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Abstract
Owing to the advantages of low cost, rich resources, and intrinsic safety, aqueous Zn-ion batteries have attracted 
broad attention as the promising energy storage technology for large-scale smart grids. The cathodes for aqueous 
Zn-ion batteries have developed rapidly, including Mn-based cathodes, V-based cathodes, and halogen cathodes. 
High specific capacity and long cycling lifespan have been achieved. However, when the mass loading for cathode 
materials is scaled up to the practical level, the cycling stability and rate property of aqueous Zn-ion batteries are 
very unsatisfactory. Therefore, in this review, we deeply analyze the key issues that limit the electrochemical 
performance of high-loading cathodes for aqueous Zn-ion batteries. Subsequently, we comprehensively summarize 
the effective solutions to the above issues, including (1) rational binder design, (2) three-dimensional cathode 
design, (3) cathode material structural optimization, and (4) interface engineering for Zn anodes. Finally, we give a 
critical perspective from commercial application for the future development of high-loading cathodes for 
high-energy-density aqueous Zn-ion batteries.
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INTRODUCTION
The increasingly severe energy crisis and environmental problems have forced the rapid development of 
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renewable clean energy, including solar energy, wind power, etc. However, the variability in time and space 
of renewable clean energy makes their direct application impracticable. High-efficiency energy storage 
systems are urgently required. Battery-based energy storage has been considered as a promising and 
large-scale energy storage technology[1-3]. Owing to their high energy density and long cycling life, Li-ion 
batteries have occupied the main energy storage market, including portable electronic equipment and 
electric vehicles[4-6]. However, the high cost and uneven distribution of Li resources and the flammable 
organic electrolyte seriously hinder the application of Li-ion batteries in large-scale energy storage[7-9].

Aqueous Zn-ion batteries (AZIBs), featured by the Zn-based anodes and aqueous electrolytes, possess the 
advantages of low cost, abundant resources, and intrinsic safety[10-14]. Recently, AZIBs have attracted broad 
attention and developed rapidly. Figure 1A shows the number of published academic papers involving 
“aqueous zinc-ion batteries” from 2020 to 2024, which continuously increases. The zinc metal is usually 
applied as the anode for AZIBs, which possesses high theoretical capacity of 820 mAh g-1 and can avoid the 
use of a current collector and conductive additive[15-17]. However, the uneven Zn deposition and severe side 
reactions lead to a limited cycling lifespan of zinc metal anodes[18-21]. To enhance the reversibility and 
stability of zinc metal anodes, functional coatings and electrolyte optimization have been widely studied[22-27].

The cathodes for AZIBs have also been developed rapidly, including Mn-based cathodes, V-based cathodes, 
organic-based cathodes, Prussian blue analogs, and so on[28-33]. High specific capacity and long cycling life 
have been achieved for these cathodes. However, excellent electrochemical performances are usually 
obtained under low-mass-loading active materials (e.g., 1.0 mg cm-2). Figure 1A displays the number of 
academic papers involving “aqueous zinc-ion batteries + cathode” and “aqueous zinc-ion batteries + high-
loading cathode”. One can clearly observe that the development of high-loading cathodes for AZIBs is 
sluggish. However, the increase of the mass loading on cathodes is crucial to achieve practical 
high-energy-density AZIBs[34-36], which is a huge difference between laboratory study and practical use. 
Figure 1B and C displays the relationship between total active material mass ratio (Rweight) in full cells and 
cathode mass loading under different N/P ratios (RN/P, ratio of areal theoretical capacity of negative electrode 
and positive electrode) and E/P ratios (RE/P, ratio of electrolyte to cathode in μL mg-1), using MnO2 as an 
example[37]. It can be seen that as the cathode mass loading increases, the Rweight increases correspondingly. 
Furthermore, under higher cathode mass loading, the Rweight can be increased more significantly when the 
RN/P and RE/P are decreased. However, the high-loading cathodes suffer from poor structural stability and 
hysteretic reaction kinetics, resulting in unsatisfactory cycling stability and rate property[38-40]. Therefore, to 
boost the commercial application of AZIBs, a comprehensive review of the key challenges and effective 
design strategies for high-loading cathodes is urgently required.

Herein, this review systematically analyzes the main issues on the improvement of the electrochemical 
performance for high-loading cathodes in AZIBs. Subsequently, we comprehensively summarize the 
solution strategies to the above key issues, including (1) rational binder design, (2) three-dimensional (3D) 
cathode design, (3) cathode material structural optimization, and (4) interface engineering for Zn anode. 
Finally, a perspective on the future development of high-loading cathodes for practical AZIBs is proposed. 
This review will give an in-depth understanding to boost the development of high-loading cathodes in 
high-energy-density AZIBs.

CHALLENGES FOR HIGH-LOADING CATHODES
Mechanical instability of the thick coating
As a current large-scale electrode preparation technique, the slurry-coating electrode manufacturing process 
is implemented by a polymer binder to bond the active particles and conductive carbon together on the 
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Figure 1. (A) The number of published papers from 2020 to 2024 involving “aqueous zinc-ion batteries”, “aqueous zinc-ion batteries + 
cathode”, and “aqueous zinc-ion batteries + high-loading cathode”; Plots of total active material mass ratio Rweight in full cell vs. cathode 
mass loading under (B) different RN/P and (C) different RE/ P, using MnO2 as an example[37]. Copyright 2024 The Authors.

current collector. Under this process, a large amount of solvent is required as a dispersant. The electrode 
coating shrinks dramatically with the evaporation of solvent, and thereby huge stress generates interior of 
the electrode coating during drying. Furthermore, massive Zn2+ insertion/extraction causes significant 
volume change of cathode materials, which aggravates the stress in the electrode coating during cycling. 
Especially, the commercial linear polyvinylidene difluoride (PVDF) binder can only interact with the active 
materials and current collector via weak van der Waals forces[41,42], which is incapable of withstanding the 
huge stress in the high-loading electrodes. As a result, cracks and delamination occur in the high-loading 
electrodes, leading to a broken conductive network and fast capacity fading.

Sluggish ion transfer in thick electrode
The charge transfer involves two parts, i.e., electron transfer and ion transfer. The electronic conductivity of 
the electrode has been widely studied, and can be rationally addressed by adding highly conductive additives 
into the electrodes. However, the sluggish ion transfer in the thick electrodes remains a key issue to achieve 
high specific capacity for high-loading cathodes under large current density. As the electrode thickness 
increases, the ion transport distance obviously increases. Meanwhile, the thick electrode coating also leads 
to insufficient wetting and infiltrating of electrolytes. These result in the inaccessibility of Zn2+ into the inner 
electrode, and thus lower the utilization rate of active materials and specific capacity. At the material level, 
due to the strong interaction between Zn2+ and H2O, the Zn2+ intercalation into the cathode materials 
involving Zn2+ intercalation mechanism (e.g., Mn-based and V-based cathodes) is hindered by the high 
de-solvation energy barrier of hydrated Zn2+[43,44]. Furthermore, the divalent Zn2+ induces strong electrostatic 
interactions with the cathode hosts, resulting in sluggish solid-state diffusion kinetics as well, compared to 
the monovalent charge carriers (e.g., Li+, Na+)[45,46]. These further exacerbate the unsatisfactory rate property 
and capacity output of high-loading cathodes.

Dissolution and structural collapse of cathode material
Various cathode materials have been designed for AZIBs, including Mn-based oxides, V-based oxides, 
Prussian blue analogs, layered chalcogenides, halogens, and organic compounds[47-52]. The Mn-based oxides, 
V-based oxides, and halogens, possessing high specific capacity and voltage output, have been widely 
studied. However, in mild-acid aqueous electrolytes (e.g., 2M ZnSO4 aqueous electrolyte), the 
electrochemical and chemical stability of the metal oxide cathode materials (e.g., MnO2 and V2O5) are 
challenging with severe dissolution into the electrolyte[53-55]. As a consequence, the cathode materials suffer 
from fast structural degradation/collapse, leading to the loss of active materials and cell failure. For the 
cathodes with dissolution mechanism (e.g., I2 cathodes), although the dissolution of intermediates can boost 
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the conversion reaction kinetics, the loss of active materials and serious shuttle effect will lead to fast 
capacity fading and low coulombic efficiency[56-58], which is more severe under high loading.

Incompetent anode stability under high areal capacity
It is a straightforward and effective strategy to achieve high areal capacity by increasing the mass loading on 
cathodes. As the areal capacity of cathodes increases, the depth of charge/discharge of anodes increases 
correspondingly. Meanwhile, a low N/P ratio is urgently required for the development of practical AZIBs. 
The excessive amount of Zn anodes in current studies increases the additional mass of the cells and 
decreases sharply the energy density. The commercial zinc metal foil is widely used as a Zn anode, as it can 
avoid additional use of current collector and conductive additive. Due to its intrinsic defects and roughness, 
the uneven electric field distribution and Zn2+ flux lead to heterogeneous Zn deposition and severe 
dendrites[59,60]. Meanwhile, the competitive hydrogen evolution reaction (HER) and H2O-induced corrosion 
on the Zn surfaces cause vast by-products and low coulombic efficiency[61,62]. Unfortunately, under a high 
depth of charge/discharge, the reversibility and stability of the Zn anodes are further challenged along with 
massive Zn plating and stripping. Especially, under the limited usage of Zn anodes, the formation of dead 
Zn is fatal for the capacity output and cycling lifespan of the AZIBs.

It is essential to develop high-loading cathodes for practical AZIBs. However, it is greatly challenging to 
achieve satisfactory electrochemical performance for high-loading cathodes, as it remains a key issue at both 
electrode and material levels, which are schematically demonstrated in Figure 2. Therefore, a summary of 
the effective solutions to the above key issues is timely carried out. The further development direction is 
discussed thoughtfully.

STRATEGIES FOR DEVELOPING HIGH-LOADING CATHODES
Rational binder design
Polymer binders, as an essential component of traditional electrodes, work to bond the active material and 
conductive additive together on the current collector. Although the polymer binder accounts for a small 
amount of the electrode composition, it plays a crucial role in avoiding cracks and maintaining the 
integration of electrode structure and conductive network. However, the commonly used linear polymer 
binders (e.g., PVDF) possess inadequate mechanical properties to accommodate the huge stress in 
high-loading electrodes. As a result, cracks and delamination lead to a short cycling lifespan of high-loading 
electrodes. Moreover, most of the polymer binders are non-conductive for electrons/ions. This affects the 
internal resistance of the electrode slightly under low mass loading. However, it will be a non-negligible 
issue when the mass loading and electrode thickness increase, which significantly reduces the reaction 
kinetics and rate performance of the battery. Polymer binders have been demonstrated to be crucial for 
developing high-performance Li-ion batteries and Li-S batteries[63-66]. However, the study of binders for 
high-performance AZIBs is usually neglected, as shown in Figure 3A. Therefore, the rational binder design 
strategies for constructing high-loading cathodes in AZIBs are discussed.

Bio-polymer binder
A commercial PVDF binder with symmetrical C-F functional groups possesses poor affinity with the active 
materials via weak van der Waals forces. Additionally, a toxic and high-cost N-methyl-2-pyrrolidone 
(NMP) solvent is required for a PVDF binder. Water-based bio-polymers, such as polysaccharides and 
proteins, contain rich polar functional groups (-COOH, -OH, -NH2, etc.)[67-70]. These polar functional groups 
can firmly anchor the active materials via robust chemical interactions. Besides, their advantages of low cost, 
abundant resources, and eco-friendliness draw wide attention of researchers. For example, water-based 
sodium alginate (SA) and xanthan gum (XG) have been explored as the binders for AZIBs[71,72]. The 
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Figure 2. Schematic of the key issues on developing high-performance high-loading AZIBs.

Figure 3. (A) The number of published papers from 2020 to 2024 involving “aqueous zinc-ion batteries + binder”, “Lithium-sulfur 
batteries + binder”, and “Lithium-ion batteries + binder”; (B) Schematic of the cracked high-loading electrode using linear binder due to 
weak intermolecular interactions; (C) Schematic of the integrated high-loading electrode using a mechanically robust network binder; 
(D-G) Schematic of the strong intermolecular interactions used to construct robust network structures.

water-based bio-polymer binders can make the electrode manufacturing process greener and more 
sustainable. Nevertheless, the significant swelling of bio-polymer binders in aqueous electrolytes will 
decrease their mechanical strength. Constructing a network structure is an effective strategy to address the 
swelling issue. At the same time, the robust network of polymer binders can dramatically enhance its 
mechanical properties to accommodate the internal stress in high-loading electrodes [Figure 3B and C][73-77]. 
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The common reactions used to construct the robust network binders are displayed in Figure 3D-G, 
including multiple hydrogen bonding, ionic cross-linking, guest-host interaction, and covalent bonding 
network.

Conductive binder
The electronic/ionic conductivity of polymer binders plays an important role in the fast charge transfer 
kinetics in thick high-loading cathodes. Owing to the insufficient wetting and permeation of the electrolyte 
towards thick electrodes, the ionic transmission in the electrode is very sluggish, leading to low active 
material utilization rate and specific capacity [Figure 4A], especially under lean electrolyte. The hydrophilic 
groups (e.g., -COOH, -OH, and -NH2) in polymer binders can contribute to the increased interfacial 
wetting between cathode and electrolyte[78-80], and therefore boost interfacial Zn2+ transfer kinetics effectively. 
On the other hand, polymer binders with zincophilic functional groups (e.g., -COO- and -SO3

-) can act as an 
anionic polyelectrolyte to accelerate the Zn2+ diffusion [Figure 4B][81,82]. A water-soluble binder combining a 
polysaccharide SA with a hydrophobic polytetrafluoroethylene (PTFE) has been developed for 
high-performance MnO2 cathode[82]. The -COO- in SA can facilitate the adsorption and transmission of 
Zn2+, while the hydrophobic PTFE can drive the fast de-solvation of hydrated Zn2+. As a result, the high Zn2+ 
diffusion coefficient as well as fast Zn2+ intercalation kinetics enables a high rate performance and specific 
capacity. Moreover, the SA/PTFE hybrid binder also helps to form a protective layer on MnO2 cathode, 
which inhibits the disproportion reaction of Mn3+ and improves its stability. To achieve fast electronic 
conductivity in cathodes, electronic conductive polymers have been exploited as novel binders[83,84]. The 
conductive polymers generally contain conjugated structures along the polymer backbone to achieve 
electron mobility. For example, a poly (3,4-ethylene dioxythiophene) : poly (styrene sulfonate) (PEDOT : 
PSS) system has been widely used as a conductive binder[85]. The introduction of conductive binders in 
cathodes can also reduce the amount of inactive conductive carbon additive, and thus improve the energy 
density of the battery.

Multifunctional binder
Multifunctional binders can act as multiple roles in electrodes, and address multiple issues simultaneously. 
For instance, in I2 cathodes, the severe shuttle and sluggish conversion kinetics of polyiodide intermediates 
result in low active material utilization rate and coulombic efficiency[86-88]. Therefore, the functional binder is 
expected to possess commendable chemisorption and catalytic capability. Wang et al.[89] reported a 
bifunctional polyacrylonitrile copolymer binder (LA133) with strong iodine-chemisorption capability for 
shuttle-free aqueous Zn-I2 batteries. Via theoretical calculation, the amide and carboxyl groups in LA133 
binder can strongly bond to polyiodides to immobilize them in the cathode matrix [Figure 5A]. As a result, 
under a high mass loading of 7.82 mg cm-2, the Zn-I2 battery can still retain 83.3% of its initial capacity after 
1000 cycles, which is much superior to the common PTFE binder [Figure 5B]. Owing to the poor 
iodine-chemisorption capability of PTFE binders, soluble I3

- species diffuse toward the Zn anode side and 
react with zinc metal, causing severe Zn anode corrosion and roughening. As a result, serious side reactions 
on both cathode and anode occur, demonstrated by the scanning electron microscopy (SEM) images of 
cycled cathodes and Zn anodes [Figure 5C-F]. Yang et al.[90] also proposed a Janus functional binder based 
on chitosan (CTS) molecules to hinder the serious shuttle effect of polyiodides. On the one hand, CTS 
molecules exhibit a robust double helix structure with strong mechanical properties to withstand the 
electrode swelling effect. On the other hand, the polar groups (-NH2, -OH, and -O-) in CTS molecules show 
a strong affinity with iodine species to hinder their dissolution. Furthermore, these interactions enhance 
iodine catalytic conversion, effectively mitigating the undesired shuttle effect.
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Figure 4. (A) The schematic to show key issues of Zn2+ transfer in thick cathodes; (B) The schematic of Zn2+ transfer in 
Zn2+-conducting polymer binders.

Figure 5. (A) The optimized adsorption configurations and corresponding binding energies of the PTFE binder and LA133 binder to I-, I3
-, 

and I2 species; (B) Cycling performance of high-loading I2 cathodes using LA133 binder and PTFE binder; (C and D) SEM images of the 
cycled cathodes using LA133 binder and PTFE binder, respectively; (E and F) SEM images of the cycled Zn anodes in Zn-I2 batteries 
using LA133 binder and PTFE binder, respectively[89]. Copyright 2024 The Authors. PTFE: Polytetrafluoroethylene; SEM: scanning 
electron microscopy.

This section summarizes the recent advances in the binder design for AZIBs. For constructing high-loading 
cathodes, the binders should first possess strong mechanical strength to withstand the electrode swelling 
and huge stress during electrode preparation and battery cycling. Multifunctional binders are a highly 
significant research direction to address multiple issues in the cathodes, which can further reduce the 
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amount of inactive functional materials. Above all, water-based bio-polymer binders can make the electrode 
manufacturing process green and sustainable, and thus should be paid broad attention.

Three-dimensional cathode design
Compared with traditional planar electrodes, 3D electrodes can effectively increase the electrode surface 
area and active sites, decrease the electrode coating thickness, and shorten the electron/ion transfer distance. 
Therefore, constructing 3D structured electrodes is another promising and widely reported strategy to 
achieve high-loading cathodes. This section reviews the main manufacturing techniques for 3D structured 
cathodes in AZIBs.

Slurry coating
Current collectors act as the electronic and mechanical support to the electrode coating, and play an 
important role in maintaining the physical structure of the electrode. Coating the cathode slurry into the 3D 
current collector is a straightforward way to achieve 3D structured electrodes. Carbon-based materials with 
the advantages of light weight and high electronic conductivity attract wide attention as 3D current 
collectors[91,92]. For instance, Ma et al.[91] constructed high-mass-loading VO2 electrodes via combining 
commercial carbon fabric 3D current collectors and PEDOT : PSS conductive binders. Such a strategy 
provides fast electron transfer and offers sufficient void space to hold active materials and electrolytes. 
Therefore, the VO2 loading could reach as high as 15 mg cm-2 and the cathode can maintain a capacity of 
275 mAh g-1. Biomass, as the sustainable and low-cost raw materials, has been widely used to prepare 
carbonaceous materials[93-96]. As shown in Figure 6A, Zhao et al.[96] directly converted rattan into a 
carbon-based 3D current collector with directional channels and high compressive strength via an 
ultraviolet light irradiation-assisted delignification followed by a high-temperature carbonization. Then, a 
cathode slurry containing carbon nanotube (CNT)/α-MnO2, conductive carbon, and PVDF binder (7:2:1) 
was uniformly coated into the as-prepared 3D current collector to achieve a high-mass-loading carbonized 
rattan CR/MnO2 cathode, as shown in Figure 6B-F. Owing to the 3D architecture of the CR/MnO2 cathode 
that can expose sufficient active sites for Zn2+ ion storage, high areal capacity can be achieved under high 
mass loading, as displayed in Figure 6G and H.

In-situ growth
In-situ growth of 3D-structured active materials on the conductive substrate is another effective strategy to 
construct 3D electrodes, which avoids the use of additional binder and conductive additive[97-100]. As shown 
in Figure 7A-C, Chen et al.[97] synthesized V3O7·H2O nanoarrays (VOHAs) via facile one-step 
recrystallization of dissolved V2O5 from HCl solution on carbon-fiber paper, which was directly used as a 
binder-free cathode for AZIBs. The open pore structure of the VOHA cathode can boost the electrolyte 
infiltration and Zn2+ transfer. The dependence of the capacities on mass loading was studied as well. 
Figure 7D displays that the free-standing VOHA cathode can maintain maximal active material utilization 
with mass loading up to 5.0 mg cm-2. When the mass loading is over 5.0 mg cm-2, specific capacity drops 
with the increasing mass loading, owing to the decrease in the utilization rate of active materials. Therefore, 
the rational design for the electrode microstructure is vital. It should be further developed to effectively 
facilitate ionic/electronic transport and thus decrease such a capacity drop under increasing mass loading. 
Gao et al.[98] reported a Na0.55Mn2O4·1.5H2O (NMO) with 3D varying thinness CNT networks 
(NMO/VTCNTs) as free-standing binder-free cathodes to simultaneously increase the mass loading of the 
active material and enhance the ionic/electronic conductivity of the electrode. NMO was firstly grown on 
low-thinness CNTs (LTCNTs, with a diameter of 5-10 nm) via a facile co-precipitation method to obtain 
NMO/LTCNTs composite. Then, the NMO/VTCNTs free-standing cathode was obtained via suction 
filtration of NMO/LTCNTs and high-thinness CNTs (HTCNTs, with a diameter of 110-150 nm) solution. 
The as-prepared NMO/VTCNTs cathodes are able to achieve a loading of about 5 mg cm-2 and can 
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Figure 6. (A) Schematic illustration of the fabrication process of high-loading CR/MnO2 cathode; (B and C) Top-view and (D and E) 
cross-section SEM images of CR/MnO2 cathode; and (F) corresponding EDS mapping images; (G) Rate performance and (H) cycling 
performance of AZIBs with different MnO2 cathodes[96]. Copyright 2024 Elsevier Inc. SEM: Scanning electron microscopy; AZIBs: 
aqueous Zn-ion batteries; EDS: energy dispersive X-ray spectroscopy.

maintain excellent electrochemical performance with a capacity of 158 mAh g-1 after 1000 cycles at 2 A g-1.

Novel manufacturing technology
The utilization of a novel electrode preparation process such as 3D printing has also attracted wide attention 
to construct high-loading electrodes[101-104]. 3D printing technology shows unique manufacturing advantages, 
such as customized design, rapid prototyping, and structural optimization. Therefore, 3D printing 
technology has been widely used to fabricate various materials and devices in the fields of energy storage, 
electronic industry, etc. Yang et al.[103] prepared a carbon-based 3D current collector [3D-printed carbon 
microlattices (3DP CMs)] by direct ink 3D printing and subsequent high-temperature annealing. Then, 
high-loading MnO2 cathodes can be achieved via electrochemical deposition of MnO2 on the 3DP CMs. 
Finally, 28.4 mg cm-2 MnO2 can be loaded on the 3D-printed current collector to deliver an areal capacity of 
8.04 mAh cm-2 at 0.1 mA cm-2. As shown in Figure 8A and B, Ma et al.[104] also manufactured a cellular and 
hierarchical porous Fe5V15O39(OH)9·9H2O/reduced holey graphene oxide (FeVO/rHGO) cathode using the 
direct ink writing technology, where the ink consists of a composite of FeVO and rHGO with PVDF binder. 
The unique structure with periodic open macro-porous channels and hierarchical porous structures can 
boost the infiltration of electrolytes. As a result, the mass loading of FeVO/rHGO cathode with four 
printing layers can reach 24.4 mg cm-2, which can give a remarkably high areal capacity of 7.04 mAh cm-2 at 
6 mA cm-2 [Figure 8C].
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Figure 7. (A) Schematic of the one-step synthesis process for the binder-free VOHAs cathode; and (B and C) the corresponding SEM 
images; (D) The relationship between the capacity and mass loading of cathode materials[97]. Copyright 2021 Elsevier Ltd. SEM: 
Scanning electron microscopy; VOHAs: V3O7·H2O nanoarrays.

Figure 8. (A) Schematic of direct ink writing fabrication process for the cellular FeVO/rHGO cathode; and (B) corresponding SEM 
image; (C) The plots of areal capacity of the FeVO/rHGO cathode with different printing layers at 6 mA cm-2 [104]. Copyright 2021 
Wiley-VCH GmbH.
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In summary, this section reviews the progress of high-loading cathodes based on 3D-structured electrodes. 
The 3D structured electrodes are commonly used to prepare high-loading cathodes in the laboratory study. 
However, compared to the commercial slurry-casting preparation process on planar current collector, these 
electrodes usually require additional preparation processes, which will increase the electrode manufacturing 
cost. Furthermore, the vast inner void space in the 3D structured electrodes will not only increase the 
electrolyte dosage but also decrease the volumetric energy density. Therefore, the future development of 3D 
structured electrodes should pay attention to sustainable and large-scale processing techniques. Moreover, 
the electrode microstructure should be optimized to facilitate ionic/electronic transport and minimize the 
excess inner void space simultaneously.

Cathode material structural optimization
Surface engineering
Surface engineering with conducting materials has been demonstrated as an effective approach to improve 
the electronic conductivity and structural stability of active materials[105-108]. Zhang et al.[106] reported a 
graphene-wrapped H11Al2V6O23.2 nanobelt (HAVO@G) composite, which was prepared by a hydrothermal 
method and freeze-drying technique. The uniform graphene coating on the surface of HAVO nanobelts can 
improve electrical conductivity and inhibit the dissolution of the active material into electrolyte, thus 
leading to enhanced reaction kinetics and structural stability. As a result, the HAVO@G electrode exhibits 
excellent cycling stability under a high mass loading of 15.7 mg cm-2, delivering a high reversible capacity of 
131.7 mAh g-1 after 400 cycles at 2 A g-1. Recently, MXenes have attracted extensive attention in AZIBs, 
owing to their high metallic conductivity and excellent hydrophilicity[109,110]. Furthermore, compared to 
carbonaceous materials, MXenes possess high density to achieve high-tap-density cathode composite, and 
thus can improve the volumetric energy density of AZIBs. Shi et al.[110] prepared high-density Ti-MXene 
(Ti3C2Tx)@MnO2 micro-flowers via a gas-phase spray drying approach, where MnO2 nanoparticles are 
encapsulated in the MXene nanosheets. The Ti3C2Tx@MnO2 micro-flowers not only show high tap density 
of 1.52 g cm-3 but also possess fast 3D conductive architecture. As a result, under a mass loading of 
8.0 mg cm-2, satisfactory rate property and cycling stability can still be achieved.

Lattice regulation
Lattice regulation of the active material is considered as another effective way to enhance their 
ionic/electronic conductivity and structural stability[111-115]. Doping/insertion of metal ions is one of the 
common lattice matrix regulation strategies. Yang et al.[112] reported a Mn2.5V10O24·5.9H2O (MVOH) cathode 
material, in which inserted Mn2+ can regulate the electronic structure and defective state of the MVOH 
material. The inserted Mn2+ can form new coordination bonds with O atoms in the [VO] layer to regulate 
the electronic structure, resulting in high electronic conductivity and structural stability [Figure 9A]. 
Simultaneously, resulting from the insertion of low-valence state Mn2+, abundant O vacancies occur in the 
MVOH, and thus the electrostatic interactions between Zn2+ and the cathode host can be weakened, 
decreasing Zn2+ diffusion energy barrier [Figure 9B]. As a result, the rate property and cycling stability of 
MVOH cathodes can be obviously improved, as shown in Figure 9C. In particular, the high-loading 
(~12 mg cm-2) MVOH cathode with synchronously promoted electronic and ionic transport can deliver a 
high areal capacity of 3.42 mAh cm-2 after 850 cycles with a remarkable capacity retaining rate of 91.4 %. 
Zong et al.[113] reported the two-dimensional topological Bi2Se3 with Bi-vacancies derived from Cu doping 
(Cu-Bi2-xSe3) through a one-step hydrothermal process. Density functional theory (DFT) calculations 
indicate that the formation energy of Bi vacancies for Cu-Bi2-xSe3 is dramatically lowered compared to the 
pure Bi2Se3 sample (1.1 eV vs. 3.7 eV). Importantly, the formation of Bi vacancies can effectively enhance the 
electronic conductivity and reduce the Zn2+ migration barrier, resulting in more carrier reversible insertion. 
Consequentially, the specific capacity of high-loading Cu-Bi2-xSe3 cathodes can be maintained as high as 
231.5 mAh g-1 and 170.2 mAh g-1 after 50 cycles under the mass loading of 6.59 mg cm-2 and 10.18 mg cm-2, 
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Figure 9. (A) Calculated PDOS and TDOS profiles; and (B) the possible Zn2+ migration pathways and calculated diffusion energy barrier 
in the crystal lattice of cV2O 5, VOH, and MVOH; (C) Electrochemical performance of the high-loading V-based cathodes[112]. Copyright 
2023 Elsevier B.V. MVOH: Mn2.5V10O24·5.9H2O; VOH: V10O24·6.9H2O; PDOS: partial density of states; TDOS: total density of states.

respectively.

Interestingly, the metal ion doping/intercalation can boost the reaction kinetics via an activation effect. For 
example, a co-intercalation strategy of Na+ and Cu2+ was introduced into δ-MnO2 (NCMO) by Gao et al.[116]. 
On the one hand, the co-intercalation of Na+ and Cu2+ synergistically modulates the electronic structure of 
δ-MnO2 to achieve rapid electronic transfer. On the other hand, the activation effect of Cu2+ towards the 
Mn2+/Mn4+ two-electron conversion is amplified by the pre-intercalation of Na+, resulting in improved 
specific capacity. Therefore, the NCMO cathode can exhibit a specific capacity as high as 576 mAh g-1 under 
the mass loading of 1.0 mg cm-2 and an areal capacity of 2.1 mAh cm-2 under the high mass loading of 
10.9 mg cm-2.

Molecule/atom engineering
Molecule insertion is another promising approach to expand the interlayer spacing of the cathode host and 
boost Zn2+ transport kinetics[117-119]. Yao et al.[118] reported a MoS2/C19H42N+ (CTAB) superstructure, in which 
the MoS2 monolayer is alternately separated by the CTAB layer. Owing to the insertion of CTAB, the 
interlayer spacing of the layered MoS2 host increases significantly from 0.63 nm to 1.0 nm [Figure 10A and 
B]. Specially, due to the close-knit interactions between MoS2 monolayers and CTAB layers, the stability of 
the layered structure can be strengthened. Meanwhile, the soft CTAB layer, as a hyperelastic buffer, can 
effectively alleviate expansion stress and suppress structural collapse, which has been indicated by the in-situ 
synchrotron X-ray diffraction (SXRD) tests in Figure 10C. The high-resolution transmission electron 
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Figure 10. HRTEM images of (A) pristine MoS2 and (B) MoS2-CTAB; (C) In-situ SXRD tests of the MoS2-CTAB superstructure during 
the Zn2+ insertion/extraction processes; HRTEM images of MoS2-CTAB (D) after charging and (E) after discharging; (F) The 
electrochemical performance of the MoS2-CTAB superstructure under different mass loading[118]. Copyright 2022 American Chemical 
Society. HRTEM: High-resolution transmission electron microscopy; SXRD: synchrotron X-ray diffraction; CTAB: C19H42N+.

microscopy (HRTEM) images during cycling further reveal the breathing of the interlayer distance between 
0.98 nm and 1.17 nm upon Zn2+ insertion/extraction [Figure 10D and E]. Therefore, the MoS2-CTAB 
electrode shows enhanced cycling stability with a capacity retention of as high as 92.8% at 10 A g-1 over 
2100 cycles. Even under a large mass loading of 11.5 mg cm-2, the MoS2-CTAB electrode can cycle stably 
over 50 cycles at 1 A g-1 [Figure 10F]. Moreover, as the mass loading increases, an almost linear increase in 
areal capacity can be achieved.

Apart from the high intrinsic ionic conductivity of the cathode host materials, ion transport highway in the 
electrode level is also of great importance. Jiang et al.[120] reported that a sharp capacity shrinkage under high 
loading can be caused by the formation of vast alkaline zincate [Zn4SO4(OH)6·nH2O, ZSH] on the surface of 
MnO2 cathode, which blocks the ionic transfer pathway. The H+/Zn2+ co-intercalation in MnO2 cathodes, 
which is widely demonstrated, can lead to H+ consumption and thus shift the acid-base balance in the 
aqueous electrolyte to continuously produce OH-. Under high loading, the massive consumption of H+ can 
lead to sharp increase of local pH and vast ZSH generation on the cathode/electrolyte interface. The ZSH 
can fully cover the high-loading MnO2 cathode, leading to a stagnant electrochemical reaction. To address 
this issue, they introduced the positively charged interstitial carbon into the lattice matrix of MnO2 
(IC@MnO2). DFT calculations indicate that IC@MnO2 possesses lower affinity to SO4

2- and OH- than that of 
bare MnO2, and thereby suppresses the ZSH generation and covering effect. Hence, under a high mass 
loading of 10 mg cm-2, the IC@MnO2 cathode can deliver a much higher active material availability and 
specific capacity than the MnO2 electrode (176.4 mAh g-1 vs. 108.5 mAh g-1).
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This section summarizes the rational cathode material design strategies for high-loading cathodes. On the 
one hand, the conductive surface coating can significantly improve electronic conductivity and suppress the 
collapse of active materials. On the other hand, the lattice matrix regulation of the cathode host effectively 
adjusts their electronic structure, interlayer spacing, and structural stability. The integrated strategy 
combining surface coating and lattice regulation should be developed to enhance both apparent and 
intrinsic conductivity of cathode materials, and thus effectively decrease the capacity shrinkage upon 
increasing mass loading. For insertion-type cathode materials, the H+/Zn2+ co-intercalation can result in 
massive ZSH by-products and severe blocking effect. It should be paid wide attention to avoid such 
covering effect and ensure fast ion transfer on the cathode/electrolyte interface, especially under high mass 
loading.

Interface engineering for Zn anode
To match the high areal capacity of high-loading cathodes, the high-depth charge/discharge of Zn anodes is 
required. Furthermore, a low N/P ratio is essential for the practical high energy density of AZIBs. However, 
under such harsh conditions, the anode/electrolyte interface is quite unstable, owing to the serious dendrite 
growth, HER, corrosion, and passivation [Figure 11A]. It is urgently required to improve the high 
reversibility and stability for Zn anodes under high areal capacity. Therefore, this section reviews the 
effective strategies for developing practical Zn anodes.

Artificial coating
Constructing a solid protective layer is an effective approach to homogenize the Zn2+ flux and shield side 
reactions, as shown in Figure 11A. Various artificial protective films have been constructed by 
blade-coating, spin-coating, atomic layer deposition and other processes[121-128]. Zhu et al.[121] constructed a 
multifunctional water-glass artificial protective layer containing rich Si-O hydrophilic groups on Zn anode 
surface via a spin-coating method. The vast polar Si-O functional groups can effectively improve the 
interfacial wettability, facilitate the even electric field distribution, and guide uniform Zn deposition along 
the (002) plane. Hong et al.[122] coated a cation-exchange membrane of perfluorosulfonic acid on the Zn 
anode surface, which contains abundant sulfonic acid groups. This cation-exchange membrane can 
electrostatically repulse the SO4

2- anions while accelerating the uniform Zn2+ ion transport. Therefore, the 
formation of Zn4SO4(OH)6·5H2O by-products can be suppressed and the homogenization of Zn2+ 
distribution on the Zn anode surface can be achieved.

Chen et al.[125] constructed a polyvinyl alcohol (PVA)@SO4
2- receptor (SR)-ZnMoO4 multifunctional 

composite coating on Zn anode with a solid electrolyte interphase (SEI)-like structure. The PVA@SR outer 
layer with good flexibility can not only improve the coating stability but also effectively bind SO4

2- to hinder 
its access to the Zn surface. Meanwhile, it finds that the ZnMoO4 inorganic component with high ionic 
binding energy can effectively enhance the ionic conductivity of the composite coating. Based on these 
advantages, the Zn anode exhibits high reversibility with a coulombic efficiency of 99.42% and shows a 
superior high-capacity cycling performance of 1,700 h at 5 mA cm-2/5 mAh cm-2. To shield H2O molecules, 
Zhou et al.[128] construct a hydrophobic-zincophilic bifunctional layer on Zn anodes, which is synthesized by 
free radical polymerization of PVDF and acrylic acid. The hydrophobic framework acts as a barrier layer to 
isolate the Zn anode from the active H2O molecules in aqueous electrolyte, and thus suppresses the HER 
and corrosion reactions. Meanwhile, the zincophilic functional groups (-COOH) on the sidechain can form 
effective transfer pathways for Zn2+, and thus guide uniform Zn deposition. As a result, even under high 
current density and areal capacity (12 mA cm-2 and 6 mAh cm-2), Zn||Zn symmetrical cells can cycle stably 
for 1,000 h. In sharp contrast, the symmetrical cells with bare Zn anodes are unbearable to harsh conditions 
and fail after only several cycles.
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Figure 11. (A) Schematic illustration of action mechanism for the protective coating to achieve stable and planar Zn anode; (B) 
Schematic illustration of function mechanism for the self-healing coating to achieve durable protection[129]. Copyright 2024 Wiley-VCH 
GmbH; (C) Schematic illustration of function mechanism for the self-adapting coating[130]. Copyright 2021 Wiley-VCH GmbH.

Under large-capacity cycling, huge volume change and stress can be generated on the interface of Zn 
anode/protective layer, due to the massive Zn plating/stripping. Therefore, to maintain the long-term 
function of the artificial protective layer, the self-adapting/self-healing ability is of great importance[129-132], as 
shown in Figure 11B and C. Through dynamic or reversible chemical interactions, the self-adapting/self-
healing coating can be achieved. For instance, Guo et al.[130] reported a self-adaptable poly(dimethylsiloxane) 
(PDMS)/TiO2-x coating to accommodate the volume change and inhibit dendrite growth, in which PDMS 
possesses high self-adaptability resulting from the dynamic and reversible B-O bonds. Hong et al.[131] 
designed zinc alginate hydrogel as a dynamic coating and Zn2+ redistributor on Zn anode via in-situ cross-
linking effect. Therefore, the Zn anode with a self-adapting interface can accommodate the volume change 
and repair the possible ruptures to achieve long-term cycling stability. We also constructed a mechanically 
robust and self-healing protective coating, featured by dual cross-linking dynamic network between SA and 
Zn2+/lithium polysilicate[132]. On the one hand, the dual cross-linking network with strong mechanical 
properties is highly resistant to the deformation of Zn anodes. On the other hand, when cracks occur in the 
network coating, it can effectively self-repair to durably protect the Zn anode.

Electrolyte engineering
Electrolyte design is a promising strategy to suppress the H2O-induced side reactions and achieve uniform 
planar Zn deposition. Various electrolyte optimization strategies have been developed, including adjusting 
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Zn salt type, exploiting functional additives, introducing co-solvents, and constructing eutectic solvents and 
concentrated electrolytes[133-138]. Exploring electrolyte additives is an economical and scale-up approach to 
improve the stability of Zn anodes. Figure 12A displays the common functions of the electrolyte additives, 
including adsorption and shielding, regulating hydrogen bonding network, reconstructing Zn2+ solvation 
structure, and in-situ forming SEI film. The electrolyte additives can form a layer of protective film via 
adsorption or reaction on the Zn surface to shield side reactions and adjust Zn2+ flux. Li et al.[139] introduced 
an electrolyte additive N,N-dimethylformamidium trifluoromethanesulfonate (DOTf) in the 2M ZnSO4 
aqueous electrolyte. Interestingly, in water, the DOTf is dissociated to neutral ion pairs triflic acid and 
N,N-dimethylformamide, resulting in the formation of Zn2+-conducting nanostructured SEI on the Zn 
surface. Such a SEI layer not only excludes H2O but also induces nanoscale nucleation-growth process of 
Zn, leading to near 100% coulombic efficiency for the Zn||Cu asymmetric cell under 4 mA cm-2/4 mAh cm-2. 
Zeng et al.[140] reported the in-situ formation of a dense and stable SEI layer with high ionic conductivity by 
introducing Zn(H2PO4)2 into the electrolyte. The formed SEI not only hinders the side reactions by isolating 
Zn anode from the bulk electrolyte but also enables uniform Zn2+ transport. Hence, homogeneous Zn 
deposition and stable Zn plating/stripping have been achieved, as shown in Figure 12B and C. Finally, 
Figure 12D displays that the Zn||V2O5 full cell can give a long cycling lifespan under high loading and low 
N/P ratio. We also exploited penta-potassium triphosphate (KTPP) as a novel trifunctional electrolyte 
additive to tune the electrode/electrolyte interface[141]. Firstly, the KTPP electrolyte additive can induce a 
Zn2+-conducting and mechanically robust protective film on the Zn anode surface. Secondly, the KTPP can 
complex with Zn2+ to reconstitute their dissolution sheath structure. Finally, the K+ cations from KTPP can 
adsorb on the Zn anode tips acting as a dynamic shielding layer to regulate Zn2+ flux. Consequentially, 
Zn||Zn symmetric cells achieve dramatically improved cycling stability and a high cumulative capacity of 
6,400/7,200 mAh cm-2 at 40/20 mA cm-2. Li et al.[142] used L-cysteine to construct a self-assembled multilayer, 
acting as a buffer layer on the Zn surface. The molecular multilayer dynamically replenished the defects 
caused by the change in electrode morphology during the cycling process, and thus achieved dendrite-free 
Zn anodes with excellent stability.

The coordinated H2O within the Zn2+ solvation sheath and active free water in the bulk electrolyte cause 
severe HER and side reactions. Several electrolyte additives/co-solvents have been designed to reconstruct 
the Zn2+ solvation sheath and hydrogen bonding network in the electrolyte[143-148]. For example, You et al.[143] 
presented a cost-effective and eco-friendly aqueous electrolyte consisting of formamide (FA) and zinc 
acetate. FA, as both a hydrogen bonding acceptor and donor, can powerfully anchor H2O molecules via a 
double-site anchoring configuration [Figure 13A] and thereby break the original hydrogen bonding 
network. As a result, the free water activity is reduced to decrease the HER. Meanwhile, the freezing point of 
the electrolyte is significantly decreased to < -40 °C [Figure 13B]. Moreover, by adding FA into the 
electrolyte, uniform Zn deposition can be achieved by regulating the Zn2+ solvation structure. As a result, 
the Zn||Zn symmetric cell and Zn||polyaniline (PANI) full cell with the as-designed electrolyte display 
impressive cycling stability at -30 °C, as shown in Figure 13C and D. We exploited the sustainable natural 
disaccharide, D-trehalose (DT), as a multifunctional co-solvent to massively reconstruct Zn2+ coordination 
structure and hydrogen bonding network of the electrolyte[144]. DT molecules contain a great number of 
polar -OH groups, which can act as a facile platform to form strong interactions with Zn2+ and H2O 
molecules. Especially, the massive strong hydrogen bonds between DT and H2O molecules can not only 
significantly reduce the H2O activity but also suppress their rearrangement under low temperatures. 
Consequently, at 5 mA cm-2/5 mAh cm-2, the Zn||Zn symmetric cell using DT30 can stably cycle over 800 h, 
which is much superior compared to the cell without DT co-solvent.
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Figure 12. (A) Schematic illustration of function mechanism for the electrolyte additive. SEM images of Zn electrodes after cycling for 
400 h in the (B) baseline electrolyte (BE) and (C) the designed electrolyte (DE) at 1 mA cm-2/1 mA h cm-2; (D) Cycling stability of 
Zn||V2O5 cells under practical conditions[140]. Copyright 2021 Wiley-VCH GmbH. SEM: Scanning electron microscopy.

The competitive HER will lead to the localized high-concentration OH- on the Zn anode surface, which 
combine with Zn2+ and SO4

2- to form ZSH by-products[149-152]. The insoluble ZSH not only covers the active 
surface of Zn anodes but also causes the loss of active Zn, leading to fast failure of Zn anodes. Moreover, for 
the practical application of AZIBs, the low N/P ratio is indispensable. The loss of active surface and active 
Zn is fatal under limited usage of Zn anode in practical AZIBs. To address this issue, we proposed an 
effective reactivation strategy for the main by-product ZSH on Zn anodes enabled by the catalysis-
coordination chemistry[153]. We found that the urea electrolyte additive can preferentially adsorb on the 
produced ZSH by-products [Figure 14A]. Then, it can suffer from catalytic hydrolysis to generate strong 
ligand NH3. The NH3 rapidly adsorbs on the ZSH surface and coordinates with the Zn2+ ion to form soluble 
[Zn(NH3)4]2+, resulting in the timely decomposition of ZSH, as shown in Figure 14B. Based on this strategy, 
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Figure 13. (A) Calculated binding energies of H2O-H2O, H2O-FA, H2O- OAc-, FA-FA, and FA-OAc- pairs; (B) The DSC curves of the 
electrolytes with different volume ratios of H2O and FA; Cycling stability with the ZHF50 electrolyte at -30 °C for (C) Zn||Zn cell and 
(D) Zn||PANI cell[143]. Copyright 2023 The Royal Society of Chemistry. FA: Formamide; DSC: differential scanning calorimetry.

Figure 14. (A) Calculated adsorption energies of H2O, urea, and NH3 molecules on the Zn (002) and ZSH (001) crystal planes; (B) 
Schematic demonstration of the reactivation of ZSH@Zn by urea additive; (C) Cycling stability of Zn||Zn symmetric cell in the designed 
electrolyte ZHU at 40 mA cm-2/2 mAh cm-2; (D) Model diagram of the reactivation process for the waste battery under practical 
application; (E) Cycling performance of Zn||LiFePO4 full cell before and after the reactivation[153]. Copyright 2024 Elsevier Inc.
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the reversibility of Zn anodes has been obviously improved, and the cumulative capacity of the Zn||Zn 
symmetric cell reaches as high as 10,600 mAh cm-2 at 40 mA cm-2 [Figure 14C]. For practical application, the 
as-prepared electrolyte can act as a reactivation solution to repair the waste AZIBs, as shown in Figure 14D 
and E.

To match the high-areal-capacity cathodes, this section reviews the recent progress of Zn anodes under 
large capacity based on surface coating and electrolyte engineering. The artificial surface coating as a solid 
barrier can effectively shield the active water and regulate the Zn2+ flux to achieve uniform and dendrite-free 
Zn deposition. In-situ and ex-situ methods have been developed to construct the functional surface 
coatings. The Zn2+ coordination structure and hydrogen bonding network of the electrolyte can be adjusted 
by electrolyte engineering to effectively regulate the deposition behavior of Zn and decrease the activity of 
water. However, under practical conditions, massive Zn stripping/plating can cause huge volume change 
and internal stress. Therefore, to accommodate the large stress, the mechanical property and self-adapting/
self-healing ability of the artificial protective layer should be given considerable attention. For current study, 
flooded electrolyte is commonly used to achieve optimal cycling stability. Under lean electrolyte, the 
optimal electrolyte composition should be reevaluated. Under a low N/P ratio, the loss of active Zn will 
result in fast capacity fading of the AZIBs. Therefore, the development of an effective reactivation strategy 
for dead Zn is an important and urgent research direction.

CONCLUSION AND OUTLOOK
AZIBs possess the advantages of being low-cost, eco-friendly, and intrinsically safe and have attracted wide 
attention for their applications in grid electrochemical energy storage systems. To achieve high energy 
density of AZIBs, constructing high-loading cathodes is the prerequisite, which is a straightforward 
approach to achieve high areal capacity. However, the high-loading cathodes still face several key issues, 
including mechanical instability, structural instability, hysteretic charge transfer kinetics, and unmatched Zn 
anode. To boost the development of high-performance cathodes under high loading, this review 
summarizes and analyses the main strategies to address the above issues, including (1) rational binder 
design, (2) 3D cathode design, (3) cathode material structural optimization, and (4) interface engineering 
for Zn anode. Table 1 displays that prominent improvements have been achieved through rational 
development strategies. However, to reach the areal-specific capacity of commercial Li-ion batteries 
(3.0 mAh cm-2), there is still a great gap. High areal-specific capacity and long cycling lifespan can not be 
achieved at the same time, as shown in Table 1. Therefore, to achieve practical AZIBs, a comprehensive 
strategy should be devotement rather than single strategy. As shown in Figure 15, the robust multifunctional 
binder should be elementary to construct high-loading cathodes, and then the electrode microstructure 
optimization can facilitate fast charge transfer at the electrode level. Material structure and morphology 
regulation contributes to the improved reaction kinetics to obtain high cathode material availability. Finally, 
a practical Zn anode is also imperative to maintain the satisfactory cycling performance of the whole AZIBs. 
We believe this review will provide an in-depth understanding for the rational construction of high-loading 
cathodes. However, additional efforts should still be made to achieve further progress in the aspects 
described in the following text.

1. To consider the sustainability and cost-effectiveness, biomass should be one of the promising candidates 
in large-scale application of AZIBs. For example, bio-polymers have been widely exploited as the polymer 
binders in Li-ion batteries and Li-S batteries, and should be explored in AZIBs. For future development, the 
rational molecular design of the bio-polymer binder should be considered to effectively regulate its 
mechanical/physical properties and integrate multiple functions in one. Moreover, the bio-materials can 
also be applied in electrode surface coating, electrolyte additive, and hydrogel electrolyte. Finally, the 
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Table 1. A summary of the electrochemical performance of high-loading cathodes in AZIBs

Strategies and methods Cathode material/ 
Mass loading Electrochemical performance Ref.

Rational binder design  
Multifunctional LA133 binder 

I2 
7.82 mg cm-2

92.67 mAh g-1 
(0.72 mAh cm-2) @ 1,000 cycles

[89]

Rational binder design 
Multifunctional CTS binder 

I2 
1-2 mg cm-2

144.1 mAh g-1 
(~0.29 mAh cm-2) @ 1,500 cycles

[90]

Three-dimensional cathode design 
Carbon fabric 3D current collector

VO2 
15.0 mg cm-2

228 mAh g-1 (3.42 mAh cm-2) 
@ 50 cycles

[91]

Three-dimensional cathode design 
CR 3D current collector

CNT/α-MnO2 
10.0 mg cm-2

39.0 mAh g-1 (0.39 mAh cm-2) 
@ 1,000 cycles

[96]

Three-dimensional cathode design 
3D-structured active material 

VOHAs 
5.0 mg cm-2

152 mAh g-1 (0.76 mAh cm-2) 
@ 800 cycles

[97]

Three-dimensional cathode design 
3D carbon nanotube network 

NMO/VTCNTs 
5.0 mg cm-2

329 mAh g-1 (1.65 mAh cm-2) 
@ 120 cycles

[98]

Three-dimensional cathode design 
3DP carbon-based current collector

MnO2 
28.4 mg cm-2

282.8 mAh g-1 (8.03 mAh cm-2) 
@ 1st cycle

[103]

Three-dimensional cathode design 
Direct ink writing technology 

FeVO/rHGO 
12.4 mg cm-2

126.4 mAh g-1 (1.57 mAh cm-2) 
@ 650 cycles

[104]

Cathode material structural optimization 
Graphene coating

HAVO@G 
15.7 mg cm-2

131.7 mAh g-1 (2.07 mAh cm-2) 
@ 400 cycles

[106]

Cathode material structural optimization 
MXene surface coating

Ti3C2Tx@MnO2 
8.0 mg cm-2

287.6 mAh g-1 (2.30 mAh cm-2) 
@ 1st cycle

[110]

Cathode material structural optimization 
Mn2+ ion intercalation

MVOH 
19.9 mg cm-2

192.0 mAh g-1 (3.82 mAh cm-2) 
@ 250 cycles

[112]

Cathode material structural optimization 
Cu doping and Bi-vacancy

Cu-Bi2-xSe3 
10.18 mg cm-2

231.8 mAh g-1 (2.36 mAh cm-2) 
@ 50 cycles

[113]

Cathode material structural optimization 
Na+ and Cu2+ co-intercalation 

NCMO 
10.9 mg cm-2

192.7 mAh g-1 (2.10 mAh cm-2) 
@ 50 cycles

[116]

Cathode material structural optimization 
CTAB molecule intercalation

MoS2-CTAB 
11.5 mg cm-2

75.65 mAh g-1 (0.87 mAh cm-2) 
@ 50 cycles

[118]

Interface engineering for Zn anode 
Water-glass artificial protective layer

V2O5 
11.0 mg cm-2

234 mAh g-1 (2.57 mAh cm-2) 
@ 60 cycles

[121]

Interface engineering for Zn anode 
Self-healing artificial coating 

MnO2 
2.91 mg cm-2

175 mAh g-1 (0.51 mAh cm-2) 
@ 400 cycles

[129]

Interface engineering for Zn anode 
PDMS/TiO2-x self-adaptable coating

MnO2 
1.5 mg cm-2

179 mAh g-1 (0.27 mAh cm-2) 
@ 400 cycles

[130]

Interface engineering for Zn anode 
Zn(H2PO4)2 film-forming additive 

V2O5 
8.7 mg cm-2

98.4 mAh g-1 (0.86 mAh cm-2) 
@ 500 cycles

[140]

Interface engineering for Zn anode 
Zn(OAc)2/FA-H2O electrolyte

PANI 
3.5 mg cm-2

132 mAh g-1 (0.46 mAh cm-2) 
@ 1st cycle

[143]

AZIBs: Aqueous Zn-ion batteries; CTS: chitosan; CNT: carbon nanotube; VOHAs: V3O7·H2O nanoarrays; NMO: Na0.55Mn2O4·1.5H2O; VTCNTs: 
varying thinness CNT networks; MVOH: Mn2.5V10O24·5.9H2O; NCMO: Na+ and Cu2+ co-intercalated δ-MnO2; CTAB: C19H42N+; PDMS: 
poly(dimethylsiloxane); FA: formamide; PANI: polyaniline.

biomass, as a sustainable raw material, can be converted to carbon materials as the conductive host and 
supporter.

2. Evaluation of the electrochemical performance of the cathodes should shift from the lab to practical 
conditions. For the cycling stability evaluation of high-loading cathodes, coin cells are usually applied in the 
past studies, under flood electrolytes and excess Zn anodes. To scale up the lab achievements, the 
electrochemical performance tests using pouch cells are vital. However, there may be a big gap for the 
electrochemical performance between coin cells and pouch cells. Therefore, to boost the industrialization of 
AZIBs, the high-loading cathodes should be evaluated using pouch cells under practical conditions, such as 
thin Zn anodes and lean electrolytes.
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Figure 15. The schematic of a comprehensive solution for constructing practical high-loading cathodes.

3. For the design and pick of functional materials, vast trial-and-error efforts have been made. This results 
in a long study time and a waste of resources to determine the possible elements and compositions 
achieving the expected properties. Theoretical calculation has been demonstrated as a powerful tool to study 
and predict the properties of functional materials. Recently, machine learning, as a hot artificial intelligence 
technology, has shown significant potential in screening and predicting new materials. Therefore, advanced 
screening technology should be used to establish standards for functional material prediction and selection.

4. The mechanism study of the functional materials is usually carried out under low-loading conditions. 
However, the failure mechanism under large-capacity cycling may be different. For example, under 
large-areal-capacity cycling, the significant volume change/deformation of the electrodes can cause huge 
stress in electrodes. Therefore, the mechanical coupling mechanism must be considered. Moreover, under a 
low E/C ratio, can the tiny electrolyte additive work well according to the action mechanism with flooded 
electrolytes? Therefore, the failure/action mechanism under practical conditions is suggested to be further 
studied combined with the advanced characterization technology.

5. Finally, a comprehensive performance evaluation of AZIBs should be carried out. In the lab study, the 
specific capacity and cycling number are widely considered. However, in practical applications, the long-
term storage performance of the batteries also needs to be evaluated. In large-scale energy storage 
applications, intermittent and slow charging processes while fast discharging processes frequently occur. 
Therefore, slow charging and fast discharging tests of the AZIBs should be performed.
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