/Zn2+ presents a standard electrode potential (−0.76 V vs. SHE), which means the hydrogen evolution reaction is thermodynamically preferred at the anode/electrolyte interface (AEI), thus leading to the production of H2 (Wang H. et al., 2024; Yang H. et al., 2021; Dundálek et al., 2017). In aqueous electrolytes, the HER is a two-electron transfer reaction and the specific synthesis of a hydrogen molecule through either Volmer-Heyrovsky or Volmer-Tafel mechanism (Figure 6C). Different to the mild or acid Zn batteries, the HER pathways and total reaction equation can be concluded as [image: image] under alkaline conditions (Figure 6D). It is well-established that H2 catalytic activity and exchange currents are significantly lower in an alkaline medium than that in acidic solutions (Wei J. et al., 2018). Yet, the strategies for the inhibition of HER still need to develop for high efficiency and robust Zn-Ni batteries, especially for the large-scale energy storage systems.
Compared to HER, OER at the cathode side deserves more attention in AZNBs during the charging process. Based on previous studies, the overall OER can be concluded by the equation of [image: image]. And the OER occurs by two different ways: water nucleophilic attack (WNA) or the adsorbate evolution mechanism (AEM), and the interaction of intermolecular O-O coupling (I2M). Specifically, the WNA process and the paths of I2M have been depicted in detail for the generation O2 during battery charging, as depicted in Figure 6E (Zhao et al., 2023). Notably, all these reactions are assumed to proceed through proton-coupled electron (or hole) transfers (PCET) (Yang X. et al., 2021). Once OER happens, the Ni-based cathodes will undergo low reaction efficiency and inferior phase reversibility for high-energy and long-lifespan AZNBs. For example, OER as a competitive reaction of the conversion between Ni3S2 and Ni3S2(OH)x during Ni3S2 cathode charging results in energy loss and instability of the cathode materials (Hu et al., 2015). In previous studies, Joseph F. Parker and co-workers used combination of additives and controlled the charging voltage to suppress OER, but actually these methods are insufficient to solve the OER issue completely, and will increase the cost of electrolytes as well as cause capacity loss (Parker et al., 2017). Therefore, understanding mechanisms of OER and HER is important for the design of high-performance Ni cathodes and durable Zn anodes.
3.3 The sluggish kinetics
Sluggish kinetics caused by the poor conductivity, slow ion diffusion rate, and high charge transfer impedance is crucial for advancing practical applications of AZNBs. Thus, current researches are focused on overcoming this challenge to enhance the overall performance of AZNBs (Wang K. et al., 2023; Chen X. et al., 2024; Tian et al., 2022). Specifically, Ni-based oxide cathodes typically suffer from low capacity and poor stability, largely due to their slow electron/ion transport rates and poor electrochemical reversibility during the phase transition process. For example, Ni(OH)2 in the cathode undergoes reversible conversion to NiOOH to release the stored energy during discharging. Then, Ni(OH)2 is reversibly oxidized to form NiOOH, storing electrical energy in the charging process. Therefore, the phase transition kinetics directly limits the energy conversion efficiency and rate capability of AZNBs (Qin et al., 2021). Moreover, the phase transformation process can lead to structural changes in the Ni-based cathode materials, affecting the ion diffusion kinetics and potentially reducing the overall battery performance. Besides, Ni-based cathodes exhibit lower ionic conductivity, aggravating sluggish ion diffusion kinetics and poor rate performance of AZNBs. Recently, various strategies including cathode modification, electrolyte optimization and battery design have been employed to enhance the conductivity, reduce charge transfer resistance, and minimize structural degradation, respectively, for fast-charging AZNBs (Tian et al., 2022; Huang M. et al., 2019). Yet, the inherent poor conductivity and significant crystal structure collapse of Ni-based cathodes still need further investigate from the fundamental of reaction mechanisms.
The lack of sufficient active sites and electron and ion transport channels for the reaction results in the sluggish kinetics. Finding novel materials for Zn-Ni battery cathodes to provide abundant active sites and fast electron ion transport channels is a major challenge. For example, based on the continuous electron transport networks, the functional groups (such as -OH) on the surface of MXene can enhance the adsorption and catalysis of nickel-based materials, thereby improving the overall performance of AZNBs (Figure 6F) (Wang Z. et al., 2024). Additionally, constructed by the coordination of nickel ions with organic ligands (Figure 6G), the Ni (II) coordination supramolecular grids (NCGs) forms 3D stacks through hydrogen bonds and π-π stacking interactions to provides rapid electron and ion transport channels for high-rate Zn-Ni batteries (Figure 6H) (Zhang et al., 2021). While searching for these new materials, it is also necessary to consider the possibility of reactions between the electrode material and the alkaline electrolyte, which can deplete the active material and reduce the efficiency of the battery. Therefore, sluggish kinetics of Ni-based cathode materials needs to be solved through innovative research and continuous development of new materials for high-performance AZNBs.
4 DESIGN STRATEGIES FOR NI-BASED CATHODES
To circumvent the above challenges, great research efforts have been dedicated to the optimization of Ni-based cathodes. Here, we summarize and highlight several feasible electrode design strategies including defect engineering, ligand engineering, ion doping, heterostructure regulation, nanostructured optimization. Furthermore, a single optimization strategy is not sufficient to solve all the problems of nickel cathodes. Therefore, it is recommended to adopt multiple strategies simultaneously to achieve high-performance AZNBs.
4.1 Defect engineering
Defect engineering has gradually become a regarded rational strategy that can significantly modify the electronic properties, modulate lattice arrangement, and regulate crystal structures of Ni-based cathode materials from the inside out (Guo et al., 2022; Zhang et al., 2020; Xiong et al., 2020). According to the reaction mechanisms, introduced defects can be categorized into atomic vacancies, interstitial defect, substitutional defect, and higher-dimensional defects (Xiong et al., 2020). Among these, substitutional defect and atomic vacancies, such as oxygen vacancies, anionic vacancies, and cationic vacancies, have emerged as key strategies to improve the rate capability and stability of Ni-based cathodes. And, the presence of defects used as active sites can effectively promote the reaction kinetics of high-rate AZNBs (Zhang et al., 2020). For example, Chen and co-workers selected salicylic acid (SA) as the modulator to partially substitute 2,5-dihydroxyterephthalic acid (H4dobdc) in MOF-74(NiCo), leading to ligand deficiencies or coordination environment defects that resulted in the generation of additional oxygen vacancies (Figure 7A) (Chen T. et al., 2024). Under the synergistic effect of oxygen vacancies and Co-doping, the dual defects-engineered bimetallic MOF-74(Ni0.675Co0.325)-8 cathode (molar ratio of feeding SA/H4dobdc = 8) showcased a improved capacity of 218.6 mAh g−1 and energy density of 266.5 Wh kg−1 (17.22 kW kg−1) for AZNBs. Besides, Li et al. synthesized a Ni-Co oxide cathode (AM-Ov-NCO/NF) with oxygen-rich vacancies, promoting the penetration of the electrolyte and improving its reaction activity for high capacity (322.8 mAh g−1 at 1 A g−1), remarkable cycle stability (91.9% capacity retention after 2000 cycles), and improved energy density (539.1 Wh kg−1) in AZNBs (Li X. et al., 2023).
[image: Figure 7]FIGURE 7 | (A) Schematic diagram of the structural evolution from MOF-74(Ni) to MOF-74(NiCo) with designed dual-defects. Reprinted with permission from Chen T. et al. (2024). Copyright (2024) John Wiley and Sons. (B–D) Synthesis mechanism of Od-CNO@Ni NTs nanostructure, modulation mechanism model of oxygen defects on OH− adsorption and surface charge transfer and OH− adsorption energy analysis for Od-CNO@Ni NTs nanostructure. Reprinted with permission from Yao et al. (2021). Copyright (2021) Springer Nature. (E, F) The formation mechanism of vacancies in CNT-V-NiCoSe-400 and modulation mechanism model of Se vacancies on OH− adsorption. Reprinted with permission from Li J. et al. (2024). Copyright (2024) John Wiley and Sons.
Introducing defects into Ni-based nanostructures can also achieve high stability during the ion extraction/insertion and promote ions diffusion as well as electron transfer kinetics (Zhang et al., 2020). The further explanation is that the introduction of defects can change the lattice structure of cathode materials with enhanced stability, increased OH- adsorption sites, and improved conductivity along with modified Fermi energy levels simultaneously, for robust and high-capacity Zn-Ni batteries. For instance, Yao and co-workers introduced ultra-thin CoNiO2 nanosheets with plentiful oxygen defects (Od-CNO) on the surface of vertically arranged Ni nanotube arrays (Ni NTs), thereby obtaining Od-CNO@Ni NTs cathode material (Figure 7B) (Yao et al., 2021). Specifically, the introduction of oxygen defects could enhance the adsorption of OH−, contributing to an increase in charge transfer between the electrode and OH− from 0.57 to 0.64 or 0.61 electrons for high-capacity (432.7 mAh g-1) and high-rate (218.3 mAh g−1 at 60 A g−1) Od-CNO@Ni NTs cathode (Figures 7C,D). Furthermore, the Od-CNO@Ni NTs//Zn battery demonstrated an exceptionally capacity retention of 93% after 5000 cycles, along with enhanced energy density of 547.5 Wh kg-1 at 92.9 kW kg−1. Similarly, the Co-doped Ni3S2 nanosheets with abundant sulfur vacancies as effective cathode materials for AZNBs were synthesized by Li and co-workers (Li X. et al., 2022). Thanks to rich sulfur vacancies, a lot of active sites for electrochemical reactions were created, thereby greatly improving specific capacity (183.9 mAh g−1 at 1 A g−1) and energy density (442.8 Wh kg−1). In addition to anion vacancies, cationic vacancies can also improve the capacity and rate performance of Ni-based cathode materials. Li et al. designed a CNT-V-NiCoSe-400 electrode with Se vacancies and illustrated the formation mechanism of Se vacancies (Figure 7E) (Li G. et al., 2024). Density functional theory (DFT) calculation confirmed that the existence of Se vacancies can improve the internal electron transfer and ion diffusion efficiency, and create more OH− storage sites for the improved capacity (Figure 7F). As a result, the CNT-V-NiCoSe-400 electrode exhibited an excellent capacity of 384 mAh g−1 at 1 A g−1 and rate capability of 209 mAh g−1 at 150 A g−1. These results indicate that defect engineering can effectively regulate and realize multiple battery performance optimizations for advanced AZNBs.
4.2 Ligand engineering
Metal-organic complex cathodes are expected to overcome the intermolecular forces and maintain good reversibility during charge-discharge cycles due to their remarkable chemical tunability and effective metal sites (Su et al., 2023; Su et al., 2024). For example, nickel-ligand coordination grids (NCGs) based on nickel and 3,5-pyridinedicarboxylic acid (3,5-PDC) ligands can form π-π stacks to facilitate electron transfer and boost structural flexibility for high-performance AZNBs (Zhang et al., 2021). Moreover, Su and co-workers chose salicylic acid (SA) as a ligand to synthesize a series of one-dimensional Ni-based SA complex cathode materials, which enhanced the electrical conductivity for improved battery performance of AZNBs (Figure 8A) (Su et al., 2023). Thereinto, the hydroxyl and carboxyl groups involved in the coordination of Ni-XSAs with electron-donating groups showcase a higher electron density around the ligands and decreased HOMO-LUMO gap, which were beneficial to coordination with Ni2+ and improved conductivity (Figures 8B,C). Consequently, the Ni-mMeSA cathode achieved a maximum energy density of 0.30 mWh cm−2 and a peak power density of 33.72 mW cm−2 for advanced AZNBs.
[image: Figure 8]FIGURE 8 | (A–C) Molecular structures of salicylic acid ligands containing different substituents, ESP distribution of SA with different substituents and frontier orbitals of SA with different substituents. Reprinted with permission from Su et al. (2023). Copyright (2023) John Wiley and Sons. (D–G) Schematic illustration of the synthetic process for NiSA-SSA-160 by thermodynamic modulation using a dual ligand-assisted strategy, the number of charges of the O atoms in the m-MeSA ligand, the number of charges of the O atoms and S atoms in the SHSA ligand and schematic representation of the electronic coupling to weaken e--e- repulsion and strengthen the coordination. Reprinted with permission from Su et al. (2024). Copyright (2024) John Wiley and Sons.
Although the study mentioned above provides a novel perspective to design Ni-organic complexes with enhanced conductivity, further improvements in electrochemical properties are necessary. To address this, Su et al. developed a Ni-based SA double-ligand complex by thermodynamic modulation using a dual ligand-assisted strategy (Figure 8D) (Su et al., 2024). Guest molecules containing sulfur induced competitive coordination with complexes involving Ni-O bonds, resulting in the S atom on the SHSA ligand acquiring a charge of −0.15. Therefore, the S atom was more easily coordinated with the transition metal to increase the electron density of the Ni center (Figures 8E,F). Furthermore, enhanced structural stability was confirmed through analysis of the electronic structure. Specifically, the introduction of thiols allowed the electrons of Ni2+ to coordinate with the orbitals of S, thereby weakening the e--e- repulsion, forming feedback bonds, and strengthening the coordination (Figure 8G). Consequently, the NiSA-SSA-160//Zn@CC battery achieved a capacity of 0.54 mAh cm−2 at 1 mA cm−2 with a maximum energy density of 0.54 mWh cm−2 at 49.5 mW cm−2, representing improved battery performance compared to the previous works. Therefore, ligand engineering can greatly improve the conductivity and reaction reversibility for high-rate and long-life AZNBs.
4.3 Ion doping
To improve the stability of α-Ni(OH)2 in alkaline conditions and avoid its irreversibility between multiple phases, researchers have explored partial substitution of Ni2+ in α-Ni(OH)2 with heteroatoms (Co, Al, Zn, Cu, Mn, etc.) (Wei M. et al., 2018; Han et al., 2021). These heteroatoms can anchor anions (CO32-, NO32-, and OH−) and enhance the bonding force between Ni(OH)2 layers, thereby stabilizing the α-phase by strengthening the retention of anions and water molecules within the lattice. Simultaneously, the introduction of heteroatoms can effectively boost the catalyzed redox kinetic by modulating the charge distribution. For instance, Tian et al. developed Ag atom co-doping NixCo1-x (OH)2 cathode via density functional theory (DFT) and unraveled the impact of atomic dopants on the electron structure in the Ni-based matrix (Figure 9A). The study revealed that atomic doping could modulate the charge distribution, as evidenced by the charge density differences at the Ni and Co sites in NixCo1-x (OH)2, as shown in Figures 9B, C; (Tian et al., 2022).
[image: Figure 9]FIGURE 9 | (A–C) The schematic diagram of the Ni–Zn battery based on NixCo1-x (OH)2 doped with Ag atoms and the charge density differences on the Ni and Co site of NixCo1-x (OH)2. Reprinted with permission from Tian et al. (2022). Copyright (2022) John Wiley and Sons. (D) The synthesis schematic of 3D porous Co-doping α-Ni(OH)2 nanosheets. Reprinted with permission from Wang K. et al. (2023). Copyright (2023) John Wiley and Sons. (E) Cycling stability at 17.1 A g-1 of Ni3S2 and Ni3S2@PANI-6 electrodes. Reprinted with permission from Zhou et al. (2019). Copyright (2019) John Wiley and Sons. (F) Schematic illustration for the stepwise construction of Mo-NiS@NiCo-LDH cathodes for high-performance asymmetric supercapacitor and aqueous Ni//Zn battery. Reprinted with permission from Shi et al. (2021). Copyright (2021) John Wiley and Sons.
Furthermore, in 3D macroporous α-Ni(OH)2 nanosheets (designed as 3D Co-NH), Wang et al. introduced Co2+ ions into the α-Ni(OH)2 nanosheets, creating abundant gaps that synergistically provide convenient and interconnected ion diffusion channels (Wang K. et al., 2023). These gaps also offer sufficient free space to accommodate volume changes of 3D Co-NH cathode during cycling, effectively improving the cycling stability of AZNBs after 1000 cycles at 6 mA cm−2 (Figure 9D). Accordingly, ion doping thus proves beneficial for designing cathode materials with high electrical conductivity and stability, particularly for those that typically suffer from irreversible phase transitions during charging and discharging. These transitions can be partially mitigated by structural distortions due to the isotropically distributed electrostatic interactions between metal ions. Compared to other Ni-based cathodes, Co-doped α-Ni(OH)2 exhibits an outstanding energy density of 543 Wh kg-1 and superior rate capacities at large current densities. Significantly, bimetallic co-doping has been proven to be an effective method for stabilizing α-Ni(OH)2. Recently, stable NiAlCo-LDH/CNT cathode has been reported to achieve a higher capacity of 354 mAh g−1 at 6.7 A g−1 and improved working voltage of 1.75 V than that of NiCo-LDH/CNT or AlCo-LDH/CNT cathodes (Gong et al., 2014). Therefore, ion doping can effectively modulate the electron structure and stabilize the structural robustness of the Ni-based cathodes for high-performance AZNBs.
4.4 Heterostructure regulation
Heterogeneous structures consist of regions with significantly different characteristics, and the interaction and coupling between these regions can produce synergistic effects (Zhu and Wu, 2023). By mixing or coating, the elegant introduction of additional active components (e.g., carbon-based materials (Yang et al., 2020), NiS (Zhou et al., 2020c), Co(OH)2 (Zhou K. et al., 2022), etc.) into target materials has become a recognized tactic to enhance electronic conductivity and electrochemical activity in energy storage fields. As expected, this approach has also been extended to the modification of Ni-based cathode materials in AZNBs (Li Y. et al., 2018). Currently, heterogeneous structures demonstrate great potential to enhance the capacity and long-term cycling stability of Ni-based cathode materials. For example, an polyaniline (PANI) surface coated Ni3S2 (Ni3S2@PANI) cathode exhibits a significantly longer discharge voltage platform compared to the pristine Ni3S2 electrode, as shown in Figure 9E (Zhou et al., 2019). This improvement confirms that PANI layer significantly enhances the capacity of the Ni3S2 electrode. Encouragingly, the Ni3S2@PANI electrode also exhibited significant durability without any capacity degradation after 10000 cycles.
Furthermore, heterostructured Ni-based composites can simultaneously utilize the advantages of two composite materials for high-performance AZNBs. Recently, Shi’s group adopted multistep hydrothermal method to synthesize the composite of the Mo-introduced nickel sulfide thin sheets decorated with Ni-Co layered double hydroxide nanosheet hierarchical heterostructures on Ni foam (denoted as Mo–NiS2@NiCo-LDH), as shown in Figure 9F (Shi et al., 2021). This heterostructure leverages the benefits of both Mo-NiS2 and NiCo-LDH to improve the redox active sites and stability of the Mo-NiS2@NiCo-LDH electrodes. Thus, Zn//Mo-NiS2@NiCo-LDH battery offers a high capacity of 275 mAh g-1 (1 A g−1) and reversible capacity of 182 mAh g−1 after 700 cycles (4 A g−1). Similar enhancements are observed in nickel hydroxide architectured, such as NiS-coated Ni(OH)2 cathode of AZNBs. Ni-based cathodes are well-known for suffering from insufficient reversible reactive sites, which makes it challenging to achieve high practical specific capacity and long cycle stability (Xu et al., 2016). To address this issue, Zeng et al. developed a Ni-NiO heterostructured nanosheet cathode to enhance the reaction kinetics and reversibility (Zeng et al., 2017). Specifically, the abundant embedded Ni nanoparticles can promote the electron transfer between the electroactive sites and the current collector during the battery cycling. Benefiting from the improved conductivity and electroactivity of the Ni-NiO heterostructured cathode, the assembled AZNBs shows unprecedented cyclic durability of 96.6% capacity retention after 10000 cycles. In summary, the heterostructure regulation strategy can increase electrochemical active sites and enhance electron transport capability of Ni-based cathodes, contributing to the high-energy and long-lifespan AZNBs.
4.5 Nanostructured optimization
As a cutting-edge technology, nanostructure optimization provides a new idea for improving the electrochemical performance of cathode materials for Ni-Zn batteries (Zuo et al., 2016; Cheong et al., 2022; Yu et al., 2022). Nanostructure optimization involves reducing the size of the cathode material to the nanoscale through nanoprocessing techniques, which can significantly increase the specific surface area, promote rapid charge transfer, and improve electrochemical activity. At the same time, controlling the morphology of materials (nanowires, nanosheets, nanoparticles, etc.) can further optimize electrochemical properties, such as enhancing structural stability and cycling stability. Typical methods for the synthesis of 1D nanostructures are shown in Figure 10A, including electrospinning, hydrothermal and solvothermal method, chemical vapor deposition, template-assisted approach, electrodeposition, and sol-gel method (Cheong et al., 2022). For instance, the NiCo2S4/HCS@CF film synthesized by electrospinning technology is lightweight, free of any polymer binders, thus exhibiting high conductivity, abundant electroactive sites, and favorable reaction kinetics for AZNBs. The DFT calculations confirm that the NiCo2S4/HCS@CFs have a high adsorption ability towards the OH− ions in the electrolyte, thus greatly improving the reaction kinetics (Figure 10B) (Yu et al., 2022). In addition, two-dimensional (2D) materials have a sheet structure with nanometer thickness and microscale horizontal size, thus benefitting to the unique physicochemical properties, large surface area and abundant active sites for high-performance AZNBs. Very recently, with the introduction of two-dimensional materials, the performance of nickel-zinc batteries has also been improved (Lei et al., 2024).
[image: Figure 10]FIGURE 10 | (A) Schematic illustration of typical synthetic methods for 1D nanostructures. Reprinted with permission from Cheong et al. (2022). Copyright (2022) John Wiley and Sons. (B) Models of the calculation of OH− adsorption on carbon, NiCo2S4 and NiCo2S4/carbon. Reprinted with permission from Yu et al. (2022). Copyright (2022) Royal Society of Chemistry. (C) Illustration of the energy storage enhancement mechanism of CNSNA superstructure. Reprinted with permission from Zhang C. et al. (2024). Copyright (2024) John Wiley and Sons. (D) (111) and (100) surface of the NiCo2S4, respectively. The gray, blue, and yellow balls represent nickel, cobalt, and sulfur atoms, respectively. Reprinted with permission from Li W. et al. (2018). Copyright (2018) John Wiley and Sons. (E, F) SEM images of CNF@NiCo2S4. Reprinted with permission from Cui Z. et al. (2021). Copyright (2021) Elsevier.
The construction of heterostructures is an important way to optimize nanostructures. By constructing heterostructures of core-shell structures and nanocomposites, the properties of Ni-based cathode materials exhibit enhanced electron transport, structural stability and improved catalytic activity for the high-performance AZNBs (Zhang C. et al., 2024). For example, CoSe2@Ni3Se4@Ni(OH)2 superstructure nanoarray (CNSNA) material has been used as the cathode, which can greatly enhance the battery performance caused by the abundant active surface sites. In addition, the redox mediator K3 [Fe(CN)6] is used to accelerate the reaction kinetics by introducing a supplemental redox reaction, further improving charge storage capacity (Figure 10C) (Zhang C. et al., 2024). Moreover, the optimization of the nanostructure of cathode materials plays a crucial role in improving the ion transmission efficiency of AZNBs. At the atomistic scale, as shown in Figure 10D, NiCo2S4 cathode exhibits the minimum geometric diameters of 0.41 and 0.39 nm for (111) and (100), respectively (Li J. et al., 2018). These results provide the possibility of a large open channel for the overall diffusion of hydroxide ions (∼0.27 nm) into NiCo2S4, promoting the rapid ion diffusion tuunels for high-rate AZNBs during battery cycling. Figures 10E, F) show SEM images of carbon nanofibers functionalized with ternary NiCo2S4 nanoparticles (denoted as CNF@NiCo2S4), suggesting unique multi-channel structures for the high-performance CNF@NiCo2S4 cathodes (Cui Z. et al., 2021). Therefore, nanostructured optimization can effectively improve the electrochemical performance of Ni-based cathodes, improving its cycling stability and kinetic performance to meet the growing demand of advanced AZNBs.
5 CONCLUSION AND OUTLOOK
In summary, aqueous Ni-based rechargeable batteries using Zn anode and an alkaline electrolyte have garnered increasing interests due to their intrinsic safety, environmentally friendliness, and high output voltage. This review began with an overview of the most recent progress and limitations of representative Ni-based cathode materials. We then systematically presented effective strategies to overcome obstacles and optimize electrochemical performance. While many valuable insights have been offered for designing Ni-based cathodes, AZNBs still require further advancements in both electrode and electrolyte development for practical applications. Key conclusions and perspectives are outlined below for the future development of advanced AZNBs, particularly focusing on research into Ni-based cathodes (Figure 11). Based on the high energy, long-lifespan, and robust targets, more strategies enabled binder-free electrodes, and improved comprehensive battery performance should be further explored to boost the practical application of advanced AZNBs. Table 1 summarizes the electrochemical performance of recently reported AZNBs based on Ni-based cathodes. Admittedly, still many achievements have been reported in this field to provide valuable directions for the future development of advanced AZNBs.
[image: Figure 11]FIGURE 11 | The future challenges and perspectives of Ni-based cathode materials for high-performance AZNBs.
TABLE 1 | Summary of cathodes, anodes, electrolytes, and the achieved battery perfornmances for recent reported AZNBs.
[image: Table 1]5.1 Pushing forward binder-free battery configurations
Binder-free AZNBs systems utilizing a uniform self-supported strategy based on Ni foam (NF) have been proposed, offering abundant reactive sites, rapid ion diffusion channels, and fast electron transfer pathways. The hierarchical structure design also provides an extensive active surface area for redox reactions (Cui Z. et al., 2021). Therefore, this configuration can achieve both high energy density and long lifespan for AZNBs. However, considering the cost-effectiveness of Ni/Co-based binder-free methods, future research should focus on developing economically efficient and straightforward strategies for synthesizing cathodes.
5.2 Toward comprehensive performances of AZNBs
Current research primarily focuses on improving the electrochemical performance of individual components, such as anodes, cathodes, electrolytes, in AZNBs. From the perspective of cathodes, greater emphasis should be placed on achieving high mass loading of active materials (>20 mg cm−2 in general) and low N/P ratios for commercial Zn-Ni batteries. Additionally, many newly optimized anodes in alkaline electrolytes are not yet commercially available due to the economic cost, environmental impacts, and power consumption. From the electrolyte perspective, lean alkaline electrolytes with low concentration should be stressed to decrease the self-corrosion and self-discharge of Zn anodes. Furthermore, OER at the cathode/electrolyte interface should be limited for high-efficient and robust AZNBs in large-scale energy storage applications (Zhou et al., 2023). Therefore, further research needed in electrode and electrolyte development for the large-scale energy storage applications of AZNBs.
5.3 Toward better battery recycling
As the world grapples with the consequences of the plastic crisis, it is imperative that we avoid replicating the same oversight with AZNBs that occurred with LIBs, where recycling was largely neglected during the early stages of commercialization. Given the potential of AZNBs as a sustainable alternative to LIBs, it is essential to prioritize research on their recycling processes, particularly in the context of large-scale deployment. Incorporating recycling efficiency into the design of electrodes and electrolytes is critical for enhancing the feasibility of effective recycling strategies. Consequently, the recycling of Zn-Ni batteries should be viewed not only as a challenge but also as a significant opportunity for future advancements in sustainable energy storage.
5.4 Moving towards practical applications
As energy storage systems are increasingly required to adapt to diverse practical application scenarios, higher requirements are being placed on the environmental adaptability of AZNBs. Thus, simulating actual application environments to explore the full battery performance of AZNBs under extreme conditions is a promising direction, especially for applications such as high-altitude drones, ocean exploration, and polar exploration. For instance, adding dimethyl sulfoxide (DMSO) into 1 M KOH can effectively decrease the lowest freezing pointe to −90°C, propelling the development of AZNBs under extreme low-temperature applications (Chen S. et al., 2022). However, the failure mechanism in alkaline battery systems under extreme conditions remain unclear, which hinders the establishment of corresponding measures for high-performance AZNBs. Therefore, investigating the performance and reliability of AZNBs in extreme conditions is of great significance for promoting the practical application of AZNBs.
In conclusion, AZNBs are regarded as promising alternatives to LIBs, owing to their relatively high power density, ease of encapsulation, and inherent safety. Through the persistent efforts of researchers and advancements in technology, significant progress has been made in the development of high-performance AZNBs. This review aims to provide comprehensive perspectives and insights into the development of Ni-based cathode materials. By further refining the anode, optimizing the cathode, and enhancing the coordination between the electrolyte, AZNBs have the potential to emerge as the next-generation of energy storage devices, even under extreme operating conditions.
AUTHOR CONTRIBUTIONS
YM: Writing–original draft. XS: Writing–original draft. WH: Writing–original draft. JX: Writing–review and editing. PC: Writing–review and editing. YF: Writing–review and editing. BZ: Writing–review and editing. HZ: Writing–review and editing. CL: Writing–review and editing. YZ: Funding acquisition, Supervision, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported by the National Natural Science Foundation of China (22209006), the Natural Science Foundation of Shandong Province (ZR2022QE009), Fundamental Research Funds for the Central Universities (buctrc202307).
ACKNOWLEDGMENTS
We would like to express our heartfelt gratitude to all the advisors for their guidance and support in the development of this review. Your expertise and encouragement have been pivotal in shaping the direction of this review.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abdalla, K. K., Wang, Y., Abdalla, K. K., Xiong, J., Li, Q., Wang, B., et al. (2024). Rational design and prospects for advanced aqueous Zn-organic batteries enabled by multielectron redox reactions. Sci. China Mat. 67, 1367–1378. doi:10.1007/s40843-023-2772-5
 Ash, B., Kheti, J., Sanjay, K., Subbaiah, T., Anand, S., and Paramguru, R. K. (2006). Physico-chemical and electro-chemical properties of nickel hydroxide precipitated in the presence of metal additives. Hydrometallurgy 84, 250–255. doi:10.1016/j.hydromet.2006.05.007
 Bao, Y., Zhang, W., Yun, T., Dai, J., Li, G., Mao, W., et al. (2021). The application of transition metal sulfide Ni3S4/CNFs in rechargeable Ni-Zn batteries. New J. Chem. 45, 22491–22496. doi:10.1039/D1NJ03768D
 Chao, D., Zhou, W., Ye, C., Zhang, Q., Chen, Y., Gu, L., et al. (2019). An electrolytic Zn-MnO2 battery for high-voltage and scalable energy storage. Angew. Chem. Int. Ed. 58, 7823–7828. doi:10.1002/anie.201904174
 Chen, A., Zhang, Y., Li, Q., Liang, G., Yang, S., Huang, Z., et al. (2023). An immiscible phase-separation electrolyte and interface ion transfer electrochemistry enable zinc/lithium hybrid batteries with a 3.5 V-class operating voltage. Energy Environ. Sci. 16, 4054–4064. doi:10.1039/D3EE01362F
 Chen, H., Shen, Z., Pan, Z., Kou, Z., Liu, X., Zhang, H., et al. (2019). Hierarchical micro-nano sheet arrays of nickel-cobalt double hydroxides for high-rate Ni-Zn batteries. Adv. Sci. 6, 1802002. doi:10.1002/advs.201802002
 Chen, Q., Lin, M., Li, X., Du, Z., Liu, Y., Tang, Y., et al. (2024a). Fabrication of azacrown ether-embedded covalent organic frameworks for enhanced cathode performance in aqueous Ni-Zn batteries. Angew. Chem. Int. Ed. 63, e202407575. doi:10.1002/anie.202407575
 Chen, R., Zhang, W., Guan, C., Zhou, Y., Gilmore, I., Tang, H., et al. (2024b). Rational design of an in-situ polymer-inorganic hybrid solid electrolyte interphase for realising stable Zn metal anode under harsh conditions. Angew. Chem. Int. Ed. 63, e202401987. doi:10.1002/anie.202401987
 Chen, S., Peng, C., Xue, D., Ma, L., and Zhi, C. (2022a). Alkaline tolerant antifreezing additive enabling aqueous Zn||Ni battery operating at -60 °C. Angew. Chem. Int. Ed. 61, e202212767. doi:10.1002/anie.202212767
 Chen, T., Wang, F., Cao, S., Bai, Y., Zheng, S., Li, W., et al. (2022b). In situ synthesis of MOF-74 family for high areal energy density of aqueous nickel-zinc batteries. Adv. Mater. 34, 2201779. doi:10.1002/adma.202201779
 Chen, T., Xu, H., Li, S., Zhang, J., Tan, Z., Chen, L., et al. (2024c). Tailoring the electrochemical responses of MOF-74 via dual-defect engineering for superior energy storage. Adv. Mater. 36, 2402234. doi:10.1002/adma.202402234
 Chen, W., Chen, T., and Fu, J. (2024d). Pivotal role of organic materials in aqueous zinc-based batteries: regulating cathode, anode, electrolyte, and separator. Adv. Funct. Mater. 34, 2308015. doi:10.1002/adfm.202308015
 Chen, X., Xie, X., Ruan, P., Liang, S., Wong, W.-Y., and Fang, G. (2024e). Thermodynamics and kinetics of conversion reaction in zinc batteries. ACS Energy Lett. 9, 2037–2056. doi:10.1021/acsenergylett.4c00450
 Chen, X., Zhang, H., Liu, J.-H., Gao, Y., Cao, X., Zhan, C., et al. (2022c). Vanadium-based cathodes for aqueous zinc-ion batteries: mechanism, design strategies and challenges. Energy Storage Mater. 50, 21–46. doi:10.1016/j.ensm.2022.04.040
 Chen, Z., Zhu, J., Yang, S., Wei, Z., Wang, Y., Chen, A., et al. (2024f). MXene supported electrodeposition engineering of layer double hydroxide for alkaline zinc batteries. Angew. Chem. Int. Ed. 63, e202411443. doi:10.1002/anie.202411443
 Cheng, F., Chen, J., and Shen, P. (2005). Y(Oh)3- coated Ni(OH)2 tube as the positiveelectrode materials of alkaline rechargeable batteries. J. Power Sources. 150, 255–260. doi:10.1016/j.jpowsour.2005.02.073
 Cheong, J. Y., Cho, S., Lee, J., Jung, J., Kim, C., and Kim, I. (2022). Multifunctional 1D nanostructures toward future batteries: a comprehensive review. Adv. Funct. Mater. 32, 2208374. doi:10.1002/adfm.202208374
 Cui, M., Bai, X., Zhu, J., Han, C., Huang, Y., Kang, L., et al. (2021a). Electrochemically induced NiCoSe2@NiOOH/CoOOH heterostructures as multifunctional cathode materials for flexible hybrid Zn batteries. Energy Storage Mater. 36, 427–434. doi:10.1016/j.ensm.2021.01.015
 Cui, Z., Shen, S., Yu, J., Si, J., Cai, D., and Wang, Q. (2021b). Electrospun carbon nanofibers functionalized with NiCo2S4 nanoparticles as lightweight, flexible and binder-free cathode for aqueous Ni-Zn batteries. Chem. Eng. J. 426, 130068. doi:10.1016/j.cej.2021.130068
 Dai, C.-S., Chien, P.-Y., Lin, J.-Y., Chou, S.-W., Wu, W.-K., Li, P.-H., et al. (2013). Hierarchically structured Ni3S2/carbon nanotube composites as high performance cathode materials for asymmetric supercapacitors. ACS Appl. Mat. Interfaces 5, 12168–12174. doi:10.1021/am404196s
 Diaz-Morales, O., Ferrus-Suspedra, D., and Koper, M. T. M. (2016). The importance of nickel oxyhydroxide deprotonation on its activity towards electrochemical water oxidation. Chem. Sci. 7, 2639–2645. doi:10.1039/C5SC04486C
 Dundálek, J., Šnajdr, I., Libánský, O., Vrána, J., Pocedič, J., Mazúr, P., et al. (2017). Zinc electrodeposition from flowing alkaline zincate solutions: role of hydrogen evolution reaction. J. Power Sources 372, 221–226. doi:10.1016/j.jpowsour.2017.10.077
 Fan, Y., Zhao, Y., Li, S., Liu, Y., Lv, Y., Zhu, Y., et al. (2021). Altering polythiophene derivative substrates to explore the mechanism of heterogeneous lithium nucleation for dendrite-free lithium metal anodes. J. Energy Chem. 59, 63–68. doi:10.1016/j.jechem.2020.10.035
 Fang, G., Zhou, J., Pan, A., and Liang, S. (2018). Recent advances in aqueous zinc-ion batteries. ACS Energy Lett. 3, 2480–2501. doi:10.1021/acsenergylett.8b01426
 Gao, Z., Chen, C., Chang, J., Chen, L., Wang, P., Wu, D., et al. (2018). Porous Co3S4@Ni3S4 heterostructure arrays electrode with vertical electrons and ions channels for efficient hybrid supercapacitor. Chem. Eng. J. 343, 572–582. doi:10.1016/j.cej.2018.03.042
 Gong, M., Li, Y., Zhang, H., Zhang, B., Zhou, W., Feng, J., et al. (2014). Ultrafast high-capacity NiZn battery with NiAlCo-layered double hydroxide. Energy Environ. Sci. 7, 2025. doi:10.1039/c4ee00317a
 Guan, C., Wang, Y., Hu, Y., Liu, J., Ho, K. H., Zhao, W., et al. (2015). Conformally deposited NiO on a hierarchical carbon support for high-power and durable asymmetric supercapacitors. J. Mat. Chem. A 3, 23283–23288. doi:10.1039/C5TA06658A
 Guo, C., Yi, S., Si, R., Xi, B., An, X., Liu, J., et al. (2022). Advances on defect engineering of vanadium-based compounds for high-energy aqueous zinc–ion batteries. Adv. Energy Mater. 12, 2202039. doi:10.1002/aenm.202202039
 Han, X., Li, J., Lu, J., Luo, S., Wan, J., Li, B., et al. (2021). High mass-loading NiCo-LDH nanosheet arrays grown on carbon cloth by electrodeposition for excellent electrochemical energy storage. Nano Energy 86, 106079. doi:10.1016/j.nanoen.2021.106079
 Hao, Z., Xu, L., Liu, Q., Yang, W., Liao, X., Meng, J., et al. (2019). On-chip Ni-Zn microbattery based on hierarchical ordered porous Ni@Ni(OH)2 microelectrode with ultrafast ion and electron transport kinetics. Adv. Funct. Mater. 29, 1808470. doi:10.1002/adfm.201808470
 He, G., Qiao, M., Li, W., Lu, Y., Zhao, T., Zou, R., et al. (2017). S, N-Co-doped graphene-nickel cobalt sulfide aerogel: improved energy storage and electrocatalytic performance. Adv. Sci. 4, 1600214. doi:10.1002/advs.201600214
 He, Y., Zhang, P., Huang, H., Li, X., Zhai, X., Chen, B., et al. (2020). Engineering sulfur vacancies of Ni3S2 nanosheets as a binder-free cathode for an aqueous rechargeable Ni-Zn battery. ACS Appl. Energy Mat. 3, 3863–3875. doi:10.1021/acsaem.0c00275
 Hu, J., Tang, X., Dai, Q., Liu, Z., Zhang, H., Zheng, A., et al. (2021). Layered double hydroxide membrane with high hydroxide conductivity and ion selectivity for energy storage device. Nat. Commun. 12, 3409. doi:10.1038/s41467-021-23721-9
 Hu, P., Wang, T., Zhao, J., Zhang, C., Ma, J., Du, H., et al. (2015). Ultrafast alkaline Ni/Zn battery based on Ni-Foam-Supported Ni3S2 nanosheets. ACS Appl. Mat. Interfaces 7, 26396–26399. doi:10.1021/acsami.5b09728
 Huang, M., Li, M., Niu, C., Li, Q., and Mai, L. (2019a). Recent advances in rational electrode designs for high-performance alkaline rechargeable batteries. Adv. Funct. Mater. 29, 1807847. doi:10.1002/adfm.201807847
 Huang, Z., Li, X., Yang, Q., Ma, L., Mo, F., Liang, G., et al. (2019b). Ni3S2/Ni nanosheet arrays for high-performance flexible zinc hybrid batteries with evident two-stage charge and discharge processes. J. Mat. Chem. A 7, 18915–18924. doi:10.1039/C9TA06337D
 Jia, X., Liu, C., Neale, Z. G., Yang, J., and Cao, G. (2020). Active materials for aqueous zinc ion batteries: synthesis, crystal structure, morphology, and electrochemistry. Chem. Rev. 120, 7795–7866. doi:10.1021/acs.chemrev.9b00628
 Jiang, L., Li, L., Luo, S., Xu, H., Xia, L., Wang, H., et al. (2020). Configuring hierarchical Ni/NiO 3D-network assisted with bamboo cellulose nanofibers for high-performance Ni-Zn aqueous batteries. Nanoscale 12, 14651–14660. doi:10.1039/D0NR03608K
 Jiang, M., Zhu, Y., Liu, Y., Zhang, J., Zhang, Y., Sun, Y., et al. (2023). Nickel-cobalt layered double hydroxide cathode materials with excellent cycle stability for nickel-metal hydride batteries. J. Alloys Compd. 941, 168980. doi:10.1016/j.jallcom.2023.168980
 Kang, W., Zhao, Y., Zhang, W., Sun, Y., Zhang, X. Q., Yi, G. Y., et al. (2023). Novel aqueous rechargeable nickel//bismuth battery based on highly porous Bi2WO6 and Co0.5Ni0.5MoO4 microspheres. Rare Met. 42, 902–915. doi:10.1007/s12598-022-02178-9
 Ke, Q., Guan, C., Zheng, M., Hu, Y., Ho, K., and Wang, J. (2015). 3D hierarchical SnO2@Ni(OH)2 core-shell nanowire arrays on carbon cloth for energy storage application. J. Mat. Chem. A 3, 9538–9542. doi:10.1039/C5TA01133G
 Kimmel, S. W., Hopkins, B. J., Chervin, C. N., Skeele, N. L., Ko, J. S., DeBlock, R. H., et al. (2021). Capacity and phase stability of metal-substituted α-Ni(OH)2 nanosheets in aqueous Ni–Zn batteries. Mat. Adv. 2, 3060–3074. doi:10.1039/D1MA00080B
 Konarov, A., Voronina, N., Jo, J. H., Bakenov, Z., Sun, Y.-K., and Myung, S.-T. (2018). Present and future perspective on electrode materials for rechargeable zinc-ion batteries. ACS Energy Lett. 3, 2620–2640. doi:10.1021/acsenergylett.8b01552
 Krishnamoorthy, K., Veerasubramani, G. K., Radhakrishnan, S., and Kim, S. J. (2014). One pot hydrothermal growth of hierarchical nanostructured Ni3S2 on Ni foam for supercapacitor application. Chem. Eng. J. 251, 116–122. doi:10.1016/j.cej.2014.04.006
 Lee, D. U., Fu, J., Park, M. G., Liu, H., Ghorbani Kashkooli, A., and Chen, Z. (2016). Self-assembled NiO/Ni(OH)2 nanoflakes as active material for high-power and high-energy hybrid rechargeable battery. Nano Lett. 16, 1794–1802. doi:10.1021/acs.nanolett.5b04788
 Lei, S., Feng, J., Chen, Y., Zheng, D., Liu, W., Shi, W., et al. (2024). Advance in reversible Zn anodes promoted by 2D materials. Rare Met. 43, 1350–1369. doi:10.1007/s12598-023-02478-8
 Li, B., Quan, J., Loh, A., Chai, J., Chen, Y., Tan, C., et al. (2017). A robust hybrid Zn-battery with ultralong cycle life. Nano Lett. 17, 156–163. doi:10.1021/acs.nanolett.6b03691
 Li, G., Tang, Y., Cui, S., Chen, H., Chong, H., Han, L., et al. (2024b). Synergistic engineering of carbon nanotubes threaded NiSe2/Co3Se4 quantum dots with rich Se vacancies for high-rate nickel–zinc batteries. Adv. Funct. Mater. 34, 2401586. doi:10.1002/adfm.202401586
 Li, J., Aslam, M. K., and Chen, C. (2018a). One-Pot hydrothermal synthesis of porous α-Ni(OH)2/C composites and its application in Ni/Zn alkaline rechargeable battery. J. Electrochem. Soc. 165, A910–A917. doi:10.1149/2.0721805jes
 Li, J., Dong, Z., Chen, R., Wu, Q., and Zan, G. (2024a). Advanced nickel-based composite materials for supercapacitor electrodes. Ionics 30, 1833–1855. doi:10.1007/s11581-024-05424-5
 Li, L., Cao, Q., Wu, Y., Zheng, Y., Tang, H., Ge, J., et al. (2023a). Wood-derived continuously oriented three-phase interfacial channels for high-performance quasi-solid-state alkaline zinc batteries. Adv. Mater. 35, 2300132. doi:10.1002/adma.202300132
 Li, L., Jiang, L., Qing, Y., Zeng, Y., Zhang, Z., Xiao, L., et al. (2020). Manipulating nickel oxides in naturally derived cellulose nanofiber networks as robust cathodes for high-performance Ni-Zn batteries. J. Mat. Chem. A 8, 565–572. doi:10.1039/C9TA09006A
 Li, L., Tsang, Y. C. A., Xiao, D., Zhu, G., Zhi, C., and Chen, Q. (2022a). Phase-transition tailored nanoporous zinc metal electrodes for rechargeable alkaline zinc-nickel oxide hydroxide and zinc-air batteries. Nat. Commun. 13, 2870. doi:10.1038/s41467-022-30616-w
 Li, M., Li, Z., Wang, X., Meng, J., Liu, X., Wu, B., et al. (2021). Comprehensive understanding of the roles of water molecules in aqueous Zn-ion batteries: from electrolytes to electrode materials. Energy Environ. Sci. 14, 3796–3839. doi:10.1039/D1EE00030F
 Li, M., Meng, J., Li, Q., Huang, M., Liu, X., Owusu, K. A., et al. (2018b). Finely crafted 3D electrodes for dendrite-free and high-performance flexible fiber-shaped Zn-Co batteries. Adv. Funct. Mater. 28, 1802016. doi:10.1002/adfm.201802016
 Li, W., Zhang, B., Lin, R., Ho-Kimura, S., He, G., Zhou, X., et al. (2018c). A dendritic nickel cobalt sulfide nanostructure for alkaline battery electrodes. Adv. Funct. Mater. 28, 1705937. doi:10.1002/adfm.201705937
 Li, X., Wang, T., Li, C., Li, N., Zhao, S., Zhang, X., et al. (2023b). Oxygen-rich vacancy nickel-cobalt oxide cathode with low temperature adaptability for high-rate performance of alkaline zinc battery. Chem. Eng. J. 451, 138526. doi:10.1016/j.cej.2022.138526
 Li, X., Zhao, S., Qu, G., Wang, X., Hou, P., Zhao, G., et al. (2022b). Defect engineering in Co-doped Ni3S2 nanosheets as cathode for high-performance aqueous zinc ion battery. J. Mater. Sci. and Technol. 118, 190–198. doi:10.1016/j.jmst.2021.12.027
 Li, Y., Chen, J., Cai, P., and Wen, Z. (2018d). An electrochemically neutralized energy-assisted low-cost acid-alkaline electrolyzer for energy-saving electrolysis hydrogen generation. J. Mat. Chem. A 6, 4948–4954. doi:10.1039/C7TA10374C
 Liu, B., Liu, X., Fan, X., Ding, J., Hu, W., and Zhong, C. (2020). 120 Years of nickel-based cathodes for alkaline batteries. J. Alloys Compd. 834, 155185. doi:10.1016/j.jallcom.2020.155185
 Liu, C., Chen, S., and Li, Y. (2012). Synthesis and electrochemical performance of α-nickel hydroxide codoped with Al3+ and Ca2+. Ionics 18, 197–202. doi:10.1007/s11581-011-0593-8
 Liu, C., Neale, Z., Zheng, J., Jia, X., Huang, J., Yan, M., et al. (2019). Expanded hydrated vanadate for high-performance aqueous zinc-ion batteries. Energy Environ. Sci. 12, 2273–2285. doi:10.1039/C9EE00956F
 Liu, D., Xu, W., Zheng, D., Wang, Y., Wang, F., Zhou, L., et al. (2023). Sulfur doped NiCo2O4 nanosheets as advanced cathode for flexible alkaline Zn batteries. J. Power Sources 571, 233088. doi:10.1016/j.jpowsour.2023.233088
 Liu, J., Guan, C., Zhou, C., Fan, Z., Ke, Q., Zhang, G., et al. (2016). A flexible quasi-solid-state nickel-zinc battery with high energy and power densities based on 3D electrode design. Adv. Mater. 28, 8732–8739. doi:10.1002/adma.201603038
 Lu, H., Meng, S., He, T., Zhang, C., and Yang, J. (2024). Recent progress in covalent organic frameworks for rechargeable zinc-based batteries. Coord. Chem. Rev. 514, 215910. doi:10.1016/j.ccr.2024.215910
 Lu, P., Liu, F., Xue, D., Yang, H., and Liu, Y. (2012). Phase selective route to Ni(OH)2 with enhanced supercapacitance: performance dependent hydrolysis of Ni(Ac)2 at hydrothermal conditions. Electrochimica Acta 78, 1–10. doi:10.1016/j.electacta.2012.03.183
 Lu, X., Xue, H., Gong, H., Bai, M., Tang, D., Ma, R., et al. (2020). 2D layered double hydroxide nanosheets and their derivatives toward efficient oxygen evolution reaction. Nano-Micro Lett. 12, 86. doi:10.1007/s40820-020-00421-5
 Lu, Z., Wu, X., Lei, X., Li, Y., and Sun, X. (2015). Hierarchical nanoarray materials for advanced nickel-zinc batteries. Inorg. Chem. Front. 2, 184–187. doi:10.1039/C4QI00143E
 Ma, X., Zhou, L., Chen, T., Sun, P., Lv, X., Yu, H., et al. (2024). High-performance aqueous rechargeable NiCo//Zn battery with molybdate anion intercalated CoNi-LDH@CP bilayered cathode. J. Colloid Interface Sci. 658, 728–738. doi:10.1016/j.jcis.2023.12.102
 Mahlia, T. M. I., Saktisahdan, T. J., Jannifar, A., Hasan, M. H., and Matseelar, H. S. C. (2014). A review of available methods and development on energy storage; technology update. Renew. Sustain. Energy Rev. 33, 532–545. doi:10.1016/j.rser.2014.01.068
 Manna, N., Singh, S. K., Kurian, M., Torris, A., and Kurungot, S. (2022). Air-cathode interface-engineered electrocatalyst for solid-state rechargeable zinc-air batteries. ACS Appl. Energy Mat. 5, 8756–8768. doi:10.1021/acsaem.2c01266
 Mi, L., Wei, W., Huang, S., Cui, S., Zhang, W., Hou, H., et al. (2015). A nest-like Ni@Ni1.4Co1.6S2 electrode for flexible high-performance rolling supercapacitor device design. J. Mat. Chem. A 3, 20973–20982. doi:10.1039/C5TA06265A
 Molaiyan, P., Bhattacharyya, S., Dos Reis, G. S., Sliz, R., Paolella, A., and Lassi, U. (2024). Towards greener batteries: sustainable components and materials for next-generation batteries. Green Chem. 26, 7508–7531. doi:10.1039/D3GC05027K
 Pang, Y., Li, L., Wang, Y., Zhu, X., Ge, J., Tang, H., et al. (2022). Zinc-induced phase reconstruction of cobalt-nickel double hydroxide cathodes for high-stability and high-rate nickel-zinc batteries. Chem. Eng. J. 436, 135202. doi:10.1016/j.cej.2022.135202
 Parker, J. F., Chervin, C. N., Nelson, E. S., Rolison, D. R., and Long, J. W. (2014). Wiring zinc in three dimensions re-writes battery performance—dendrite-free cycling. Energy Environ. Sci. 7, 1117–1124. doi:10.1039/C3EE43754J
 Parker, J. F., Chervin, C. N., Pala, I. R., Machler, M., Burz, M. F., Long, J. W., et al. (2017). Rechargeable nickel-3D zinc batteries: an energy-dense, safer alternative to lithium-ion. Science 356, 415–418. doi:10.1126/science.aak9991
 Peng, Z., Li, Y., Ruan, P., He, Z., Dai, L., Liu, S., et al. (2023). Metal-organic frameworks and beyond: the road toward zinc-based batteries. Coord. Chem. Rev. 488, 215190. doi:10.1016/j.ccr.2023.215190
 Qin, R., Pan, Y., Duan, Z., Su, H., Ren, K., Wang, W., et al. (2021). Achieving high stability and rate performance using spherical nickel-zinc layered double hydroxide in alkaline solution. J. Electrochem. Soc. 168, 070539. doi:10.1149/1945-7111/ac131d
 Ramachandran, T., Mourad, A. I., Raji, R. K., Krishnapriya, R., Cherupurakal, N., Subhan, A., et al. (2022). KOH mediated hydrothermally synthesized hexagonal-CoMn2O4 for energy storage supercapacitor applications. Intl J Energy Res. 46, 16823–16838. doi:10.1002/er.8350
 Sac-Epee, N., Palacin, M. R., Beaudoin, B., Delahaye-Vidal, A., Jamin, T., Chabre, Y., et al. (1997). On the origin of the second low-voltage plateau in secondary alkaline batteries with nickel hydroxide positive electrodes. J. Electrochem. Soc. 144, 3896–3907. doi:10.1149/1.1838108
 Shen, Y., Xu, L., Wang, Q., Zhao, Z., Dong, Z., Liu, J., et al. (2021). Root reason for the failure of a practical Zn-Ni battery: shape changing caused by uneven current distribution and Zn dissolution. ACS Appl. Mat. Interfaces 13, 51141–51150. doi:10.1021/acsami.1c17204
 Shen, Y., Zhang, K., Yang, F., Li, Z., Cui, Z., Zou, R., et al. (2020). Oxygen vacancies-rich cobalt-doped NiMoO4 nanosheets for high energy density and stable aqueous Ni-Zn battery. Sci. China Mat. 63, 1205–1215. doi:10.1007/s40843-020-1292-6
 Shi, M., Zhao, M., Jiao, L., Su, Z., Li, M., and Song, X. (2021). Novel Mo-doped nickel sulfide thin sheets decorated with Ni-Co layered double hydroxide sheets as an advanced electrode for aqueous asymmetric super-capacitor battery. J. Power Sources 509, 230333. doi:10.1016/j.jpowsour.2021.230333
 Shi, W., Mao, J., Xu, X., Liu, W., Zhang, L., Cao, X., et al. (2019). An ultra-dense NiS2/reduced graphene oxide composite cathode for high-volumetric/gravimetric energy density nickel–zinc batteries. J. Mat. Chem. A 7, 15654–15661. doi:10.1039/C9TA04900B
 Shruthi, B., Madhu, B. J., and Raju, V. B. (2016). Influence of TiO2 on the electrochemical performance of pasted type β-nickel hydroxide electrode in alkaline electrolyte. J. Energy Chem. 25, 41–48. doi:10.1016/j.jechem.2015.11.006
 Smith, R. D. L., and Berlinguette, C. P. (2016). Accounting for the dynamic oxidative behavior of nickel anodes. J. Am. Chem. Soc. 138, 1561–1567. doi:10.1021/jacs.5b10728
 Su, Y., Hu, J., Yuan, G., Zhang, G., Wei, W., Sun, Y., et al. (2023). Regulating intramolecular electron transfer of nickel-based coordinations through ligand engineering for aqueous batteries. Adv. Mater. 35, 2307003. doi:10.1002/adma.202307003
 Su, Y., Yuan, G., Hu, J., Zhang, G., Tang, Y., Chen, Y., et al. (2024). Thiosalicylic-acid-mediated coordination structure of nickel center via thermodynamic modulation for aqueous Ni-Zn batteries. Adv. Mater. 36, 2406094. doi:10.1002/adma.202406094
 Tian, J., Peng, M., Luo, M., Lan, J., Zhang, Y., and Tan, Y. (2022). Atomic engineering catalyzed redox kinetics of NixCo1-x(OH)2 on nanoporous phosphide electrode for efficient Ni-Zn batteries. Small 18, 2200452. doi:10.1002/smll.202200452
 Wang, D., Yang, F., Tsui, K.-L., Zhou, Q., and Bae, S. J. (2016). Remaining useful life prediction of lithium-ion batteries based on spherical cubature particle filter. IEEE Trans. Instrum. Meas. 65, 1282–1291. doi:10.1109/TIM.2016.2534258
 Wang, H., He, Q., Zhan, F., and Chen, L. (2023a). Fe, Co-codoped layered double hydroxide nanosheet arrays derived from zeolitic imidazolate frameworks for high-performance aqueous hybrid supercapacitors and Zn-Ni batteries. J. Colloid Interface Sci. 630, 286–296. doi:10.1016/j.jcis.2022.09.092
 Wang, H., Wang, K., Jing, E., Wei, M., Xiong, J., Zhong, D., et al. (2024a). Strategies of regulating Zn2+ solvation structures toward advanced aqueous zinc-based batteries. Energy Storage Mater. 70, 103451. doi:10.1016/j.ensm.2024.103451
 Wang, J., Polleux, J., Lim, J., and Dunn, B. (2007). Pseudocapacitive contributions to electrochemical energy storage in TiO2 (anatase) nanoparticles. J. Phys. Chem. C 111, 14925–14931. doi:10.1021/jp074464w
 Wang, K., Fan, X., Chen, S., Deng, J., Zhang, L., Jing, M., et al. (2023b). 3D Co-doping α-Ni(OH)2 nanosheets for ultrastable, high-rate Ni-Zn battery. Small 19, 2206287. doi:10.1002/smll.202206287
 Wang, Q., Liu, X., Wang, H., Shen, Y., Zhao, Z., Zhong, C., et al. (2022a). Ti4O7 regulating both Zn(OH)42– and electrons for improving Zn–Ni batteries. Chem. Eng. J. 443, 136342. doi:10.1016/j.cej.2022.136342
 Wang, R., Han, Y., Wang, Z., Jiang, J., Tong, Y., and Lu, X. (2018). Nickel@Nickel oxide core-shell electrode with significantly boosted reactivity for ultrahigh-energy and stable aqueous Ni-Zn battery. Adv. Funct. Mater. 28, 1802157. doi:10.1002/adfm.201802157
 Wang, S., Li, W., Xin, L., Wu, M., Long, Y., Huang, H., et al. (2017). Facile synthesis of truncated cube-like NiSe2 single crystals for high-performance asymmetric supercapacitors. Chem. Eng. J. 330, 1334–1341. doi:10.1016/j.cej.2017.08.078
 Wang, X., Li, M., Wang, Y., Chen, B., Zhu, Y., and Wu, Y. (2015). A Zn-NiO rechargeable battery with long lifespan and high energy density. J. Mat. Chem. A 3, 8280–8283. doi:10.1039/C5TA01947H
 Wang, Y., Jin, X., Xiong, J., Zhu, Q., Li, Q., Wang, R., et al. (2024b). Ultrastable electrolytic Zn-I2 batteries based on nanocarbon wrapped by highly efficient single-atom Fe-nc iodine catalysts. Adv. Mater. 36, 2404093. doi:10.1002/adma.202404093
 Wang, Y., Xie, J., Luo, J., Yu, Y., Liu, X., and Lu, X. (2022b). Methods for rational design of advanced Zn-based batteries. Small Methods 6, 2200560. doi:10.1002/smtd.202200560
 Wang, Z., Wei, C., Jiang, H., Zhang, Y., Tian, K., Li, Y., et al. (2024c). MXene-based current collectors for advanced rechargeable batteries. Adv. Mater. 36, 2306015. doi:10.1002/adma.202306015
 Wei, J., Zhou, M., Long, A., Xue, Y., Liao, H., Wei, C., et al. (2018a). Heterostructured electrocatalysts for hydrogen evolution reaction under alkaline conditions. Nano-Micro Lett. 10, 75. doi:10.1007/s40820-018-0229-x
 Wei, M., Huang, Q., Zhou, Y., Peng, Z., and Chu, W. (2018b). Ultrathin nanosheets of cobalt-nickel hydroxides hetero-structure via electrodeposition and precursor adjustment with excellent performance for supercapacitor. J. Energy Chem. 27, 591–599. doi:10.1016/j.jechem.2017.10.022
 Wei, W., Mi, L., Gao, Y., Zheng, Z., Chen, W., and Guan, X. (2014). Partial ion-exchange of nickel-sulfide-derived electrodes for high performance supercapacitors. Chem. Mat. 26, 3418–3426. doi:10.1021/cm5006482
 Wei, W., Wu, J., Cui, S., Zhao, Y., Chen, W., and Mi, L. (2019). α-Ni(OH)2/NiS1.97 heterojunction composites with excellent ion and electron transport properties for advanced supercapacitors. Nanoscale 11, 6243–6253. doi:10.1039/C9NR00962K
 Xiao, P., Li, H., Fu, J., Zeng, C., Zhao, Y., Zhai, T., et al. (2022). An anticorrosive zinc metal anode with ultra-long cycle life over one year. Energy Environ. Sci. 15, 1638–1646. doi:10.1039/D1EE03882F
 Xie, W., Zhu, K., Yang, H., Jiang, W., Li, W., Wang, Z., et al. (2023). Enhancing energy conversion efficiency and durability of alkaline nickel-zinc batteries with air-breathing cathode. Angew. Chem. Int. Ed. 62, e202303517. doi:10.1002/anie.202303517
 Xing, H., Han, Y., Huang, X., Zhang, C., Lyu, M., Chen, K., et al. (2024). Recent progress of low-dimensional metal-organic frameworks for aqueous zinc-based batteries. Small 20, 2402998. doi:10.1002/smll.202402998
 Xiong, T., Zhang, Y., Lee, W. S. V., and Xue, J. (2020). Defect engineering in manganese-based oxides for aqueous rechargeable zinc-ion batteries: a review. Adv. Energy Mater. 10, 2001769. doi:10.1002/aenm.202001769
 Xu, C., Liao, J., Yang, C., Wang, R., Wu, D., Zou, P., et al. (2016). An ultrafast, high capacity and superior longevity Ni/Zn battery constructed on nickel nanowire array film. Nano Energy 30, 900–908. doi:10.1016/j.nanoen.2016.07.035
 Yan, Q., Hu, Z., Liu, Z., Wu, F., Zhao, Y., Chen, R., et al. (2024). Synergistic interaction between amphiphilic ion additive groups for stable long-life zinc ion batteries. Energy Storage Mater. 67, 103299. doi:10.1016/j.ensm.2024.103299
 Yang, H., Qiao, Y., Chang, Z., Deng, H., Zhu, X., Zhu, R., et al. (2021a). Reducing water activity by zeolite molecular sieve membrane for long-life rechargeable zinc battery. Adv. Mater. 33, 2102415. doi:10.1002/adma.202102415
 Yang, X., Wang, Y., Li, C. M., and Wang, D. (2021b). Mechanisms of water oxidation on heterogeneous catalyst surfaces. Nano Res. 14, 3446–3457. doi:10.1007/s12274-021-3607-5
 Yang, X. T., Wen, M. Z., Li, X., Wang, J. B., Su, L. X., and Fan, X. D. (2020). Preparation of palladium/nickel hydroxides nanoflakes on carbon cloth support as robust anode catalyst for electrocatalytic alcohol oxidation. Mater. Chem. Phys. 242, 122552. doi:10.1016/j.matchemphys.2019.122552
 Yang, Y., Zhu, R., Wu, G., Yang, W., Yang, H., and Yoo, E. (2024). Universal strike-plating strategy to suppress hydrogen evolution for improving zinc metal reversibility. ACS Nano 18, 19003–19013. doi:10.1021/acsnano.4c03074
 Yao, J., Wan, H., Chen, C., Ji, J., Wang, N., Zheng, Z., et al. (2021). Oxygen-defect enhanced anion adsorption energy toward super-rate and durable cathode for Ni-Zn batteries. Nano-Micro Lett. 13, 167. doi:10.1007/s40820-021-00699-z
 Yin, M., Miao, H., Dang, J., Chen, B., Zou, J., Chen, G., et al. (2022). High-performance alkaline hybrid zinc batteries with heterostructure nickel/cobalt sulfide. J. Power Sources 545, 231902. doi:10.1016/j.jpowsour.2022.231902
 Yu, J., Cai, D., Si, J., Zhan, H., and Wang, Q. (2022). MOF-derived NiCo2S4 and carbon hybrid hollow spheres compactly concatenated by electrospun carbon nanofibers as self-standing electrodes for aqueous alkaline Zn batteries. J. Mat. Chem. A 10, 4100–4109. doi:10.1039/D1TA10597C
 Yuan, H., Luan, J., Liu, J., Zhao, N., and Zhong, C. (2023). Boosting ultra-long cycling and shelf life of nickel-zinc battery via guiding oriented zinc deposition and suppressing [Zn(OH)4]2- diffusion. Chem. Eng. J. 457, 141193. doi:10.1016/j.cej.2022.141193
 Yuan, Y., Sharpe, R., He, K., Li, C., Saray, M. T., Liu, T., et al. (2022). Understanding intercalation chemistry for sustainable aqueous zinc–manganese dioxide batteries. Nat. Sustain 5, 890–898. doi:10.1038/s41893-022-00919-3
 Zeng, Y., Lai, Z., Han, Y., Zhang, H., Xie, S., and Lu, X. (2018). Oxygen-Vacancy and surface modulation of ultrathin nickel cobaltite nanosheets as a high-energy cathode for advanced Zn-ion batteries. Adv. Mater. 30, 1802396. doi:10.1002/adma.201802396
 Zeng, Y., Meng, Y., Lai, Z., Zhang, X., Yu, M., Fang, P., et al. (2017). An ultrastable and high-performance flexible fiber-shaped Ni-Zn battery based on a Ni-NiO heterostructured nanosheet cathode. Adv. Mater. 29, 1702698. doi:10.1002/adma.201702698
 Zhang, C., Xing, H., Duan, X., Pan, F., Chen, K., and Wang, T. (2024a). Metal selenide-based superstructure nanoarrays with ultrahigh capacity for alkaline Zn batteries. Small 20, 2307795. doi:10.1002/smll.202307795
 Zhang, D., Jiang, B., Liu, Y., Zhang, J., Wang, Y., Wei, M., et al. (2022). Synthesis of NiSe nanorod array structure as a binder-free cathode for an aqueous rechargeable Ni-Zn battery. New J. Chem. 46, 14451–14457. doi:10.1039/D2NJ02979K
 Zhang, D., Wang, W., Li, S., Shen, X., and Xu, H. (2024b). Design strategies and energy storage mechanisms of MOF-based aqueous zinc ion battery cathode materials. Energy Storage Mater. 69, 103436. doi:10.1016/j.ensm.2024.103436
 Zhang, G., Yang, H., Zhou, H., Huang, T., Yang, Y., Zhu, G., et al. (2024c). MXene-mediated interfacial growth of 2D-2D heterostructured nanomaterials as cathodes for Zn-based aqueous batteries. Angew. Chem. 136, e202401903. doi:10.1002/anie.202401903
 Zhang, J. T., Liu, S., Pan, G. L., Li, G. R., and Gao, X. P. (2014). A 3D hierarchical porous α-Ni(OH)2/graphite nanosheet composite as an electrode material for supercapacitors. J. Mat. Chem. A 2, 1524–1529. doi:10.1039/C3TA13578K
 Zhang, X., He, J., Zhou, L., Zhang, H., Wang, Q., Huang, B., et al. (2021). Ni (II) coordination supramolecular grids for aqueous nickel-zinc battery cathodes. Adv. Funct. Mater. 31, 2100443. doi:10.1002/adfm.202100443
 Zhang, Y., Liu, Y., Guo, Y., Yeow, Y. X., Duan, H., Li, H., et al. (2015). In situ preparation of flower-like α-Ni(OH)2 and NiO from nickel formate with excellent capacitive properties as electrode materials for supercapacitors. Mater. Chem. Phys. 151, 160–166. doi:10.1016/j.matchemphys.2014.11.050
 Zhang, Y., Tao, L., Xie, C., Wang, D., Zou, Y., Chen, R., et al. (2020). Defect engineering on electrode materials for rechargeable batteries. Adv. Mater. 32, 1905923. doi:10.1002/adma.201905923
 Zhao, T., Wu, H., Wen, X., Zhang, J., Tang, H., Deng, Y., et al. (2022). Recent advances in MOFs/MOF derived nanomaterials toward high-efficiency aqueous zinc ion batteries. Coord. Chem. Rev. 468, 214642. doi:10.1016/j.ccr.2022.214642
 Zhao, X., Pachfule, P., and Thomas, A. (2021a). Covalent organic frameworks (COFs) for electrochemical applications. Chem. Soc. Rev. 50, 6871–6913. doi:10.1039/D0CS01569E
 Zhao, Y., Adiyeri Saseendran, D. P., Huang, C., Triana, C. A., Marks, W. R., Chen, H., et al. (2023). Oxygen evolution/reduction reaction catalysts: from in situ monitoring and reaction mechanisms to rational design. Chem. Rev. 123, 6257–6358. doi:10.1021/acs.chemrev.2c00515
 Zhao, Y., Huang, Y., Chen, R., Wu, F., and Li, L. (2021b). Tailoring double-layer aromatic polymers with multi-active sites towards high performance aqueous Zn-organic batteries. Mat. Horiz. 8, 3124–3132. doi:10.1039/D1MH01226F
 Zhao, Y., Wang, Y., Zhao, Z., Zhao, J., Xin, T., Wang, N., et al. (2020). Achieving high capacity and long life of aqueous rechargeable zinc battery by using nanoporous-carbon-supported poly(1,5-naphthalenediamine) nanorods as cathode. Energy Storage Mater. 28, 64–72. doi:10.1016/j.ensm.2020.03.001
 Zhou, K., Wang, S., Zhong, G., Chen, J., Bao, Y., and Niu, L. (2022a). Hierarchical heterostructure engineering of layered double hydroxides on nickel sulfides heteronanowire arrays as efficient cathode for alkaline aqueous zinc batteries. Small 18, 2202799. doi:10.1002/smll.202202799
 Zhou, L., Liu, Q., Ma, X., Sun, P., Lv, X., Fang, L., et al. (2022b). High areal energy density and super durable aqueous rechargeable NiCo//Zn battery with hierarchical structural cobalt-nickel phosphate octahydrate as binder-free cathode. Chem. Eng. J. 450, 138035. doi:10.1016/j.cej.2022.138035
 Zhou, L., Xie, J., Xu, D., Yu, Y., Gao, X., and Lu, X. (2023). Recent advances and challenges of anodes for aqueous alkaline batteries. EnergyChem 5, 100102. doi:10.1016/j.enchem.2023.100102
 Zhou, L., Zeng, S., Zheng, D., Zeng, Y., Wang, F., Xu, W., et al. (2020a). NiMoO4 nanowires supported on Ni/C nanosheets as high-performance cathode for stable aqueous rechargeable nickel-zinc battery. Chem. Eng. J. 400, 125832. doi:10.1016/j.cej.2020.125832
 Zhou, L., Zhang, X., Zheng, D., Xu, W., Liu, J., and Lu, X. (2019). Ni3S2@PANI core-shell nanosheets as a durable and high-energy binder-free cathode for aqueous rechargeable nickel-zinc batteries. J. Mat. Chem. A 7, 10629–10635. doi:10.1039/C9TA00681H
 Zhou, W., He, J., Zhu, D., Li, J., and Chen, Y. (2020b). Hierarchical NiSe2 nanosheet arrays as a robust cathode toward superdurable and ultrafast Ni-Zn aqueous batteries. ACS Appl. Mat. Interfaces 12, 34931–34940. doi:10.1021/acsami.0c08205
 Zhou, W., Zhu, D., He, J., Li, J., Chen, H., Chen, Y., et al. (2020c). A scalable top-down strategy toward practical metrics of Ni-Zn aqueous batteries with total energy densities of 165 W h kg-1 and 506 W h L-1. Energy Environ. Sci. 13, 4157–4167. doi:10.1039/D0EE01221A
 Zhu, Y., and Wu, X. (2023). Heterostructured materials. Prog. Mater. Sci. 131, 101019. doi:10.1016/j.pmatsci.2022.101019
 Zuo, X., Chang, K., Zhao, J., Xie, Z., Tang, H., Li, B., et al. (2016). Bubble-template-assisted synthesis of hollow fullerene-like MoS2 nanocages as a lithium ion battery anode material. J. Mat. Chem. A 4, 51–58. doi:10.1039/C5TA06869J
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Ma, Song, Hu, Xiong, Chu, Fan, Zhang, Zhou, Liu and Zhao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/inline_1.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Recent progress and perspectives of advanced Ni-based cathodes for aqueous alkaline Zn batteries		1 Introduction

		2 Overview of Ni-based cathodes		2.1 Nickel hydroxide

		2.2 Nickel sulfides

		2.3 Nickel oxide

		2.4 Metal-organic and covalent-organic frameworks

		2.5 Layered double hydroxide

		2.6 Other cathode materials





		3 Challenges for Ni-based cathodes		3.1 Inadequate energy density

		3.2 The inevitable side reactions

		3.3 The sluggish kinetics





		4 Design strategies for Ni-based cathodes		4.1 Defect engineering

		4.2 Ligand engineering

		4.3 Ion doping

		4.4 Heterostructure regulation

		4.5 Nanostructured optimization





		5 Conclusion and outlook		5.1 Pushing forward binder-free battery configurations

		5.2 Toward comprehensive performances of AZNBs

		5.3 Toward better battery recycling

		5.4 Moving towards practical applications





		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		References









OPS/images/fchem-12-1483867-t001.jpg
Electrolyte

Capacity

/mAh g*

Energy density/
Wh Kg™*

Capacity
retention/%

Reference

0d-CNO@Ni Zn 4 M KOH/2 M KF/1 M K;COy/ 3349 547.5 93.0% Yao et al. (2021)
Sat. ZnO 5000 cycles
AM-0,-NCO Zn 3 M KOH/1% Zn(OAQ), 3228 539.1 91.9% Li et al. (2023b)
INE 2000 cycles
CNT-V-NiCoSe Zn 3 M KOH/Sat. ZnO 384 6156 87% Li et al. (2024b)
5000 cycles
CNMO-15 Zn 1 MKOH/0.01 M Zn(CH,C00), 3614 4741 119.8% Shen et al. (2020)
5000 cycles
Co-NiyS, Zn 3 M KOH/1% Zn(CH,C00), 183.9 4428 72.9% Li et al. (2022b)
6000 cycles
M-LDH @MXene/NF Zn0 6 M KOH/0.5 M ZnO/0.5wt% 31 465 88.6% Chen et al. (2019)
LIOH-H,0 10000 cycles
NiCo,8,/HCF@CFs Zn plate | 3 M KOH/0.02 M Zn(CH,C00), 343.1 5632 89.2% Yueet al. (2022)
1000 cycles
NiFeCo-LDH Zn 2 M KOH/0.2 M Zn(CH;CO0), 2717 4647 96% Wang et al.
15000 cycles (2023a)
NF\NiS,/Nis@ Zn | 6 MKOH/0.2 M Zn(CH,CO0), 317.9 5563 1167% Zhou et al.
NiCo-LDH 5000 cycles (20222)
NiS-coated Znmesh | 4 M KOH/2 M KE/1 M K;COy/ 266.6 300 81.4% Zhou et al.
Ni.95Zn,05(OH)> Sat. ZnO 800 cycles (2020¢)
Nis$y/PANI Znplate | 6 M KOH/0.2 M Zn(CH;COO), 2428 3867 100% Zhou et al. (2019)
10000 cycles
3D Co-NH Zn foil 7 M KOH/Sat. ZnO 284 534 769% Wang et al.
2000 cycles (2023b)
G-NCGs Zn plate 1 M KOH/20 mM 1138 1892 50% Zhang et al.
Zn(CH;C00), 2000 cycles (2021)
Nis,/r1GO Zn sheet | 1 MKOH/0.2 mM Z (CH,COO), 2094 3577 80.5% Shi et al. (2019)

2000 cycles






OPS/images/inline_3.gif
Ni, Sy + yOH =Ni,5,(OH), +ye





OPS/images/inline_2.gif
400 - 4e =0, +2H,0





OPS/images/fchem-12-1483867-g011.gif
Future research of cathode materials in AZNBs

Moving towards practcal appications.

Haghvalitudo drones  Ocean explocation  Polar explocaion.

]
P
fereie






OPS/images/fchem-12-1483867-g010.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Chemistry





OPS/images/fchem-12-1483867-g005.gif





OPS/images/fchem-12-1483867-g006.gif





OPS/images/fchem-12-1483867-g003.gif





OPS/images/fchem-12-1483867-g004.gif





OPS/images/fchem-12-1483867-g009.gif





OPS/images/fchem-12-1483867-g007.gif





OPS/images/fchem-12-1483867-g008.gif





OPS/images/cover.jpg
’ frontiers | Frontiers in Chemistry

Recent progress and
perspectives of advanced Ni-
based cathodes for aqueous
alkaline Zn batteries





OPS/images/fchem-12-1483867-g001.gif
s sl

o pamon  omyucsse
o R g o B g

g






OPS/images/fchem-12-1483867-g002.gif
225 267 0
a-Ni(OH), (282 g cm-) Y-NIOOH (379 g em)

———/Iu.., Chage | i o

Discharge

Nt (0 e, 19,

Overcharge

225 29
B-Ni(OH), (3.97 g om=) B-NIOOH (4.68 g cm)

B AT Ry 4
‘_._/, T cm—r,






OPS/images/inline_5.gif
400 — O, + 2H,0 + 4e





OPS/images/inline_4.gif





