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Abstract 

Aqueous zinc-based batteries (AZBs) based on the conversion-type mechanism have become a hot 

spot now due to their low cost, high safety and large capacity, which provides a significant opportunity 

for large-scale energy storage. However, conversion reactions in AZBs face serious thermodynamic 

and kinetic challenges. Rather than the common advances, this review focuses on fundamental aspects 

of reaction thermodynamics and kinetics for AZBs that lacks systematic attention and understanding. 

The conversion reaction mechanisms of AZBs including anode conversion reaction, manganese-

based, chalcogenide-based, halogen-based, copper-based, and iron-based conversion reaction were 

discussed. The fundamental issues and perspectives of the battery system were further highlighted. 

The final section proposes significant directions to discuss how to better understand and design the 

effective conversion battery system via combining thermodynamics and kinetics. 

This document is the Accepted Manuscript version of a Published Work that appeared in final form in ACS Energy Letters, copyright © 
2024 American Chemical Society after peer review and technical editing by the publisher. To access the final edited and published work 
see https://doi.org/10.1021/acsenergylett.4c00450.

This is the Pre-Published Version.



2 

 

 

Aligned with the global trend towards green energy development, urgent action is required to 

accelerate the transformation and upgrade of energy storage systems with desirable characteristics 

such as high energy/power density, long-cycle stability, high energy conversion efficiency and 

affordability.1, 2 Aqueous zinc-based batteries (AZBs) exhibit remarkable properties including high 

safety, high gravimetric capacity (820 mAh g-1), and abundant zinc reserves, making them the subject 

of widespread concern.3-5 AZBs based on the conversion-type mechanism of electrode materials, such 

as solid/liquid conversion, possess relatively high operating voltage and high theoretical capacity, 

representing a significant opportunity for stationary energy storage.6, 7 There are many types of AZBs 

depending on this mechanism (Table 1), such as zinc-manganese (Zn-MnO2) batteries,8, 9 zinc-sulfur 

(Zn-S) batteries,10, 11 zinc-selenium (Zn-Se) batteries,12, 13 zinc-iodine (Zn-I2) batteries,14, 15 zinc-

bromine (Zn-Br2) batteries,16, 17 zinc-copper (Zn-Cu) batteries,18 zinc-iron (Zn-Fe) batteries.19 

Despite the remarkable advances made in recent years, conversion-type AZBs remain far from 

maturity. In comparison to insertion-type reactions, the conversion-type reactions are less dependent 

on the framework of the electrode materials, but face significant challenges related to 

thermodynamics and kinetics (Figure 1),7, 20, 21 primarily characterized by: (1) Thermodynamic 

instability of electrodes, electrolyte and interfaces. When more electron transfer of electrode is 

activated, it can provide higher specific capacity and larger electrode potential difference (Figure 1a), 

which greatly increases the energy density of battery. However, high specific capacity is limited by 

conversion thermodynamics of electrode and stability of intermediate products. The decompositions 

of electrolyte such as hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) are 

induced under these large energy output, because of the narrow electrochemically stable voltage 

window of aqueous electrolyte (Figure 1b).8 In addition, the issues including zinc dendrites, 



3 

 

corrosion, and passivation, can cause poor reversibility and stability of Zn anode (Figure 1c). (2) 

Unsatisfactory kinetics of conversion reaction. The energy barrier of conversion reactions is usually 

high (Figure 1d), as it involves the phase difference between reactants and products. The reaction 

rate is greatly affected by the undesired redox activity of reactant and the accumulation of inactive 

products in electrode interfaces, thus result in severe polarization (Figure 1e). (3) Shuttle effect of 

intermediate products. The soluble ions generated at the cathode can shuttle to the anode side (Figure 

1f), particularly for the chalcogen22 and halogen reactants23, resulting in self-discharge and capacity 

decay. These above issues could significantly affect the efficiency and service life of batteries.  

Beyond that, some critical difficulties still plague this field such as the difficulty in revealing 

conversion-type reactions due to the complexity of reactants and products, the diversity of reaction 

paths. The electrochemical reaction process involves electron transfer, polarization, solvent effects, 

and interfacial side reactions, leading to a dearth of comprehensive knowledge regarding the 

underlying mechanisms of system reactions. Although some reviews offer advances and strategies 

for the conversion-type cathodes in AZBs,7, 24, 25 the contents related thermodynamics and kinetics of 

conversion-type reactions are rarely reported. Based on the above discussion, a systematic and 

comprehensive understanding in this aspect is urgently. In this review, we summarized and discussed 

the conversion reactions in AZBs, primarily from the aspects of thermodynamics and kinetics. Based 

on this understanding, the fundamental principle and perspectives of the battery system were 

highlighted, followed by the guidance of future research proposals. 

Table 1 Summary table of theoretical voltage, capacity and electron transfer number of 

conversion-type batteries. 

Conversion 

type 
Redox pairs 

Theoretical 

voltage 

Theoretical 

capacity (mAh g-1) 

Electron 

transfer number 
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(V, vs. Zn2+/Zn) 

Solid phase 

MnO2/Mn2+ 9 1.99 616 2 

I2/I- 23 1.29 211 2 

I2/I+ 26 1.83 211 2 

S/ZnS 27 0.56 1675 2 

S/Cu2S 28 1.26 3350 4 

Se/ZnSe 13 0.63 678 2 

Cu2+/Cu 29 1.1 844 2 

Liquid phase 

Br2/Br- 17 1.83 335 2 

Fe2+/Fe3+ 30 1.76 480 1 

 

 

Figure 1. Illustration of thermodynamic and kinetics challenges for conversion-type reactions. (a) Calculation 

of thermodynamic capacity and voltage. (b) OER and HER of aqueous electrolyte. (c) Side reactions at the 
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anode side interface. The kinetics challenges of (d) high reaction barrier, (e) polarization and (f) shuttle effect. 

 

Conversion reaction of anode materials.  

The conversion-type anode materials include zinc metal anode and conversion-type zinc 

compounds. The zinc metal anode and its modified counterparts mainly leverage the plating/stripping 

of Zn2+/Zn (solid-liquid conversion reaction) for energy storage.31, 32 The reaction mechanism of 

conversion-type zinc compounds such as 2ZnCO3·3Zn(OH)2, is based on the conversion between 

zinc compounds and zinc metal, which is a typical solid-solid conversion reaction.33 In this section, 

the reaction mechanisms of these conversion-type anodes will be discussed in detail. In particular, the 

issues caused by the characteristics of these reactions, the influencing factors and their modification 

strategies will also be analyzed in depth. 

Solid-to-liquid reaction of zinc metal anode. The process of solid-to-liquid reaction in the zinc 

anode plating/stripping involves two electron transfers.34 The reduction process of zinc ions in the 

electrolyte is the plating of Zn2+ on the anode, while during oxidation, the stripping process entails 

the oxidation of metal zinc to Zn2+, expressed as follows35:  

      Zn2+ + 2e- ↔ Zn (s)                (1) 

In alkaline electrolytes, Zn is oxidized to Zn(OH)4
2- during discharge, and then easily 

decomposed into inert ZnO, causing electrode passivation and hindering the uniform diffusion and 

deposition of Zn2+.36, 37 The reaction equations are as follows: 

      Zn2++4OH- → Zn(OH)4
2-           (2) 

      Zn(OH)4
2- → ZnO+H2O+2OH-      (3) 

Total equation:               Zn+2OH- → ZnO+H2O+2e-        (4) 
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Dendrite formation occurs even at low capacities and moderate current densities in an alkaline 

environment, suggesting a thermodynamic instability. Also, the zinc anode is severely corroded in an 

alkaline environment, resulting in battery failure. Corrosion, passivation and shape change among Zn, 

Zn(OH)4
2- and ZnO, along with reactivity difference and structure framework correspond to the 

dynamic disadvantage and irreversibility of Zn anode.31 To mitigate the issue, an effective method 

was proposed by Li et al.,38 which converted ZnO powder into a nanoporous zinc electrode with a 

bicontinuous structure through a method like percolation dissolution. The ion conduction network of 

the Zn core/ZnO shell structure has strong stability, which can realize stable phase transition and 

maintain the reversible cycle of anode. In addition, the complexes can coordinate with Zn and avoid 

the generation of intermediate by-product like Zn(OH)4.39 In detail, the addition of complexing agent 

KBr changes the common solid-liquid-solid electrochemical conversion mode (Zn-Zn(OH)4
2--ZnO) 

to solid-liquid (Zn to Zn-Br), which achieves highly reversible conversion kinetics along with low 

polarization voltage because of reduced conversion barrier. This also can avoid the electrode 

passivation caused by ZnO precipitation that contributes to long cycle life. 

In weakly acidic/neutral electrolytes, which is the main part of the discussion, the formation of 

zinc dendrites is associated with the diffusion behavior of Zn2+, with the morphology of dendrite due 

to “tip effect” (Figure 2a).33, 34 The presence of intrinsic inhomogeneity on the anode surface gives 

rise to Zn dendrite, particularly under high-capacity deposition. Abnormal growth of zinc dendrites 

is responsible for puncturing the membrane and shorting battery life. In response to this issue, a series 

of effective strategies such as 3D composite anode,40, 41 surface-modify anode,42, 43 eutectic alloy 

anode,44, 45 etc. have been proposed. For instance, a longitudinal zinc-aluminum alloy anode with 

alternating Zn and Al sheet structures was proposed by Wang et al.,46 in which the 2D Al nano-frame 
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can accommodate the deposition of zinc ion, and the insulating Al2O3 surface creates a charge-

shielding effect that can limit the electroreduction of Zn2+ on the Al/Al2O3 patterns, thus promoting 

the uniform electrodeposition of Zn2+ on the precursor Zn sites. Interestingly, Mu et al.40 proposed a 

3D multichannel carbon array (3D-FGC) anchored by nitrogen-doped graphene nanofibers (GFs), 

which exhibits a significantly larger specific surface area and porosity, facilitating the minimization 

of local current density on the surface and thereby achieving uniform electric field distribution to 

modulate Zn2+ deposition. Ultimately, a Coulombic efficiency of 99.67% is maintained even after 

3000 cycles at a current density of 120 mAcm-2. The 3D composite electrode, equipped with rapid 

ion transport channels, represents an effective strategy for enhancing the diffusion rate of Zn2+ and 

controlling their nucleation and growth kinetics, thereby enabling the fast reaction kinetics. Other 

typical examples for addressing the dendrite formation have been well summarized and discussed in 

some review articles.47, 48 

In addition to dendrite growth, the hydrogen evolution reaction is also of great concern:  

2H+ + 2e- → H2                  (5) 

2H2O + 2e- → H2 + 2OH-          (6) 

Active H2O is one of the main factors that trigger the hydrogen evolution reaction at the electrode 

interface. Due to the lower electrode potential of Zn2+/Zn (-0.76 V vs. SHE) compared to H+/H2 (0 V 

vs. SHE), H2O is more prone to undergo electrolysis during the charging process, rather than the 

reduction of Zn2+ to Zn (Figure 2b).31, 49 This sequence of events exacerbates the change in OH- 

concentration, which can react with SO4
2- and Zn2+ to form insoluble and insulating by-product 

Zn4(OH)6SO4·nH2O (ZSH) due to the solubility product constant (Ksp) of ZSH is much less than that 

of Zn(OH)2.49 It ultimately reduces the Coulombic efficiency and battery life. Mitigating the reactivity 
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of free water and optimizing the solvation structure of Zn2+ are the common strategies for improving 

electrochemical stability of Zn anode50-52. For example, zinc-friendly Lewis base solvent containing 

a lone pair of electrons, such as N, N-dimethylformamide (DMF), can make Zn2+ preferentially 

coordinate with and replace the part of the Zn2+ solvation sheath H2O molecule, leading to the Zn2+ 

solvation structure optimization.53 The lone pair of electrons with unique electron-attracting 

characteristics can interact with H2O to form intermolecular hydrogen bonds, which can destroy the 

original hydrogen bond network, inhibiting the reactivity of free water. Similarly, introducing anions 

like with iodide and chloride ions with electron-donating ability to form water-less ZnI(H2O)5+ 54 or 

anhydrous ZnCl4
2- 55 structures achieves the same effect by weakening the charge transfer between 

Zn2+-H2O. Changing the solvation effect of Zn2+ also reduces the de-solvation energy of Zn2+, which 

is conducive the rapid ion transfer in the interface, thereby increasing the reaction rate.56  

 

Figure 2. The reaction state of zinc anode in different electrolytes. (a) Schematic diagram of dendrite growth 

caused by DLA in the Zn/Zn2+ reaction. (b) The de-solvation process and corresponding side reactions 
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occurring at the zinc anode interface. Reused with permission from ref 49. Copyright 2021 Elsevier. (c) StoS 

reaction process of 2ZnCO3·3Zn(OH)2. (d) Summary of electrode potentials of zinc anode StoS and StoL 

reactions. 

 

Solid-to-solid reaction of zinc compound anode. The dendrite formation induced by diffusion-

limited aggregation (DLA) is a challenge to be addressed in the electrochemical reaction at the Zn 

interface based on the typical solid-liquid transformation mechanism.31 For this point of view, a solid-

solid conversion between a slightly soluble salt and a metal is proposed,33 which is mainly borrowed 

from lead-acid batteries.57 It mainly realizes the charge-discharge process through the transport of 

anions rather than the diffusion of anions, avoiding the zinc dendrite generation. This solid-solid 

conversion mechanism fundamentally inhibits the growth of dendrites triggered by DLA effect from 

solid-liquid reactions.  

Alkaline carbonate 2ZnCO3·3Zn(OH)2 retains structural stability in neutral and weakly alkaline 

environments, showing a potential reaction medium for solid-solid reactions without DLA effect. 

Chao et al.33 proposed the detailed electrochemical process of 2ZnCO3·3Zn(OH)2 and found that free 

Zn2+ is deposited around 2ZnCO3·3Zn(OH)2 during the charging process, with additional dissociation 

of basic zinc carbonate supplementing the consumed Zn2+ to maintain balance. During discharging, 

dissociated Zn2+ reacts with CO3
2- and OH- to produce 2ZnCO3·3Zn(OH)2 crystals correspondingly 

(Figure 2c): 

2ZnCO3·3Zn(OH)2+10e- ↔ 5Zn+2CO3
2-+6OH-      (7) 

Zinc anchored in situ during this StoS process eliminates the DLA effect. However, it should be 

noted that the electrochemical redox process of Zn2+ is limited by the dissociation rate of 
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2ZnCO3·3Zn(OH)2. Meanwhile, the high energy barrier of solid phase reaction and the 

electrochemical polarity caused by the StoS reaction at the interface would affect the reaction kinetics, 

requiring for further optimization.1, 7  

Discussion of solid-to-liquid and solid-to-solid reactions. Solid-liquid conversion 

demonstrates inherent differences compared to solid-solid conversion. From a thermodynamic 

perspective, the standard electrode potential of zinc anode conversion is -0.76 V vs. SHE (Zn/Zn2+), 

-1.19 V vs. SHE (Zn2+/Zn(OH)4
2+) and -1.11 V vs. SHE (Zn/ZnCO3·3Zn(OH)2) (Figure 2d).33, 58 

According to the relationship between Gibbs free energy (ΔG) and electrode potential: 

        ΔG = -nFE                (8) 

ΔG represents the standard Gibbs free energy change, n is the number of moles of transferred 

electrons, F is the Faraday constant (96485 C mol-1), and E is the standard electrode potential. It 

indicates that the StoS and StoL of Zn metal is feasible, with a strong tendency to oxidize and release 

electrons. However, they are different in terms of thermodynamic evolution. The StoL reaction, 

primarily limited by diffusion polarization, is influenced by the transport kinetics and de-solvation of 

Zn2+, as well as the platting/stripping rate at the electrode interface. The StoS reaction, mainly 

restricted by electrochemical polarization, relies on the dissociation/formation of basic zinc carbonate, 

which avoids the DLA effect while increasing the energy barrier for reversible reaction. 

For the dynamic perspective, the StoL reaction necessitates considerations of ion diffusion and 

transmission, solvation effects, and plating/striping efficiency.21 In detail, the selective aggregation 

of ions diffusion is the driving force behind the formation of zinc dendrite. Prior to Zn2+ 

electrodeposition, de-solvent is required thus the low de-solvation energy is beneficial for achieving 

rapid and reversible electrochemical reaction. Overall, the migration kinetics of Zn2+ can be described 
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as following equation: 

𝐾 = ∑
(𝑍𝑖)2𝐹𝐶𝑖

6𝜋𝜂𝑟𝑖
𝐼        (9) 

Where 𝑍𝑖 and 𝐶𝑖 are the charge number and molar concentration of i ion, respectively. F is the 

Faraday constant, η is the viscosity of the electrolyte and 𝑟𝑖 is the solvation radius of i ion. Therefore, 

in order to enhance the kinetics of zinc conversion, optimizing the solvation structure and zinc ion 

diffusion rate are considered beneficial. In contrast, StoS reactions rely on the reversible 

dissociation/formation of redox pairs (e.g., basic carbonates), where electrochemical polarization 

plays a critical role in facilitating fast and reversible electrochemical reactions. This necessitates 

redox pairs with low reaction energy barrier. Additionally, there may be a competition for electrons 

involving Zn/Zn2+ reaction due to the existing of Zn2+.  

 

Conversion-type zinc batteries based on cathode materials.  

The process of conversion mechanism occurs via a redox reaction involving a change in valence 

state, rather than relying on the Zn2+ intercalation in host tunnel.59 The versatility of conversion 

reaction can be mainly categorized into three major types: liquid-liquid, solid-liquid and solid-solid 

conversion. The redox reactions in liquid-liquid reactions rely on conversion among redox active ions, 

where concentration polarization has a significant impact, and necessitating the consideration of ion 

shuttle issue. Solid-liquid and solid-solid reactions require overcoming high energy barriers for phase 

transitions, and swelling of electrodes or broken particles that can cause battery capacity decay. 

Various battery systems based on conversion reactions are discussed as follow.  

Zinc-manganese batteries. Zn//manganese batteries have attracted a lot of attention due to their 

low cost and high safety.60 Zn//MnO2 battery with mild electrolyte originally invented by Takayuki 
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Shoji in Japan in the 1880s.61 By 2011, Xu and Kang et al.62 proposed the concept of secondary zinc-

ion batteries, in which Zn2+ are inserted into MnO2 cathode and undergo a classic Zn2+-

(de)intercalation mechanism (Equation 10). During charging, Zn2+ dissociate from the cathode and 

subsequently re-insert in the next charge. Later, some reports indicated that the charge storage process 

is mainly dominated by the H+ insertion to form HxMnO2 rather than Zn2+ insertion (Equation 11), 

because of smaller size and superior kinetics.63, 64 Meanwhile, H+/Zn2+ co-intercalation mechanism 

was also proposed.65, 66  

Zn2+ de-intercalation mechanism    Zn2+ + 2e- + 2MnO2 = ZnMn2O4 (ZMO)   (10) 

H+ de-intercalation mechanism     xH+ + MnO2 + xe- = HxMnO2        (11) 

In 2016, Pan and Liu et al.63 first reported a Zn//MnO2 battery based on a conversion reaction 

between MnO2 and MnOOH/ZnSO4[Zn(OH2)]3·xH2O. The limited electron transfer (e.g., 1e- for 

Mn3+/Mn4+) is not conducive to the development of high energy density zinc batteries. By 2019, Chao 

et al.9 proposed the conversion chemistry of Mn2+/MnO2 in a strong acidic electrolyte involving a 2e- 

transfer reaction (Equation 12). Compared to that in near-neutral aqueous electrolyte, this conversion 

chemistry provides high theoretical voltage of 1.99 V vs. Zn2+/Zn, and a high theoretical capacity of 

616 mAh g-1 (Figure 3a). When combined with an alkaline anode, high voltage output can be 

achieved. Yadav et al.67 designed Mn2+/MnO2 and Mn2+/MnO4
- conversion and successfully achieved 

an output voltage of 2.45 V and 2.8 V vs. Zn2+/Zn(OH)4
2+ , respectively. According to the Nernst 

equation (Equation 13), the increase in proton concentration results in an elevation of the positive 

electrode potential, facilitating the attainment of higher output voltage (Figure 3b). This dissolution-

deposition reaction mechanism is not controlled by the stability of the material framework, along with 

higher effective ion transfer number.  
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    Mn2+ + 2 H2O → MnO2 + 4 H+ + 2e-           (12) 

𝐸 = 𝐸𝜃 +
𝑅𝑇

𝑛𝐹
𝑙𝑛

𝑐4(𝐻+)

𝑐(𝑀𝑛2+)
                     (13) 

The previous perspectives on energy storage in MnO2 systems maintain that intercalation 

reaction predominantly occurs in weak acid electrolytes, while dissolution-deposition reactions 

primarily take place under strong acid conditions.59, 68, 69 However, Wu et al.70 employed Mn K-edge 

XAS technology to investigate the redox behavior of Zn-Mn batteries in weak acid aqueous 

electrolyte, and revealed that approximately 50% of Mn from the cathode is dissolved to form Mn2+ 

at the conclusion of the initial discharge. Moreover, the majority of dissolved Mn is redeposited in 

solid form during charging, underscoring the inescapable contribution of MnO2 dissolution and 

deposition to the overall capacity even under weak acid conditions (Figure 3c).71, 72 Furthermore, 

some researchers proposed a reversible Zn4SO4(OH)6 (ZSH)-assisted dissolution/deposition reaction 

(Equation 14).73 The conversion efficiency between ZnxMnO(OH)2 nanosheets and ZSH serves as 

the critical factor in determining the reversibility and stability of Zn-Mn batteries (Figure 3d).  

ZSH-assist reaction:  Zn4SO4(OH)6·4H2O + Mn2+ → ZnxMnO(OH)2 + 4H+ + SO4
2- +2e- (14) 
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Figure 3. Reaction mechanisms of Zn-MnO2 battery. (a) Typical reaction mechanism and side reactions of 

Zn-MnO2 battery. (b) Predicted capacity of Zn-MnO2 battery under different c(H+). (c) The contribution 

interval of ion intercalation and dissolution-deposition to capacity under weak acid conditions. (d) ZSH-

assisted conversion reaction mechanism. 

 

Nowadays, it is generally believed that the Mn2+/MnO2 dissolution/deposition reaction 

contributes a significant amount of capacity even in weakly acidic electrolytes. However, an 

undeniable fact is that this energy storage mechanism of Zn-MnO2 battery is greatly affected by 

the diversity of manganese structures (including α-, β-, γ-, δ-, ε-, λ- and amorphous phase), electrolyte 

composition and special adjuvants, which still needs to be further explored. Nevertheless, it is feasible 

to optimize the kinetics and thermodynamic characteristics of the electrochemical reaction by 

implementing effective strategies, for the sake of enhancing the energy efficiency and output of 

battery. 

Regulating ion behaviors for excellent conversion kinetics. It should be noted that the 
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Mn2+/MnO2 dissolution/deposition mechanism heavily relies on the dissolution deposition of Mn2+ 

on the current collector. However, after undergoing multiple cycles, the built-up of passivation 

products such as ZnxMnO2 will lead to electrode passivation and a gradual decline in capacity.74 To 

counteract this undesirable consequence, the reactivation of the electrode can be achieved through 

either external acid-assisted dissolution74 or the introduction of a redox mediator such as iodine75, 

aiming at facilitate the kinetics and "restoring" the capacity. In comparison to Mn, iodine exhibits a 

lower potential and smaller overpotential in comparison to Mn, signifying its good capability to 

reduce MnO2 and its superior kinetics. More specifically, the discharge-derived I- facilitate the 

reduction of solid MnO2, generating Mn2+ and subsequently undergoing oxidation to form I3
- 

(Equation 15, 16 and 17). These I3
- ions are then discharged and reduced back to I- ions on the 

electrode surface, thus completing a full mediator cycle (Figure 4a). This mediator-based strategy 

demonstrates enhanced discharge capacity and cycling stability, as evidenced by its performance of 

over 225 cycles at a current density of 15 mAh cm-2. Bromine redox mediator and acetate has also 

been found to have a similar mechanism.76, 77 The media ions improve the conversion rate and reaction 

reversibility of manganese dioxide through synergistic effects, improving battery capacity and cycle 

stability.  

Ionization of I2: I2 + 2e- → 2I-   (15) 

Restore MnO2: MnO2 + 3I- + 4H+ → Mn2+ + I3
– + 2H2O   (16) 

Restore I3
-: I3

– + 2e- → 3I-   (17) 

The deposition products have been confirmed to be mainly influenced by Zn2+ during the 

manganese deposition process. The presence of Zn2+, which possesses a solvation structure similar to 

that of Mn2+, can induce the formation of inert compounds through Zn2+ and Mn2+ co-deposition.63, 
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78 To address this issue, Hu et al.79 propose a novel quasi-eutectic electrolyte, in which the urea 

molecules replace OTf- species at the MnO2 interface (Figure 4b). In addition, by virtue of the 

disparity in polarizability resulting from the alteration in the number of electrons in the outer orbital, 

urea exhibits a greater affinity for entering the solvation structure of Zn2+, rather than that of Mn2+. 

This impedes the de-solvation process of Zn2+, augmenting the interfacial de-solvation kinetics of 

Mn2+ and enabling the uniform and reversible deposition of manganese at the interface. 

The manganese deposition is also susceptible to interference from the concentration of interface 

ions, particularly H+, who determines the potential and capacity of battery.80 According to this 

characteristic, highly efficient manganese deposition can be promoted by controlling the behavior of 

interfacial H+. A series of electrolytes containing proton buffers such as CH3COO- 81, H2PO4
-82 and 

BF4
- 83etc. have been proposed. These proton buffers maintain the interfacial H+ concentration to 

regulate the efficiency of manganese dissolution/deposition reaction (Figure 4c). However, it also 

found that a balance of for maintenance of interfacial H+ concentration and steric hindrance of Mn2+ 

migration is necessary for optimal thermodynamics and kinetics. In specific, the steric hindrance to 

Mn2+ migration mainly involves the hindrance caused by solvated anions and the energy barrier 

associated with Mn2+ de-solvation. Anions with greater electron donor groups tend to be adsorbed at 

the cathode interface and adjust the H+ concentration by forming hydrogen bonds. However, the larger 

size of groups can reduce the adsorption density, leading to electrostatic repulsion of positively 

charged Mn2+ at the cathode interface and significant steric barriers to migration. The HCOO- 

demonstrates a favorable balance between the interfacial H+ concentration and the steric hindrance to 

solvated Mn2+ migration. 20 This allows the interface to maintain stable output capacity and 

thermodynamic stability while effectively regulating the chemical coordination and solvation 



17 

 

behavior of Mn2+, ultimately achieving excellent transformation kinetics (Figure 4d). Additionally, 

the de-solvation behavior of Mn2+ governs the kinetics of MnO2 dissolution/deposition. High Mn2+ 

de-solvation energy contributes to high the steric migration barrier, leading to reduced transformation 

kinetics. Consequently, Liu et al.20 proposed the incorporation of formic acid anions to balance the 

H+ concentration at the interface and the migration resistance of sterically solvated Mn2+, thus 

stimulating the rapid de-solvation process of Mn2+. Moreover, reaction kinetics can also be promoted 

through doping strategies to increase the electronic conductivity of the cathode and lower the reaction 

energy barrier, such as fluorine doping and nickel doping. 

Increasing effective dissolution-deposition chemistry. Enhancing the conversion efficiency of 

2e-transfer dissolution/deposition chemistry is pivotal in advancing energy improvements. The 

introduction of weak acid ions, such as Ac-, into the weak acid electrolyte proves to be advantageous. 

By virtue of the lower Gibbs free energy of HAc compared to free H+ (H2SO4), the inclusion of Ac- 

facilitates the absorption of H+ generated during the Mn2+ deposition process, thereby reducing the 

reaction potential of MnO2/Mn2+.76 These alterations promote the deposition of Mn2+ and amplify the 

capacity contribution of dissolution/deposition chemistry (Figure 4e). Alternatively, the 

implementation of a hydrogel electrolyte with high cross-linking density (HCH) can delay the 

migration of H+ to cathode, restraining the ion intercalation reaction that competes with the 

dissolution-deposition reaction.71 Consequently, the MnO2/Mn2+ system attains reversibility in the 

cyclic reaction, enabling a stable cycle of over 7,000 times. 

Furthermore, it is well-established that acidic electrolytes facilitate the reversible transformation 

of MnO2, while zinc anodes exhibit a lower potential in alkaline electrolytes. To enable the 

coexistence of both electrolytes and achieve concurrent optimization of redox chemistry for enhanced 
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energy output, decoupled battery systems have been proposed.84 However, the utilization of 

electrolytes with distinct properties leads to ion cross-over effects, thereby demanding a sufficient 

supply of ions to maintain charge balance for efficient electron transfer. To address this issue, a three-

compartment decoupled battery design was proposed.85 The acidic catholyte and alkaline anolyte are 

isolated by a neutral potassium sulfate solution. During charging and discharging processes, 

potassium ions and sulfate ions traverse an ion-selective membrane to reach the anolyte and catholyte, 

respectively, ensuring proper charge balance and mitigating ion cross-over effects (Figure 4f). 

Consequently, this setup enables the attainment of high voltage (2.83 V) and impressive energy output 

(1,621.7Wh kgMnO2
-1). Additionally, the integration of a flow device that facilitates electrolyte renewal 

within the decoupled system alleviates concentration polarization at the electrode-electrolyte 

interface, for better battery stability and rate capability.86 
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Figure 4. Challenges and optimization strategies for Zn-MnO2 batteries. (a) Conceptual diagram of KI as a 

redox mediator that promotes the dissolution process of MnO2. (b) Electrochemical behavior of urea-based 

eutectic electrolyte at cathode interface. (c) Electric double layer model of cathode-electrolyte interface 

controlled by R-COO- to thermodynamically increase capacity and (d) Adjust the interface electric field and 

ion solvation structure to improve reaction kinetic. (e) Schematic diagram of Ac-promoting manganese 

dissolution-deposition process. (f) Working mechanisms of three-chamber decoupled Zn-MnO2 battery.  

 

    Zinc-sulfur batteries. Zn//S battery, with the advantages of natural abundance of sulfur, 

capitalizes on the solid-to-solid conversion reaction between S and ZnS for efficient energy storage 

(Figure 5a).11, 27 This double-electron transfer reaction displays an conspicuous theoretical specific 
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capacity of 3350 mAh gS
-1 and energy density of 572 Wh kg-1.28 However, the poor electronic 

conductivity of S (10-7 S cm-1) and ZnS (10-9 S cm-1), and their slow solid-to-solid conversion kinetics 

results in high overpotential and rapid capacity decay of the battery (Figure 5b).8 In addition, the 

accumulation of uneven inactive products, the disproportionation, precipitation and dissociation of 

hydrogen sulfide, as well as the polysulfide shuttle also challenge zinc-sulfur batteries.10, 28, 87 For 

addressing these issues, the strategies such as introducing redox media, optimizing battery 

configuration, and modifying cathode materials are summarized and discussed in this regard.  

Introduce redox media for optimizing reaction behavior. Redox mediators (RMs) are a class of 

compounds that utilize their electrochemical redox properties to facilitate or regulate the behavior of 

electrochemical conversion reactions. For instance, the formation of intermediate species with charge 

carriers to enhance the efficiency of the conversion reaction, or the alteration of the conversion type 

of active ions (from StoS to StoLtoS) to achieve higher conversion kinetics.6 Specifically, the former 

is to serve the mediators with higher redox potentials (e.g., 0.8 V for FeII(CN)6
4-/FeIII(CN)6

3-) as a 

cationic bridge, which allows for the insertion of Zn2+ to form complex ions (Figure 5c), and 

enhances Zn2+ transfer rate and the reactivity towards S.88 It effectively accelerated the conversion 

kinetics between sulfur and zinc sulfide, alleviating the voltage hysteresis issue. The latter one is to 

introduce of RMs with dual media functionality like quaternary ammonium iodide (R4N+I-), with 

represented by trimethylphenyl ammonium iodide (Me3PhN+I-).89 The R4N+ cations can induce the 

formation of soluble polysulfides such as S6
2- and S4

2-, and then rapidly combine with Zn2+ to form 

ZnS. The R4N+ serves as dissolution mediator to generate soluble intermediates, for the sake of 

transforming the original S - ZnS (StoS) into S - (R4N+)2(SX)2 - ZnS (StoLtoS) conversion (Figure 

5d), which largely facilitates the reaction kinetics. What’s more, the iodide anion serves as the redox 
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mediator with I3
-/I- redox couple for the charge conversion process of ZnS-S, and the solubility of 

R4N+I3
- is low that helps in preventing the shuttling of polyiodide. These two strategies primarily 

optimize the reaction kinetics by reducing the reaction energy barrier, leading to a decrease in the 

reaction overpotential.  

On the other hand, the theoretical capacity of S2
-/S with two-electron conversion is limited, 

which hinders the development of high-energy-density batteries. In order to address this issue, a deep 

eutectic solvent (DES) electrolyte containing LiCl and H2O (referred to as ZL-DES·5H2O) is 

designed to activate CuS electrode and enable a four-electron transfer reaction (Cu2+&S + Zn2+ + 4e- 

↔ Cu + ZnS) (Figure 5e), consisting of new oxidation-reduction pathways for copper (Cu → Cu2S 

→ CuCl2
- → CuCl4

2-) and sulfur (ZnS → Sn
2- → S, n ≥ 4), which not only enhances the kinetics of 

conversion reaction but also effectively improves the output capacity and voltage of the battery.90 It 

is worth noting that the stability of Cu2+ intermediate requires the high coordination effect of Cl- to 

support. In addition, strategies involving continuous conversion (S↔CuS↔Cu2S)91, cascade 

conversion with solid-solid (S+2Cu2++2Zn→Cu2S+2Zn2+) and solid-liquid (Cu2++xO2+Zn→(1-4x) 

Cu+2x Cu2O+Zn2+)92 also contribute to multi-electron transfer, for the sake of achieving high energy 

output.  

Designing decoupled battery configuration. The decoupling of dual electrolytes in batteries 

allow for the optimal redox reactions of the cathode and anode, while effectively suppressing shuttle 

behavior of polysulfides (Figure 5f). The separation of electrolytes is typically achieved using ion 

exchange membranes10, 93 and gel/solid electrolytes28. They achieve charge balance between the 

electrolytes through mediator ions exchange. For instance, Cai et al.93 designed a zinc-sulfur 

decoupled battery with a S/Cu2S cathode and Zn/Zn(OH)4
2- anode, where the 4e- transfer reaction of 
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S/Cu2S and the dual electrolyte system endowed the battery with high capacity and high voltage 

output. However, the volume of decoupled battery is large, and the high sulfur loading of active 

materials are crucial for achieving high energy density. The high sulfur loading contributes to high 

capacity, but the augmentation in volume or mass of electrode materials leads to a concomitant rise 

in the proportion of passivated material, thereby engendering an undesirable deceleration in kinetics. 

The potency of this detrimental effect is influenced by various factors including material activity, 

specific surface area, and electrolyte accessibility. In this regard, a magnetically induced high-sulfur-

content cathode with a vertically aligned structure was developed.10 The vertically assembled 

nanosheet network can facilitate rapid electron and ion conduction within thick sulfur electrodes, 

thereby enhancing the conversion kinetic. In conjunction with a Na2+-coordinated polymer membrane 

with high ion selectivity that allows fast ions exchange, successfully achieving high energy output 

(53.2 mWh cm-2). 

Highly active cathode promoting conversion reaction. Electrode optimization can be divided 

into two parts of promoting conversion kinetics and improving energy density. The former is mainly 

achieved by enhancing ion transport speed and modifying electrode activity, such as loading carbon 

nanotubes to increase specific surface area,27 using iron atoms for bidirectional catalysis to promote 

rapid S-ZnS conversion,94 and designing Se/S composite materials to optimize conductivity and 

reactivity of cathode.95 Among them, the design of Se/S cathode is a common approach because Se 

can adjust the electron density distribution and band structure of S, which in turn improves its 

conductivity and reactivity (Figure 5g) 11, 96. This reduces the energy barrier between redox products, 

and achieving excellent cathode conversion kinetics. In addition to conventional material composite 

strategies, Zhi et al.22 proposed an "ionic liquid (IL)" activation strategy for S cathodes (Figure 5h). 
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They utilized lithium polysulfide as the cathode instead of solid sulfur, and introduced PEDOT:PSS 

as a support network, with IL serving as the active site. The CF3SO3
- in IL acts as a transfer channel 

for Zn2+, possessing high transfer rates and reactivity. This stable, porous and highly active cathode 

has resulted in exceptional conversion kinetics. 

 

Figure 5. Reaction mechanism, side reactions and optimization strategies of zinc-sulfur batteries. (a) a 

conceptual illustration of typical zinc-sulfur battery and (b) the side reaction encountered. Optimize 

conversion reaction behavior by introducing redox mediators to (c) promote S-S conversion kinetics, (d) 

convert S-S to S-L-S conversion reaction and (e) change the S-S reaction type. (f) Decoupled battery for 

optimal redox reaction. (g) Se doping strategy increases the conductivity of S and lowers the reaction barrier. 

(h) Schematic illustration of liquid-film optimized LF-PLSD cathode.  

 

Zinc-selenium batteries. With an electrical conductivity of 1×10-3 S m-1 and a theoretical 
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volumetric capacity of 3253 mAh cm-3, selenium exhibits the potential for constructing zinc batteries 

with high volumetric energy density.97 The typical reaction process of Zn-Se batteries involves the 

conversion of Se to ZnSe.13  

Se + Zn2+ + 2e- ↔ ZnSe                           (18) 

Se, being a member of the sulfur element family, exhibits resemblances in both its physical and 

chemical properties to S, as well as similar conversion reaction mechanism. Correspondingly, they 

face similar challenges such as the poor electronic conductivity, slow conversion kinetics, inactive 

products accumulation and side reaction. The energy barrier for solid-solid conversion between Se 

and ZnSe is high and the electron transport capability of the Se is weak, resulting in unfavorable 

reaction kinetics.12, 97 Therefore, several studies have utilized composite material strategies, 

exemplified by the synthesis of porous nickel selenide loaded with carbon nanotubes,98 Se-S solid 

solution and its composites,95 amorphous Se doped with transition metal Ru.99 These approaches for 

augmenting the conversion rate fundamentally through three aspects: bolstering the number of active 

sites, enhancing conductivity and increasing reactivity. Additionally, in order to essentially break 

through the theoretical capacity bottleneck, introducing auxiliary ions such as redox-active Cu2+ to 

facilitate multiple electron transfer reaction represents a viable strategy for breaking through 

theoretical capacity limitations.12 In this context, Cu2+ enables four-electron transfer via the sequence 

reaction of Se ↔ CuSe ↔ Cu3Se2 ↔ Cu2-xSe ↔ Cu2Se, with the reaction intermediates of CuSe, 

Cu3Se2 and Cu2-xSe being insoluble in aqueous electrolytes, minimizing the likelihood of ions shuttle 

effects, thus achieving a conspicuous specific capacity of 1350 mAh gSe
-1. While zinc-selenium 

batteries remain an area of active research, further internal mechanisms and strategies remain to be 

explored.  
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    Zinc-iodine batteries. Iodine is an attractive electroactive species with high natural abundance 

(55 μg L-1 of marine iodine) and low cost. In Zn//I2 battery, iodine species undergo polymorphism 

redox conversion reactions (e.g., I3
-, I-, I+, I2, I0, I5

-) and a multi-electron transfer (e.g. two-electron 

transfer for I2/I- couple (0.54 V vs. SHE), four-electron transfer for I2/I+ couple (0.99 V vs. SHE)).15, 

23, 100 Theoretically, two-electron and four-electron transfers correspond to 211 and 422 mAh g-1 

theoretical capacities, respectively.26 However, there are several critical challenges faced by Zn//I2 

batteries (Figure 6a): (1) Limited effective electron transfer leading to a low operating platform and 

difficulty achieving high energy density. (2) Transformation and complexation of I2 and I- into highly 

soluble I3
- during cycling, who can react with Zn and lead to self-discharge of the battery (known as 

"shuttle effect"); (3) Low utilization of redox pairs and sluggish kinetics of electrochemical reaction 

due to poor redox activity and concentration polarization. 

In addition, the redox process of iodine entails the reversible conversion of solid and liquid states, 

and the conversion kinetics is controlled by the reactivity of active ions and ion/electron transport, as 

well as reaction reversibility. Given the poor conductivity and redox activity of iodine, the reversible 

conversion rate among iodine and iodide ions is pessimistic, while the concentration polarization of 

electrolyte hampers the transmission of active ions, thus causing sluggish electrolyte reaction kinetics. 

Therefore, corresponding optimization strategies are proposed: 

Activation and promotion of redox pair conversion. To address the issue of inadequate capacity 

output resulting from poor iodine conductivity and activity, the commonly employed approach is to 

utilize porous carbon-based materials (e.g., carbon fiber, activated carbon, carbon nanotubes) as 

effective hosts for I2, and incorporating heterogeneous atoms through doping.101-106 The multi-level 
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hierarchical structure of functional electrodes facilitates the establishment of a stable solid-liquid 

interface, offering an efficient transmission path for the conversion process and promoting the 

electrocatalytic redox conversion process. Consequently, it greatly enhances the utilization of 

electrochemical redox active ions. An alternative strategy involves introducing Br- to form I2Br- to 

stabilize iodine.107 Generally, only two-thirds of the iodide ions contribute to the available capacity 

because the remaining one-third acts as complexing agents to stabilize free iodine, forming I3
-. 

However, by employing Br- to stabilize free iodine, preventing the capacity loss associated with the 

complexation of one-third of iodide ions can occur and then achieve full utilization of I- (Figure 6b). 

Ultimately, the Zn//I2 battery successfully achieved a remarkable energy density of 202 Wh L-1 in the 

catholyte. Notably, the agglomeration of solid I2 frequently leads to channel blockage, especially in 

high energy density flow batteries. To address this issue, Xie et al.108 designed a single pump 

configuration, with the pump positioned on the anode side, effectively mitigating battery failure 

stemming from I2 clogging. 

Multiple electron transfer is beneficial for achieving high energy density output. Compared to 

the 2e- conversion reaction of one redox couple (I-/I2), the 4e- consecutive conversion of multiple 

redox couples (I-/I2 and I2/I+) exhibits higher discharge platforms and larger capacity (Figure 6c).26, 

109 However, the conversion energy barrier of I2/ I- is high, leading to low reversibility and slow 

reaction kinetics, which results in low voltage and energy output. Additionally, the complexation 

product of I- and I2, I3
-, easily undergoes oxidation at high concentrations to form I2, with low 

reversibility yet, which reduces the utilization of active I-. Hence, it is necessary to ensure that the I-

/I+ system functions effectively as a redox active material to enhance its utilization during charge 

storage. Prompted by the inherent instability and hydrolytic susceptibility of I+ species, the 
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investigators pursued the goal of enhancing the conversion probability of I2/I+ by incorporating Cl- 

ions which exhibit high coordination affinity with I+. Through the formation of the steadfast ICl 

compound, the hydrolysis of I+ was effectively impeded.26 This innovative approach proved 

successful in inducing a remarkable four-electron transfer process encompassing I-→I0→I+, 

displaying significant advancements in the field.  

Promoting ion/charge transfer to enhance kinetics. Slow ion/charge transfer is a crucial factor 

contributing to the low energy efficiency of batteries.23 The diffusive limitations of ions primarily 

pertain to the transport of ions between electrodes. The diffusion polarization caused by concentration 

gradients, stemming from the discrepancy in ion concentration between the catholyte and anolyte 

significantly impacts the rate of ion diffusion, in addition with zinc and iodine ions possess larger 

size, resulting in greater transfer resistance.110, 111 Hence, it becomes necessary to introduce supporting 

electrolytes with smaller dimensions to facilitate ion conduction. For instance, the introduction of 

smaller-sized NH4
+ and H+, or K+ and Cl- as supporting electrolytes is advantageous. 112, 113These non-

electrochemically active supporting ions can be transmitted between porous membranes, enabling 

rapid ion conduction (Figure 6d). On the other hand, the diffusion rate of ions within electrode 

materials also affects the adsorption efficiency and charge-discharge efficiency. This necessitates a 

current collector with a higher specific surface area to provide ample ion diffusion channels and 

accessible active sites within the electrolyte.  

Aiming at the issue of sluggish charge transfer of I3
-/I- conversion, it can be realized by 

introducing catalytically active sites into current collector (Figure 6e), which can enhance charge 

transfer and facilitate I3
-/I- conversion. Examples of such catalysts include MOFs and their derivatives 

with Lewis acidic metal catalytic centers,103, 114 noble metal Pt,115 MoC,116 and tungsten disulfide117, 
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118. Among them, defects such as sulfur vacancies, sulfur edges, and sulfur ligands in molybdenum 

disulfide serve as active sites for electrocatalysis, while their well-ordered morphology also improves 

the accessibility of the electrolyte, leading to excellent reaction kinetics.  

Suppressing shuttle effect. Polyiodides tend to shuttle to the anode and react with zinc under 

concentration gradients and is accompanied by heat release, resulting in dissipating energy into the 

surrounding environment and causing capacity fading.23 A common strategy to limit the shuttle of 

polyiodides is to use ion exchange membranes and hydrogels with function of immobilizing anionic 

chains, to restrict polyiodide shuttle and prevent electrolyte crossover.119-121 Metal-organic 

frameworks (MOFs), a class of materials displaying adjustable pore sizes and remarkable order, 

frequently serve as ion screening materials, for the sake of modulating ion shuttling behavior and 

mitigating the detrimental effects of capacity fading associated with such behavior (Figure 6f).122 

Another strategy is to apply anode protection layers, such as employing a zeolite-based grinding 

method that replaces [SiO4] tetrahedra in the zeolite lattice with [AlO4] hexahedra, creating negatively 

charged lattice holes that allow the cationic Zn2+ to pass through but electrostatically repel the I3
- 

anions.123  

In addition to restricting the shuttle of polyiodides through separator, it is possible to immobilize 

I2 in the cathode, such as applying adsorption site and interlayer adsorption.124, 125 For instance, the 

Co[CoxFe1@x(CN)6] material with ordered porosity and multiple catalytic active sites can serve as a 

host for I-/I2 storage and conversion, and the Co and Fe act as electrocatalytic sites to promote the 

conversion of I2/I- without generating I3
-.102 This strategy ultimately achieves excellent conversion 

kinetics and output capacity of 150.1 mAh g-1 at 4 A g-1 (Figure 6g). Alternatively, a "double- layer 

(EDL)" electrode enables spontaneous formation of I3
- at the interface between the conductive layer 
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and the adsorption layer during charging, followed by diffusion into the adsorption layer under the 

influence of concentration gradients. During discharging, I3
- diffuses back to the interface, where it is 

reduced to I-, thereby limiting I3
- behavior.126 

 

Figure 6. Reaction mechanism of zinc-iodine battery and corresponding optimization strategies. (a) Typical 

reaction mechanism of a zinc-iodine battery. (b) Improving the utilization of active iodine and (c) designing 

four-electron transfer to increase energy output. Improve conversion kinetics by promoting (d) ion transport 

and (e) charge transport. Mitigating the shuttle effect by (f) designing ion-selective membrane and anode 

protective layers and (g) confinement of iodide ions cathode materials. 
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Zinc-bromine batteries. Bromine is a promising cathode with high specific capacity of 335 

mAh g-1 and Br2/Br- electrode potential of 1.06 V vs. SHE, as well as good solubility in aqueous 

electrolyte16, 58. Zn//Br2 battery undergoes charge and discharge cycles through conversion reactions 

of Br2 and its reduction products, with static and flow battery systems (Figure 7a). During the 

reduction process, Br undergoes reduction reactions with varying numbers of electrons and generate 

polybromide with different valence states (e.g., Br-, Br3
-, Br5

-). The multivalent state of matter 

characterizes the possibility of designing batteries with multi-electron transfer.127 Zn//Br2 batteries 

are categorized into flow and flowless configurations, differing primarily in the inclusion of dual 

electrodes, electrolytes, and separators, while flow batteries necessitate additional sets of electrolytic 

reservoirs and pumps to maintain optimal levels of active ions (i.e., zinc ions and bromide ions) for 

efficient electrolyte flow.17 The continuous supply of fresh electrolyte in this battery system 

effectively mitigates concentration polarization, thereby enhancing battery lifespan. However, this 

system demands higher capital investment and is more apt for large-scale energy storage applications. 

It is worth mentioning that bromine and polybromide primarily exist in the liquid state under 

standard temperature and pressure conditions. The ionic state of bromine allows it to easily permeate 

the membrane, leading to undesired self-discharge and capacity degradation when it reacts with the 

zinc anode.16, 128 Additionally, the corrosive nature and volatility of bromine can cause deterioration 

of the membrane and an elevation in internal air pressure, consequently reducing battery lifespan and 

potentially giving rise to hazardous incidents.17 Moreover, bromine exhibits a sluggish conversion 

rate between Br2 and Br-, resulting in substantial polarization and diminished power density (Figure 

7b).129 To overcome these pressing challenges, the corresponding strategies have been proposed, 

encompassing: (1) Curtailing the shutting behavior exhibited by free bromine and polybromide 
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species; (2) Augmenting the kinetics of Br-/Br2 redox conversion.  

Inhibits free bromide ion shuttling to reduce capacity fading (Figure 7c). Common strategies 

employed to restrict the presence of free bromine involve the development of cathodes with an 

abundant number of adsorption sites. Examples include cathodes with microporous electrodes 

containing protonated nitrogen-doped adsorption sites,16 2D MOFs/COFs cathode hosts,129, 130 

polymers cathode with an adsorbed function for polybromide,128 and MXene loaded bromide ions.131 

Taking the MOF cathode host of 2D conjugated nickel polyphthalocyanine (NiPPc) as an example,129  

the porous structure facilitates a substantial bromine load, and the dense metal center, endowed with 

significant polarity, generates abundant adsorption sites for free bromine and bromide ions, thus 

achieves high capacity. Meanwhile, the π-π stacking layer structure of MOFs exhibit favorable carrier 

transport capabilities, while atomically dispersed Ni-N4 sites can act as catalytically active sites, 

resulting in excellent conversion kinetics. Regarding electrolyte optimization, the implementation of 

gel/solid electrolytes serves to impede the movement of bromine and bromide ions, while 

simultaneously expanding the voltage range. However, the low ionic conductivity of them gives rise 

to high ohmic polarization and compromised charge transfer, consequently leading to sluggish 

reaction kinetics. Alternatively, the concept of incorporating complexing agents to immobilize 

bromide ions has emerged as a promising strategy. The commonly employed electrolyte is 2 M ZnBr2, 

and the inclusion of bromine in a higher concentration of ZnBr2 (7M) aids in augmenting the capacity. 

But the elevated levels of bromine elevate the likelihood of volatilization and corrosion, as well as 

ion crossover.132 Complexing agents can effectively transform Br ions into a solid phase, which 

alleviates the above issues, and achieves a harmonious balance between ZnBr2 concentration and 

bromine dissolution.133, 134 As a result, excellent conversion kinetics and high capacity can be 
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achieved simultaneously. On the other hand, the ion exchange membrane plays a crucial role in 

obstructing the mobility of free bromine, yet the heightened resistance of membrane impedes the rate 

of ion exchange, thereby diminishing overall energy efficiency. To address this concern, recent studies 

have highlighted the capacity to attenuate ion exchange resistance through the manipulation of water 

cluster size within the membrane. 135The broader channels provide ample space for efficient ion 

transportation, which facilitate its transportation rate. Additionally, the introduction of optimal 

functional layers, such as carbon layers, onto the membrane offers a means to alleviate the internal 

resistance encountered through promoting ion transmission, leading to outstanding reaction 

activity.136 

Facilitates Br-/Br2 conversion to achieve high reaction kinetics (Figure 7d). To address the issue 

of sluggish Br2/Br- redox conversion, it is a prevalent approach to devise cathodes incorporating 

abundant catalytic active sites, such as metals and metal oxides (e.g., Pt, ZrOx, TiOx),137, 138 

heterogeneous element doping16, 139 and active functional groups,130 for the sake of promoting 

conversion rate. Alternatively, modulating the pH of the electrolyte, reactant concentration and 

supporting ions, or implementing a circulating electrolyte mechanism for alleviating concentration 

polarization and diminishing the internal resistance implicated in ion migration, in order to facilitating 

the conversion reaction.127, 140, 141 
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Figure 7. Reaction mechanism, challenges and optimization strategies of zinc-bromine batteries. (a) Types 

and reaction mechanisms of zinc-bromine batteries and (b) encountered challenges. Strategies to (c) limit free 

bromine and (d) promote Br-/Br2 conversion.  

Other conversion-type batteries. Typical Zn-Cu batteries and Zn-Fe batteries also belong to 

conversion-type battery. Among them, Zn-Cu battery (also called Daniel batteries) has a high 

theoretical capacity of 844 mAh g-1 based on two-electron transfer (Cu0↔Cu2+).18, 29, 142 Zinc-copper 

batteries contain no rare earths or toxic materials and can directly recyclable, which is attractive. 

Traditional Zn-Cu battery is a primary battery with Zn as anode and Cu as cathode, along with sulfuric 

acid, zinc sulfate or copper sulfate as electrolytes. Due to the greater reactivity of Zn compared to Cu, 

a potential difference exists, resulting in the oxidation reaction at the anode and the reduction reaction 

at the cathode, along with battery cycle achievement. 

2H++2e-→H2 and Cu2++2e-→2Cu                        (19) 

Zn2+ and Cu2+ entail an irreversible displacement reaction in an acidic solution, rendering the 



34 

 

battery non-rechargeable. A key prerequisite for building rechargeable Zn-Cu battery is to avoid 

crossover of zinc and copper ions to achieve reaction reversibility. Copper and its oxides like Cu(OH)2, 

CuO, and Cu2O are highly insoluble in alkaline electrolytes, and the researchers designed an alkaline 

Zn-Cu battery to achieve reversible cycling through reversible redox between Cu and Cu(OH)2/CuO 

(Equation 20)29.  

Zn + Cu(OH)2/CuO = Zn(OH)2/ZnO + Cu     (20) 

Nevertheless, the efficacy of the aforementioned approach is compromised by its suboptimal 

conversion efficiency and limited reversibility, along with severe corrosion of zinc anode in alkaline 

electrolyte, leading to a short battery cycle life. Addressing these issues, He et al.143 report an anion 

exchange membrane (AEM) that can alleviate the ions crossover between Zn and Cu ions, thereby 

facilitating the reversible conversion of Zn and Cu, ultimately allowing for a standardized 1.1 V 

output voltage. Alternatively, an alternative solution is proposed involving the design of an organic-

aqueous two-phase electrolyte. The unique composition ensures the confinement of Cu ions within a 

hydrated state in the aqueous phase, and chloride ions act as charge carriers between the two phases 

to maintain electrical neutrality, which can also prevent ions crossover.144 

Zn-Fe batteries involve liquid-phase reactions that enable capacity output by means of the redox 

conversion of active ions.145-147 In order to enhance energy output, the flow system with functions of 

distinct catholyte and anolyte, and constantly updated electrolytes are typically employed to achieve 

optimal redox potentials for the respective electrodes. Therefore, affordable, low-resistance, and 

highly stable membrane with the properties of facilitating rapid ion exchange are expected. Chang et 

al.148 introduced a cost-effective sulfonated polyetheretherketone (SPEEK-K) membrane, with 

notable characteristics such as high swelling rate, minimal resistance and high stability, which costs 
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only one-thirteenth of the commercially available Nafion 117 film. Meanwhile, a double-membrane 

three-electrolyte chamber are also reported, incorporating Na+ and Cl- in the neutral electrolyte 

chamber situated in the middle to serve as supporting ions for charge balancing.147 This configuration 

can mitigate the issue of ion crossover, leading to improved ion transmission rates and, subsequently, 

enhanced energy efficiency. Alternatively, one could initiate the exploration by focusing on 

electrochemical reactions and developing redox couples with higher potential differentials. Zn-Fe 

flow batteries can operate over a wide pH range, while redox pairs under different environment are 

studied for the sake of high voltage output, such as Fe(CN)6
3-/Fe(CN)6

4-, 0.36 V vs. SHE, Fe3+/Fe4+, 

0.77 V vs. SHE, [Fe(glycine)2]3+/[Fe(glycine)2]2+, 0.51 V vs. SHE, for the sake of high voltage 

output.19, 149, 150 In addition, the Zn-Te battery has garnered recent interest as a conversion-type battery, 

operating via a two-step reversible conversion reaction of Te to ZnTe2 and ZnTe2 to ZnTe for charge 

and discharge processes. 151 Notably, both the intermediate species ZnTe2 and the end-product ZnTe 

exhibit insolubility in aqueous environments, circumventing the conventional challenges associated 

with the "shuttle effect" in zinc-chalcogen battery systems. 

Table 2. Summary of conversion-type zinc battery performances.  

Battery type Reaction mechanism Electrolyte 
Current 

density 

Average 

voltage 

Practical 

capacity 
Ref. 

Zn//MnO2 

battery 

Zn2+ + Mn2+ + 2H2O ↔ Zn + 

MnO2 + 4H+ 

1 M ZnSO4 + 1 M 

MnSO4 + 0.1 M 

H2SO4 

2 mA cm-2 1.95 V 
570 mAh 

g-1 

9 

Zn//MnO2 

battery 

Mn2+ + 2H2O + Zn2+ ↔ 

MnO2 + 4H+ + Zn 

1 M Zn(CH3COO)2 + 

0.4 M Mn(CH3COO)2 
5 mA cm-2 1.5 V 

556 mAh 

g-1 

81 

Zn//MnO2 

flow battery 

2MnAc2 + 2H2O-2e- ↔ 

MnO2 + 4HAc + Mn2+ 

0.5 M Mn(Ac)2 + 0.5 

M Zn(Ac)2 + 2 M 

KCl 

40 mA cm-

2 
1.55 V 

13.3 ,mAh 

cm-1 

86 
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Zn//S@Fe-

PANi battery 

S8 + Zn2FeII(CN)6 ↔ ZnS + 

Zn1.5FeIII(CN)6 
2 M ZnSO4 200 mA g-1 0.58 V 

1205 mAh 

g-1 

152 

Zn//S@C 

battery 

S + 2Cu2+ + 2Zn ↔ Cu2S + 

2Zn2+ 

0.5 M ZnSO4 + 0.5 M 

CuSO4 

3.5 mg cm-

2 
1.15 V 

2063 mAh 

gs
1 

28 

Zn//S@C 

battery 

S + 2Cu2+ + 2Zn → Cu2S + 

2Zn2+ 

Cu2+ + xO2 + Zn → (1-4x)Cu 

+ 2xCu2O + Zn2+ 

Catholyte: 0.5 M 

CuSO4; Anolyte: 0.5 

M ZnSO4  

0.1 mA 

cm-2 
0.99 V 

48 mAh 

cm-2 

92 

Zn//Se 

battery 
Se + Zn↔ ZnSe 1 M ZnSO4 0.1 A g-1 0.61 V 

611 mAh 

gSe
-1 

13 

Zn//I2 battery 

Zn2+ + 2I- ↔ Zn + I2 

Zn2+ + I2 + 2 Cl- ↔ Zn + 2 

ICl 

ZnCl2 : LiCl : 

CH3CN = 19:19:8 
400 mA g-1 1.26 V 

594 mAh 

g-1 

26 

Zn//TiC2I2 

battery 

Zn2+ + 2I- ↔ Zn + I2 

Zn2+ + I2 ↔ Zn + 2 I+ 

2 M ZnCl2 + 1 M 

KCl 
500 mA g-1 1.35 V 

207 mAh 

g-1 

153 

Zn//I2 battery Zn2+ + 3I- ↔ Zn + I3
- 2 M ZnSO4 160 mA g-1 1.17 V 

201.27 

mAh g-1 

122 

Zn//Br2 

battery 

2Br- ↔ Br2 + 2e- 

Br2 + Brn
- (n=1,3,5…) ↔ 

Brn+2
- 

2.25 M ZnBr2 5 mA cm-2 1.65 V 
5 mAh cm-

2 

16 

Zn//Br2 

battery 

Zn + 4KOH + Br2 ↔ 

K2[Zn(OH)4] + 2KBr 

Anolyte: 6 M KOH; 

Catholyte: 0.1 M Br2 

+ 1 M KBr + 5 M 

CH3COOK 

2 A g-1 2.15 V 
378 mAh 

g-1 

154 

Zn//Cu 

battery 

Zn + Cu(OH)2/CuO ↔ 

Zn(OH)2/ZnO + Cu 

1 M ZnSO4 + 1 M 

KOH  
0.1 A g-1 0.76 V 

718 mAh 

g−1 

29 

Zn//Fe flow 

battery 

Zn + 4OH- +2Fe3+ ↔ 2Fe2+ + 

Zn(OH)4
2- 

Anolyte: 0.4 M 

Zn(OH)4
2− + 3 M 

NaOH 

Catholyte: 0.8 M 

Na4Fe(CN)6 + 3 M 

KOH 

840 mA 

cm-2 
1.3 V  146 

 

Conclusions and perspectives 

In this review, we have highlighted the fundamental scientific understanding, especially in terms 
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of thermodynamics and kinetics, of conversion reactions in AZBs. Deep insights have been achieved 

in the areas of conversion reaction mechanisms, challenges, as well as the corresponding perspectives. 

These conversion reactions include Zn metal or Zn compound-based conversion reaction, manganese-

based conversion reaction, chalcogenide-based conversion reaction, halogen-based conversion 

reaction, copper, or iron-based conversion reaction, with the performances shown as Table 2. It is no 

doubt that the conversion-type AZBs remain far from maturity. In many of these areas, their common 

challenges (e.g., ion shuttle leading to self-discharge; restricted electron transfer limiting energy 

output; sluggish conversion rate; side reactions affecting performance) and the common optimized 

strategies proposed by the researchers (e.g., advanced configuration; continuous conversion; effective 

membrane; electrolyte regulation; functional cathodes) are summarized in Figure 8. Although these 

strategies have been proposed, a comprehensive understanding of the thermodynamics and kinetics, 

which lays the core for conversion reaction, is still lacking. To better understand and design these 

conversion reactions, we provide a systematic discussion of thermodynamics and kinetics as 

following: 

 

Figure 8. Summary of challenges faced by conversion-type batteries and optimization strategies. 
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Thermodynamics behaviors of conversion-type AZBs. Thermodynamic aspects include the 

working potential, capacity, stability, and reversibility of the conversion reaction (Figure 9a). The 

energy output depends on the molar mass (M) of the electrode pair, electrode potential (E), and 

effective transferred electrons (n). The multiple electron transfer is an effective strategy for increasing 

the energy output of batteries, such as from two electrons to four electrons in zinc-iodine batteries, 

since they can activate redox pairs located at high potential while contributing a large capacity. The 

pursuit of high energy output, however, will inevitably cause instability of the battery system. A stable 

thermodynamic process during multiple electron transfer can be achieved by designing cascade 

reactions,26, 92, 109 developing new reaction route,9 or introducing additional redox pairs.88 Cascading 

reactions require activation of new redox pairs, however, newly activated redox pairs (reaction 

intermediates) are often difficult to stabilize, requiring the introduction of additives for complexation 

like Cl-.26, 109 Introducing additional redox pair is another strategy to utilize ion carriers as an 

additional reservoir of electron charge to fully exploit the redox potential and achieve a multi-electron 

reaction.91 

In addition to the stability of the reaction intermediates, the electrode stability and reversibility 

are extremely important for these conversion reactions, which affect the coulombic efficiency (CE) 

and energy efficiency (EE) of batteries. Dendrite growth, hydrogen evolution and corrosion are 

recognized as the main factors affecting the stability and reversibility of Zn anode, thus deteriorate 

the CE of the Zn-based batteries. For solid phase reaction (Figure 9c), the stability of electrode is 

mainly affected by the reversibility of the conversion products. For example, the conversion of 

Mn2+//MnO2, S//ZnS and Se//ZnSe, while the reaction reversibility is affected by electrode 

conductivity and passivation products such as “dead” Mn and inactive sulfides. It is similar to the 
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solid to solid conversion of zinc anode. The reversibility of reaction is limited by the activity of the 

reactants (2ZnCO3·3Zn(OH)2 and Zn) and the accumulation of by-products. For liquid phase reaction 

(Figure 9d), the stability suffers from the current collector and active sites, charge transfer/diffusion 

coefficient of liquid reactant, shuttle effect and consumption of active ions; etc. In many cases, an 

important indicator, e.g., EE, is easy to be overlooked, which is not good in many conversion reactions 

in spite to their excellent stability, especially in solid phase reaction, such as Zn//S and Zn//Se battery. 

The energy efficiency are influenced by various factors, including electrochemical polarization, 

concentration polarization, electrochemical reactivity, and competition from side reactions. 

Polarization also affects the solid-liquid conversion of zinc anode, especially the aggregation of Zn2+ 

tips under the influence of diffusion polarization is the main cause of zinc dendrites. In addition, the 

electrochemically stabilized voltage window of aqueous electrolytes, which is determined by the 

electrolyte composition and its compatibility with electrode, plays an important role in the stability 

and reversibility of the conversion reaction. Therefore, more attention needs to be paid to the stability 

of the electrolyte, especially the design of multi-electron transfer and high-voltage conversion 

reactions. 

Kinetics behaviors of conversion-type AZBs. Factors influencing the kinetics of conversion 

reactions primarily include charge transfer resistance, diffusion rates, and phase transition energy 

barriers (Figure 9b). Charge transfer resistance refers to the transfer resistance between electrodes 

and electrolytes. Effective strategies for reducing charge transfer resistance involve designing highly 

porous electrodes with large specific surface areas to facilitate rapid ion migration and reaction (e.g., 

Mxene, porous carbon), optimizing the ion conductivity and viscosity of the electrolyte to promote 

faster charge transfer, and designing well-defined and stable interfaces to enhance interface reactions 
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(e.g., MOFs/COFs, polymer coating). The diffusion rate is quantified through diffusion coefficients, 

and the diffusion coefficient of cations at the interface can be calculated155:  

𝐷 = 0.5(
𝑅𝑇

𝐴𝑛2𝐹2𝜎𝜔𝐶
)2                            (21) 

R represents a constant, T denotes temperature, A signifies the surface area of the electrode, n 

represents the number of electrons per molecule in the reduction process. 𝜎𝜔 represents the Warburg 

factor and C denotes the concentration of ions. According to the Equation 21, it can be observed that 

the diffusion coefficient is primarily influenced by the number of transfer electrons, ions 

concentration, electrode specific surface area, and activation temperature. On the other hand, since 

conversion reactions predominantly involve electron transfer through phase transitions, the 

magnitude of the phase transition energy barrier determines the rate of the reaction. The bond energy 

of chemical bonds plays a crucial role in determining the kinetic performance.96 Solid phase reactions 

require overcoming high energy barriers due to the stable chemical bonds of solid reactant, as well as 

overcome the low electronic conductivity of most solid phases (Figure 9c). Rapid bond breaking and 

formation are crucial for achieving high-rate performance, and the interfacial characteristics of 

electrodes/electrolytes and solid phase conductivity significantly impact ions/electrons transfer, 

which in turn affects reaction efficiency. Hence, a porous and highly active functional cathode should 

be desired, such as S@CNTs, Co[CoxFe1@x(CN)6], 2D NiPPC. On the contrary, liquid phase 

reactions by ionic conversion exhibits lower energy barriers and excellent kinetics, and the capacity 

is determined by the composition and concentration of the electrolyte (Figure 9d). Charge transfer 

resistance and diffusion coefficients are mainly influenced by factors such as electrolyte composition, 

temperature, polarization, solubility of active ions, flow rate, and electrode specific surface area. 

Given the characteristics of liquid phase reactions, decoupled flow batteries with advantages of 
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electrolyte separation and elimination of concentration polarization are favored. On the other hand, 

as the current collector serves as a carrier for active sites in redox reactions, its physicochemical 

properties play a critical role in battery kinetics, including catalytic activity, porosity, hydrophilicity, 

and electronic conductivity. Additionally, the conductivity and wettability of the electrode/electrolyte 

interface can influence the phase conversion reaction.156 

 

Figure 9. A schematic discussion of the influencing factors on the (a) thermodynamics and (b) kinetics of 

conversion-type AZBs. Summary of influencing factors of (c) solid phase reaction and (d) liquid phase 

reaction.  
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