
EES Batteries

EES Batteries
Accepted Manuscript

This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been accepted 
for publication.

Accepted Manuscripts are published online shortly after acceptance, 
before technical editing, formatting and proof reading. Using this free 
service, authors can make their results available to the community, in 
citable form, before we publish the edited article. We will replace this 
Accepted Manuscript with the edited and formatted Advance Article as 
soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the 
text and/or graphics, which may alter content. The journal’s standard 
Terms & Conditions and the Ethical guidelines still apply. In no event 
shall the Royal Society of Chemistry be held responsible for any errors 
or omissions in this Accepted Manuscript or any consequences arising 
from the use of any information it contains. 

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  Q. Yin, W. Lu and

Z. Chen, EES Batteries, 2026, DOI: 10.1039/D5EB00216H.

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d5eb00216h
https://pubs.rsc.org/en/journals/journal/EB
http://crossmark.crossref.org/dialog/?doi=10.1039/D5EB00216H&domain=pdf&date_stamp=2026-01-12


Broader context

Grid-scale stationary energy storage demands solutions that combine low cost with 

environmental sustainability. Leveraging their resource abundance, intrinsic safety, and favorable 

energy density, Zn-based batteries have become attractive targets. Among them, interest in the Zn–

MnO2 chemistry has re-emerged, shifting from traditional alkaline primary cells to mildly acidic 

rechargeable systems to improve reversibility and lifetime. This review examines the opportunities 

and challenges of Zn–MnO2 batteries, with a special emphasis on high-loading configurations that 

are closely tied to practical demonstration and deployment. By surveying recent advances across 

materials, architectures, and electrolytes, we aim to clarify the barriers to high-loading 

configurations and to outline pathways toward competitive levelized cost of storage for long-

duration energy storage.
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Abstract

Zn–MnO2 batteries hold great promise for grid-scale and stationary energy storage applications. 

Their inherently low cost, safety, and environmental benignity make them ideally suited for 

gigaton-level energy storage. In recent years, research focus has increasingly shifted toward 

achieving high areal capacity and energy density, aiming to uncover practically relevant insights 

for their real-world deployment. However, significant challenges emerge when employing MnO2 

electrodes at elevated areal loadings. In this review, we identify the thick-electrode barrier, 

encompassing issues that stem from intrinsic material properties and reaction mechanisms, as well 

as limitations imposed by high-loading electrode configurations. We further provide a 

comprehensive summary of recent advances toward realizing high areal-capacity Zn–MnO2 

batteries. By connecting fundamental understanding with practical design principles, this review 

aims to offer guidance for overcoming the thick-electrode barrier and accelerating the practical 

implementation of Zn–MnO2 batteries for sustainable energy storage.
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1. Introduction

Grid-scale energy storage is vital to advancing and stabilizing modern power systems as they 

transition to cleaner energy sources. Long-duration energy storage (LDES), typically defined as 

systems capable of providing ten or more hours of discharge, is critical for diverse clean-energy 

and resilience applications.1,2 Although Li-ion batteries are currently dominating the energy 

storage market, their flammable electrolytes, narrow safety margins, and reliance on scarce critical 

materials (e.g., Li, Co, Ni) constrain scalability and limit long-term viability for grid-scale 

deployment.3,4 

These limitations have spurred interest in alternative chemistries that combine safety, cost-

effectiveness, and environmental sustainability. Among emerging options, aqueous rechargeable 

batteries, which use water-based electrolytes, stand out for their intrinsic safety, low cost, and 

benign environmental profile.5–8 When paired with inexpensive Zn metal anodes, aqueous Zn-ion 

batteries (AZIBs) offer a particularly attractive pathway toward practical, large-scale energy 

storage.9–11 As shown in Figure 1a, we benchmark Zn-based batteries against other energy storage 

chemistries from a system-level perspective. The initial capital cost, round-trip efficiency, and 

storage duration are critical parameters because they directly determine the levelized cost of 

storage (LCOS), defined as the average price per unit of discharged energy required to recover all 

capital and operating expenses over the system’s lifetime.12 Environmental impact is likewise 

essential for sustainable, large-scale deployment in LDES. 

Specifically, conventional lead–acid batteries, although commercially mature and low cost, 

suffer from poor cycle life and low efficiency, which leads to unfavorable LCOS values.13 In 

addition, the use of toxic lead components raises serious environmental and safety concerns. By 

contrast, Li-ion batteries and flow batteries such as vanadium redox flow batteries (VRFBs) deliver 

high round-trip efficiency and long lifetimes, resulting in low LCOS values even at elevated 

costs.13,14 State-of-the-art AZIBs currently occupy a middle ground: despite intrinsically low 

material cost and a benign environmental profile, their moderate round-trip efficiency and limited 

cycle life yield medium LCOS values, still falling short of the $0.05 kWh⁻1 target for LDES.15

To pursue a lower LCOS for LDES, future AZIBs should prioritize chemistries that improve 

performance, particularly efficiency and cycling stability, while preserving low cost and low 

environmental impact. To this end, we compare representative AZIB cathodes to assess cost–
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performance trade-offs (Figure 1b and Table 1). Specifically, vanadium pentoxide (V2O5) offers 

a theoretical capacity of 589 mAh g⁻1 but operates at a low average discharge voltage (~0.6–0.8 V 

vs. Zn/Zn2⁺), yielding a modest energy density of 412 Wh kg⁻1. Coupled with its high raw-material 

cost (US$ 8.99 kg⁻1), V2O5 exhibits active-material costs of US$ 21.8 kWh⁻1.16–18 Prussian blue 

analogs (PBAs) typically deliver lower specific capacities (~170 mAh g⁻1), resulting in similarly 

high active-material costs (US$ 22.6 kWh⁻1).19–22 Halogen-based cathodes such as Br2 and I2 show 

moderate capacities but face challenges such as shuttle effects and volatility, and in the case of I2, 

a prohibitively high raw-material price (US$ 279.6 kWh⁻1).23,24 Because active-material cost per 

kWh represents the minimum possible contribution of the active material to system-level costs, it 

provides a critical baseline for assessing economic feasibility: even with low balance-of-system 

costs, expensive or low-energy-density cathodes can dominate the total cost structure.

MnO2 stands out among all candidates with its high theoretical capacity (617 mAh g⁻1, two-

electron reaction), favorable operating voltage (>1.2 V), and exceptionally low raw-material price 

(US$ 2.08 kg⁻1), resulting in the lowest material cost of only US$ 2.2 kWh⁻1.25–27 Furthermore, 

MnO2 is earth-abundant, non-toxic, and environmentally benign, making it highly attractive for 

grid-scale and stationary storage applications where cost, safety, and sustainability are 

paramount.28–32 To fully exploit these advantages for achieving low LCOS in LDES, recent 

research has shifted toward mildly acidic electrolytes to improve cycle life, Coulombic efficiency, 

and lifetime energy throughput. Unlike in alkaline systems, where Mn dissolution and passivation 

layer growth severely limit reversibility,11 acidic electrolytes stabilize Mn redox reactions, 

suppress dendrites, and enable efficient Zn plating/stripping.33 These improvements in cycling 

stability and round-trip efficiency increase the total energy delivered per unit cost and thereby 

lower LCOS toward the LDES target.

Despite these advances, however, most reported Zn–MnO2 configurations remain far from 

practical relevance. To illustrate how cell configuration and areal capacity affect system-level 

metrics, we calculated the theoretical energy density of Zn–MnO2 cells at different negative-to-

positive capacity ratios (N/P ratios) using:

𝜀 =
𝑄 × 𝑉𝑚𝑖𝑑

𝑚𝑐𝑎𝑡ℎ𝑜𝑑𝑒+𝑚𝑎𝑛𝑜𝑑𝑒
=

𝑄 × 𝑉𝑚𝑖𝑑

𝑄
𝑞𝑐𝑎𝑡ℎ𝑜𝑑𝑒

+
𝑟𝑁/𝑃 × 𝑄

𝑞𝑎𝑛𝑜𝑑𝑒

=
𝑞𝑎𝑛𝑜𝑑𝑒 × 𝑉𝑚𝑖𝑑

𝑟𝑁/𝑃 + 𝑞𝑎𝑛𝑜𝑑𝑒
𝑞𝑐𝑎𝑡ℎ𝑜𝑑𝑒
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where 𝜀 is the theoretical energy density based on active materials, 𝑄 the capacity, 𝑉𝑚𝑖𝑑 the mid-

voltage, 𝑚𝑐𝑎𝑡ℎ𝑜𝑑𝑒 and 𝑚𝑎𝑛𝑜𝑑𝑒 the mass of active materials in cathode and anode, respectively, 

𝑟𝑁/𝑃 the N/P ratio, and 𝑞𝑐𝑎𝑡ℎ𝑜𝑑𝑒 and 𝑞𝑎𝑛𝑜𝑑𝑒 the theoretical specific capacity of active materials in 

cathode and anode, respectively.

As shown in Figure 1c, many reported systems employ thick Zn foils (~100 µm, 

~58.5 mAh cm⁻2) paired with low-loading MnO2 cathodes (1~2 mg cm⁻2, <0.5 mAh cm⁻2). While 

such asymmetric designs can achieve tens of thousands of cycles, they suffer from high N/P ratios 

and low energy densities, ultimately reducing the delivered energy per unit cost and dominating 

the total cost structure, as discussed above. Achieving high MnO2 areal loading, balanced N/P 

ratios, and lean electrolyte conditions is therefore essential for realizing commercially viable 

energy density and cost-effectiveness.34–37 

Collectively, these analyses identify MnO2 as a uniquely competitive cathode for AZIBs by 

combining high capacity, low cost, safety, and scalability. The remaining challenge, as well as the 

central focus of this review, is to develop high areal-loading MnO2 electrodes that can translate 

these intrinsic advantages into practical, low-LCOS energy storage systems. To this end, we 

identify the key challenges associated with thick-electrode configurations from two perspectives: 

(i) the intrinsic material properties and reaction mechanisms of MnO2 and (ii) the practical 

demands imposed by high mass-loading designs. This review systematically evaluates recent 

advances in thick MnO2 electrodes, covering strategies such as interior (crystal structure) and 

exterior (surface) engineering of MnO2, substrate modification, and electrolyte optimization. 

Throughout the review, we place particular emphasis on studies reporting areal capacities above 

1 mAh cm⁻2, preferably ≥5 mAh cm⁻2, to examine how these strategies address the challenges 

specific to thick electrodes. We also highlight works demonstrating Ah-level pouch cell 

configurations with practical potential. Overall, our goal is to establish a comprehensive 

framework for the rational design of high-loading MnO2 cathodes, enabling next-generation 

AZIBs to meet the advanced performance, cost, and safety requirements essential for grid-scale 

and stationary energy storage.
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Figure 1. a) Comparison of representative battery technologies in terms of LCOS, initial capital 

cost, round-trip efficiency, lifetime, and environmental impact. b) Comparison of cathode 

materials for AZIBs in terms of theoretical energy density, raw material price, active-material cost 

per kWh, cycling stability, and safety. c) Theoretical energy density of Zn–MnO2 batteries at 

different N/P ratios, calculated based on the mass of active materials in the cathode and anode.

Table 1. Comparison of representative cathode materials in terms of theoretical specific capacity, 

estimated energy density, and raw material cost. Raw material prices are sourced from the 

Shanghai Metals Market (2025) and the United States Geological Survey (2024–2025).

All energy density and materials cost values are calculated based on the mass and raw material 

cost of the cathode active material only. Inactive components such as binders, conductive additives, 

current collectors, and electrolyte are not included.
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Battery 
Chemistry

Specific 
Capacity 

(mAh g⁻1)

Cathode 
Material Price 

(US$ kg⁻1)

Energy Density 
(Wh kg⁻1)

Active
Material Cost 
(US$ kWh⁻1)

Zn–MnO2 617 2.08 926 2.2

Zn–V2O5 589 8.99 412 21.8

Zn–PBA 170 3.84 170 22.6

Zn–Br2 220 3.30 352 9.4

Zn–I2 211 59.00 211 279.6

2. Roadblocks towards high-loading MnO2 for practical AZIBs

2.1 Reaction mechanisms and corresponding challenges of MnO2 

During electrochemical cycling, MnO2 cathodes can undergo multiple reaction pathways, 

including metal-ion intercalation, proton insertion, MnO2/H⁺ conversion, and MnO2/Mn2⁺ 

dissolution/deposition.27,38,39 These pathways govern the accessible specific capacity and energy 

density of the cathodes, as well as the cycle performance of the batteries As the dominant reaction 

mechanism depends on multiple factors such as MnO2 crystallography, local pH, and electrolyte 

composition, considerable efforts have been devoted to elucidating the underlying mechanisms in 

aqueous battery systems.40–43 Each reaction pathway also introduces distinct challenges (Figure 

2), and deeper insight into their intrinsic limitations is essential for developing materials-level 

guidelines to optimize MnO2 cathodes for practical optimization.

2.1.1 Reaction via intercalation and co-insertion

The crystal framework of MnO2 can reversibly accommodate the insertion/extraction of 

multivalent cations such as Al3+,44 Ca2⁺,45 Zn2⁺,46 Mg2⁺,47 and Na⁺.48 The efficiency and stability 

of these processes are largely governed by the crystallographic characteristics of MnO2, with 

tunnel-type and layered-type polymorphs exhibiting distinct electrochemical behaviors. 

Specifically, tunnel-type polymorphs (such as α-MnO2, β-MnO2, γ-MnO2, and 𝜀-MnO2) comprise 

edge-sharing chains of [MnO6] octahedra that link by corner sharing to form tunnel structures that 

accommodate cations and water molecules.49 In contrast, layered δ-MnO2 consists of edge-sharing 
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[MnO6] sheets with an open interlayer spacing of ~0.7 nm, which offers more accessible insertion 

sites and high ionic mobility.50,51

Although the detailed working mechanisms remain under discussion, Zn2⁺/H⁺ co-insertion is 

broadly recognized as central across MnO2 polymorphs, with both ions acting as reversible charge 

carriers.27,52–55 While the co-intercalation can boost specific capacity via proton-coupled electron 

transfer (PCET), it also introduces several challenges. First, Zn2⁺ migrates more slowly than H⁺ 

owing to its larger ionic size and stronger solvation shell. When both ions co-insert, the ensuing 

charge redistribution and local strain penalize long-range ion transport and electronic conductivity 

within MnO2.56,57 Coupled with the intrinsically low electronic conductivity of MnO2, these effects 

suppress rate capability at high currents.58 Second, the Zn2⁺/H⁺ co-insertion promotes structural 

transformations and Jahn–Teller lattice distortions, causing loss of crystallinity and phase 

heterogeneity that diminish reversibility.59 Third, proton insertion facilitates MnOOH 

disproportionation in acidic media, leading to Mn2⁺ dissolution and re-precipitation of detached 

MnO2, and the resulting loss of Mn inventory manifests as progressive capacity decay.60 

Collectively, these factors underlie the well-documented cycling instability of MnO2 cathodes in 

mild or acidic electrolytes.

To overcome these obstacles, extensive efforts have focused on structural engineering and 

materials modification. Cation or anion doping can enlarge tunnel or interlayer spacings and tune 

the local redox environment, thereby facilitating ion diffusion, enhancing intercalation kinetics, 

and buffering insertion/extraction-induced stress.61,62 Surface engineering offers a complementary 

route: ultrathin organic, inorganic, or hybrid coatings can not only reduce interfacial charge-

transfer resistance but also preserve the MnO2 morphology during cycling and suppress Mn 

dissolution into the electrolyte.63,64 In particular, coatings that lower interfacial water activity can 

disfavor H⁺-driven Mn3⁺ formation, while conformal oxide shells provide physical barriers that 

impede Mn dissolution and disproportionation.65

Beyond these established approaches, recent work has developed novel synthesis methods and 

the exploration of new MnO2 polymorphs or derivatives. For example, Archer et al. showed that 

introducing water-soluble polymers during hydrothermal synthesis promotes the formation of δ-

MnO2 and β-MnO2 with smaller particle sizes, higher specific surface areas, and water-rich 

interlayers, features that collectively enhance electrochemical performance.53 Tang et al. 
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developed a novel tunnel-type polymorph, t-MnO2, with Mg2⁺ ions stabilizing a 3 × 3 tunnel 

framework capable of reversibly accommodating Zn2⁺, H⁺, and SO4
2⁻ anions, achieving a 

reversible capacity of 398 mAh g⁻1 at 0.2 A g⁻1 with an average discharge voltage of ~1.41 V.54 

In addition, Lu et al. utilized layered β-MnOOH, which is electrochemically converted into δ-

MnO2 during cycling, preserving a stable layered framework during H⁺ insertion.55 This layer-to-

layer structural evolution improves the structural stability and cycling performance.

2.1.2 Reaction via conversion and dissolution/deposition

Recently, the conversion mechanism between MnO2 and H⁺,66 along with the MnO2/Mn2⁺ 

dissolution/deposition process,7,67,68 has attracted growing attention as a promising pathway for 

achieving higher energy density in aqueous batteries. Unlike the intercalation or co-insertion 

mechanism, which typically involves a single-electron transfer reaction, the dissolution/deposition 

mechanism enables a two-electron transfer process, theoretically delivering a much higher specific 

capacity approaching 617 mAh g⁻1, and thus enhancing the overall energy density of the 

system.69,70 

However, significant challenges remain owing to the limited understanding of reversible two-

electron aqueous electroplating/stripping (E/S) of MnO2. A central issue is the competition among 

surface adsorption, bulk ion insertion, and E/S under mild or near-neutral pH conditions.71 

Rationally biasing this partitioning toward dissolution/deposition is essential not only to approach 

the two-electron theoretical capacity of MnO2 but also to mitigate proton-induced lattice 

deformation and Mn loss discussed above. Yet this reaction landscape remains underexplored as 

it is governed by a broad set of factors—from MnO2 crystallography to the local electrolyte 

environment such as Zn2⁺/Mn2⁺ activities, concentration, and pH value. For example, Lu et al. 

showed that under mildly acidic electrolytes, H+ insertion instead of Zn2+ dominates charge storage 

in α-MnO2.31 Yu et al. revisited Zn−MnO2 batteries and Al−MnO2 batteries in mildly acidic 

electrolytes using cathode-free battery and supplying Mn2⁺ directly in the electrolyte.36 They 

showed that full charge/discharge cycles proceeded entirely through reversible MnO2/Mn2⁺ 

deposition/dissolution with sufficient Mn2+.

Moreover, the PCET nature of MnO2 redox drives interfacial pH excursions that are 

increasingly recognized as critical. During discharge, protons participate in both intercalation and 
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conversion reactions. Their consumption alkalizes the cathode interface and raises the local pH, 

whereas the reverse processes during charge release H⁺ and acidify it.72,73 Biro et al. employed in 

operando pH tracking during cycling and revealed periodic pH fluctuations across different 

electrolytes. For the typical Zn–MnO2 electrolyte (2 M ZnSO4+0.5 M MnSO4), a pronounced pH 

variation was observed during electrodeposition and dissolution, with the pH shifting from ~3.5 to 

~4.5. Notably, this large pH change occurred even under conditions with a relatively large 

electrolyte volume and a small MnO2 loading (~5 mg cm⁻2 MnO2, corresponding to ~3.1 mAh 

cm⁻2, and an electrolyte-to-capacity (E/C) ratio of ~0.8 mL mAh⁻1).73

Without effective regulation, such pH swings can become substantial, redirecting reaction 

pathways and aggravating side reactions.74 For example, Yang et al. showed that proton 

concentration critically affects MnO2 dissolution/deposition chemistry. Sufficient proton 

availability (pH<4) is necessary for MnO2 dissolution, whereas in neutral electrolytes, only proton 

or Zn2+ intercalation occurs.75 Conversely, excessively low pH promotes disproportionation of 

Mn3⁺ in metastable MnOOH, causing irreversible Mn loss via isolated MnO2 formation and 

thereby accelerating capacity decay. Consistently, Wong et al. observed a pH increase from 3.38 

at the initial state to 5.41 after the first discharge in a conventional electrolyte (10 mg α-MnO2 

cathode in 5 mL of 2 M ZnSO4+0.2 M MnSO4). Notably, during the subsequent charging process, 

the pH initially stabilized at ~5.4 before dropping rapidly to ~3.57. This transient pH plateau was 

attributed to a balance between OH⁻ consumption associated with ZnxMnO(OH)2 formation and 

OH⁻ generation from zinc sulfate hydroxide (ZSH) formation.76 Those effects are expected to be 

further amplified in AZIBs operated under lean-electrolyte conditions.

2.2 Challenges associated with high-loading electrode configurations

As discussed earlier, enabling the practical application of MnO2 cathodes necessitates the 

development of high-loading electrodes to achieve the target energy density of 150 Wh kg⁻1.77 

Despite increasing the amount of active material is essential for achieving competitive energy and 

power metrics, it simultaneously introduces a range of interrelated challenges not encountered in 

their thin-electrode counterparts (Figure 2). In this section, we present our perspective on the key 

obstacles associated with the electrochemical operation and fabrication of thick MnO2 electrodes.

2.2.1 Sluggish electrochemical kinetics
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The inherently sluggish electrochemical kinetics of thick electrodes remains a major barrier to 

practical deployment in high-energy systems. To mitigate electronic transport limitations, 

conductive additives are incorporated to establish percolating networks that facilitate efficient 

electron transport across the electrode. By contrast, ionic transport is governed by the architecture 

of the porous network, where the electrolyte-filled voids enable ion migration to the active material.

Building on foundational work by Newman and co-workers,78 Jansen et al. derived an analytical 

expression for the characteristic penetration depth 𝐿𝑑, which describes how far ions can effectively 

penetrate into an operating electrode:79 

𝐿𝑑 =
𝜀
𝜏 ×

𝐷𝐶0𝐹
(1 ― 𝑡+)𝐼

where 𝜀 is the porosity, 𝜏 the tortuosity, 𝐷 the intrinsic ion conductivity, 𝐶0 the electrolyte salt 

concentration, 𝐹 the Faraday’s constant, 𝑡+ the cation transference number, and 𝐼 the applied 

current density.

This expression highlights three controlling factors for 𝐿𝑑 and, by extension, the active material 

utilization in thick electrodes. First, the geometric characteristics of the electrode microstructure, 

the porosity 𝜀 and tortuosity 𝜏, determine the effective ionic diffusivity, 𝐷eff:80

𝐷eff =
𝜀
𝜏 × 𝐷

Here, tortuosity 𝜏 quantifies the complexity of the ion transport pathways and is defined as the 

ratio of the actual curved path length through the pore network (𝐿pore) to the straight-line distance 

across the electrode (𝐿straight): 

𝜏 =
𝐿pore

𝐿straight

Second, electrolyte properties are critical: higher 𝐶0, larger 𝑡+, and greater 𝐷 collectively 

increase 𝐿𝑑 by enhancing ionic conductivity and reducing concentration polarization. Third, the 

applied current density directly opposes penetration. Higher 𝐼 lowers 𝐿𝑑, making it harder for ions 

to traverse the full electrode thickness during cycling. Consequently, thick electrodes experience 

more severe transport limitations at high C-rates than thinner electrodes.81 
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When the electrode thickness 𝐿 exceeds 𝐿𝑑, transport limitations produce inhomogeneous state 

of charge (SOC) and depth of discharge (DOD) profiles within the electrode.82 Typically, the outer 

layers near the surface experience deeper cycling, while the interior becomes underutilized or even 

ionically isolated. Such uneven utilization accelerates local degradation, promotes mechanical and 

structural damage, and exacerbates capacity fade and electrolyte decomposition.

To quantify the impact of transport limitations on practical capacity, Lestriez et al. introduced 

accessible capacity 𝑄𝐼:83

𝑄𝐼

𝑄0
=

𝐿𝑑

𝐿

where 𝑄0 is the nominal specific capacity. This relationship emphasizes that, assuming sufficient 

electronic conductivity and negligible solid-state diffusion limits, the practical capacity of thick 

electrodes is directly constrained by ion transport. As 𝐿 increases, 𝑄𝐼 scales with the ratio 𝐿𝑑

𝐿 . 

Consequently, simply increasing mass loading or thickness does not translate into proportionally 

higher areal capacity or energy output.84 These insights underscore the need to optimize 

microstructural geometry, electrolyte formulation, and local current distribution—rather than 

simply increasing electrode thickness alone. Addressing these challenges is critical for realizing 

the full potential of thick electrodes in practical high-energy battery systems.

2.2.2 Multiscale heterogeneity

As discussed above, the redox pathway of MnO2 is highly sensitive to the local chemical and 

electrochemical environment. Variations in concentration profiles, interfacial pH, and 

overpotential can steer MnO2 along distinct reaction pathways, introducing reaction-driven 

heterogeneity that undermines long-term cycling stability. This problem is amplified in thick 

MnO2 electrodes, where ionic transport limitations and steep concentration gradients intensify with 

increasing thickness and mass loading.85 At the microscale, these constraints produce pronounced 

inhomogeneity in reaction kinetics and phase evolution across both depth and surface. In particular, 

fluctuations in the electric double layer (EDL) at the electrode–electrolyte interface alter the local 

distribution and speciation of Mn2⁺ and protons, thereby modulating nucleation and growth 

dynamics during MnO2 deposition.86 As protons are locally consumed, the interfacial pH shifts 

dynamically, creating microenvironments that favor side reactions such as Mn3⁺ 
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disproportionation.75 These evolving local conditions promote preferential nucleation at sites with 

elevated Mn2⁺ concentrations, structural defects, or favorable pH, reinforcing pre-existing 

heterogeneity. The result is spatially uneven redeposition of MnO2 and non-uniform phase 

formation, with variations in lattice structure, crystallographic orientation, and local 

electrochemical activity.

Reaction-induced heterogeneity in thick MnO2 cathodes also accelerates structural degradation. 

Unlike intercalation-only systems, which undergo relatively modest lattice breathing, cyclic 

dissolution of Mn to Mn2⁺ followed by redeposition as MnO2 imposes large, localized volume 

swings throughout the porous matrix. Because the dominant reaction pathway varies spatially, 

these volumetric changes are inherently non-uniform, concentrating strain in specific domains. 

The resulting mechanical stresses scale with areal capacity and are especially severe in thick 

electrodes, where absolute expansion and contraction per cycle are larger. Compounding this, 

freshly electrodeposited MnO2 is often mechanically brittle, so strain localizes at grain boundaries 

and interparticle necks, seeding cracks that propagate with cycling.87 Crack growth disrupts ionic 

pathways and the electronic percolation network. Once fractures coalesce, interfacial delamination 

from the current collector becomes likely, which increases local contact resistance and creates 

current hot spots that further bias reaction heterogeneity. These coupled processes sever electronic 

and ionic pathways, isolating portions of the active material into “dead” zones that no longer 

participate in redox reactions.75 As current is forced through the remaining conductive channels, 

local overpotentials and mechanical stress intensify, accelerating both chemical degradation and 

structural failure. The net result is a self-reinforcing cycle of capacity fading and mechanical 

disintegration that worsens with increasing cycle number, operating rate, and electrode thickness.

2.2.3 Manufacturing limitations

Apart from the electrochemical challenges discussed above, the fabrication of thick MnO2 

electrodes faces intrinsic manufacturing limitations. Conventional slurry-casting methods, such as 

tape casting or slot-die coating, encounter two primary processing bottlenecks during drying. 

The first limitation is vertical stratification, in which an uneven particle distribution develops 

through the electrode thickness. This phenomenon arises from the competition between particle 

diffusion, which promotes uniformity, and evaporation-driven convection, which carries particles 

toward the drying interface. Their relative effects are captured by the Péclet number:88
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𝑃𝑒 =
𝐻𝐸
𝐷

where 𝐻 is the film thickness, 𝐸 the solvent evaporation rate, and 𝐷 the particle diffusion 

coefficient. When 𝑃𝑒<1, diffusion dominates and the film remains homogeneous; when 𝑃𝑒>1, 

rapid evaporation causes particle migration and surface “skinning”.89 In thick MnO2 electrodes, 

the large 𝐻 raises 𝑃𝑒 above unity for all components, while differences in particle size and density 

further drive segregation. As a result, heavier MnO2 microparticles settle toward the bottom, 

whereas smaller conductive carbon and binder migrate upward. This compositional gradient leads 

to surface regions enriched in conductive additives but deficient in active material, while deeper 

layers suffer from poor electronic connectivity, reducing overall utilization during cycling.

The second issue, crack formation, originates from capillary stresses at the air–solvent interface 

during drying. As film thickness increases, capillary pressure and the associated tensile stress rise 

sharply and can exceed the film’s mechanical strength.85,90 Above the critical cracking thickness 

(CCT), the electrode develops cracks and delaminates from the current collector, degrading 

mechanical integrity and adhesion. Nanoparticulate films are more susceptible to capillary stresses 

and therefore often exhibit a much lower CCT than films made with microparticles. Consequently, 

although nano-MnO2 can provide faster ion transport and better rate performance, the thickness 

required for high areal capacity frequently exceeds the CCT, making conventional slurry casting 

unsuitable for high-loading fabrication.

To overcome these challenges, several alternative processing strategies have been proposed. 

For example, semi-dry or dry processing mechanically mixes MnO2, conductive carbon, and 

binder powders with minimal or no solvent to form a viscous paste that is directly pressed or coated 

onto the current collector. By avoiding solvent evaporation, this approach eliminates stratification 

and capillary-stress-driven cracking. Recent reports demonstrate MnO2 mass loadings up to 80 mg 

cm⁻2 using semi-dry processing.91 However, achieving homogeneous particle dispersion without 

solvent remains difficult. Conductive carbon and binder particles (e.g., polytetrafluoroethylene) 

tend to aggregate, creating locally resistive or mechanically weak regions with higher 

susceptibility to cracking or delamination during calendering or cycling.

As an alternative, three-dimensional (3D) printing enables precise, layer-by-layer assembly of 

architected electrodes. This technique allows deliberate control over porosity, tortuosity, and 
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surface area to optimize both mechanical properties and electrochemical performance by 

improving electrolyte penetration depth and reducing concentration gradients.92 For example, Yao 

et al. prepared a printable ink by dispersing α-MnO2, conductive carbons, and binders in solvent.93 

Using this ink, they fabricated thick electrodes with a MnO2 mass loading of ~15 mg cm−2, which 

delivered an initial areal capacity of 1.7 mAh cm−2 at high current of 1 A g−1.

Another strategy involves the electrolytic Zn–MnO2 cell configuration, in which MnO2 is first 

electrodeposited onto a current collector before transitioning to conventional battery operation. 

With Mn2⁺ pre-loaded in the electrolyte, the cell is initially charged to deposit a conformal MnO2 

layer of tunable thickness, enabling precise control over cathode loading. Two issues warrant 

attention. First, the crystallinity of the deposited MnO2 is highly sensitive to deposition parameters 

such as temperature and electrolyte chemistry. For example, Cui et al. reported that an increase in 

temperature (from 25 to 75 °C) drives a phase transition from ɛ-MnO2 to γ-MnO2, the latter 

exhibiting superior reaction kinetics.30 More recently, the same group introduced a soft-template 

electrolyte additive that promotes the ɛ- to δ-MnO2 transition during electrodeposition.94 Second, 

the efficiency of electrodeposition depends strongly on the substrate. Deposition on conventional 

substrates such as carbon fiber or carbon cloth often results in crack formation, mechanical 

delamination, and Mn loss, particularly at high areal capacities.87,95

Overall, overcoming the thick-electrode barrier to realize high-areal-capacity Zn–MnO2 

batteries requires the synergistic design of both MnO2 active materials and electrode architectures. 

Beyond the prevailing focus on tailoring MnO2 chemistry and morphology, increasing attention 

has shifted toward mitigating reaction-kinetic limitations and spatial heterogeneity that emerge in 

thick electrodes, as well as addressing manufacturability challenges. Nevertheless, the thick-

electrode barrier is currently defined primarily in terms of mass loading or areal capacity, while 

quantitative descriptors, such as porosity, tortuosity, effective ionic penetration depth, and internal 

stress during electrodeposition, remain largely unexplored for thick MnO2 electrodes. 
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Figure 2. Schematic illustration of the challenges limiting high areal loading MnO2 cathodes in 

practical applications, highlighting issues arising from both reaction mechanisms and thick-

electrode architecture.

3. Recent advances in high-loading Zn–MnO2 batteries

3.1 Lattice modification 

As discussed in Section 2, pristine MnO2 inherently suffers from sluggish reaction kinetics due 

to its intrinsically low electronic conductivity. In addition, the presence of Mn3⁺ within the lattice 

can induce structural deformation of the [MnO6] octahedra, known as Jahn–Teller distortion, 

which leads to irreversible phase transitions and further degrades structural stability. Both 

challenges, rooted in the lattice characteristics of MnO2, significantly limit its electrochemical 

performance, especially under high mass loading conditions.96 Consequently, rational lattice 
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design of MnO2 is critical for improving its electrochemical reaction kinetics and redox 

reversibility.97–100

Heteroatom doping has emerged as an effective strategy for tailoring the lattice structure and 

electrochemical properties of MnO2. Over the past decades, a wide range of dopants have been 

explored, including anions such as S101,102 and N102,103 as well as cations such as Ce3+/Ce4+,104 Ni 
2+,105 Mo4+,106 Mg2+,107 Fe3+,108 and Co2+.108 For substitutional doping, anions typically replace O-

sites, thereby tuning the electronegativity and local coordination environment,54,109 whereas 

cations substitute Mn-sites and incorporate foreign metal ions into the MnO2 framework, providing 

complementary effects such as lattice stabilization and electronic structure modulation.47,108,110,111 

In addition, interlayer doping can expand the interlayer spacing or tunnel size, enhancing Zn2⁺/H⁺ 

intercalation/deintercalation kinetics and thereby improving the rate performance.112

However, it is worth noting that most doping strategies have yet to be validated under 

industrially relevant conditions such as high mass loading electrodes or in pouch cell 

configurations, leaving uncertainties about their practical impact. Recently, as more concern from 

the practicality perspective, advanced heteroatom doping designs have been demonstrated in high-

loading Zn–MnO2 batteries. For example, Ji et al. introduced Se into δ-MnO2, yielding Se-MnO2 

where Se atoms replace lattice oxygen to form stable Mn–Se bonds (Figure 3a).97 This substitution 

modulates the local electronic environment, reducing the Mn–O octahedral distortion and lowering 

the Jahn–Teller-driven Mn dissolution. Importantly, Se doping regulates H⁺ intercalation while 

facilitating Zn2⁺ diffusion (Figure 3b,c), thereby minimizing electrolyte pH fluctuations and 

inhibiting the formation of inactive ZnMn2O4 byproducts. As a result, pouch cell tests under 

moderate loading (4 mg cm⁻2) demonstrate stable cycling (213 mAh g⁻1 at 1 A g⁻1 for 65 cycles). 

The effect of dual-ion doping has also gained increasing attention, as it is considered more 

efficient due to potential synergistic effects. For instance, Liu et al. incorporated N and S dopants 

into the δ-MnO2 lattice via calcination, yielding NS-MnO2 with enhanced electronic conductivity 

and structural stability.102 As a result, the electrode exhibited a high reversible specific capacity of 

295 mAh g‒1 at 0.2 A g‒1 over 110 cycles. He et al. reported a Cu2⁺ and Na⁺ co-intercalated δ-

MnO2 (NCMO), where the simultaneous introduction of Cu and Na increases the number of 

electronic bands crossing the Fermi level, effectively creating additional charge conduction 

pathways (Figure 3d).113 This dual doping strategy amplifies the catalytic activation of Mn4⁺/Mn2⁺ 
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redox couples by Cu2+, resulting in improved capacity and cycling stability. As a result, the high-

loading NCMO cathode (10.9 mg cm⁻2) delivered a reversible areal capacity of 2.10 mAh cm⁻2 

after 50 stable cycles.

Defect engineering provides an alternative route to tune the MnO2 lattice structure by 

introducing defects (e.g., oxygen vacancies) that create localized states facilitating electron 

hopping and enhancing Zn2⁺ adsorption.70,99,100,114 Notably, defect engineering is often employed 

alongside heteroatom doping to achieve synergistic effects. Techniques, such as thermal 

annealing,115 plasma treatment,116 or reductive doping,108 produce defect-rich MnO2 with 

enhanced conductivity and catalytic activity. For example, Wu et al. synthesized δ-MnO2 with a 

synergistic combination of oxygen vacancies and K⁺ pre-intercalation starting from low-cost γ-

MnO2, effectively improving Zn2⁺ intercalation kinetics.117 Sun et al. introduced more oxygen 

vacancies by compositing MnO2 with MoO3, which weakened Mn–O bonds and enhanced electron 

transport.70 The resulting material achieved a high specific capacity of 333 mAh g–1 and exhibited 

stable cycling performance in Mn2⁺-free electrolytes. 

Beyond heteroatom doping and defect engineering, constructing superlattice structures by 

integrating other functional materials into the MnO2 lattice has emerged as another promising 

strategy. Superlattices can introduce additional charge transfer pathways, enhance electronic 

delocalization, and enable tunable interlayer interactions that together improve reaction kinetics 

and structural stability under deep cycling.118 For example, Bai et al. reported a quinone-

functionalized MnO2 superlattice that enables tunable interlayer d–π interactions through organic–

inorganic p–π–d conjugation.119 This electronic modulation enhances Mn t2g orbitals orbital 

occupancy, stabilizes the [MnO6] octahedra against lattice distortion during deep Zn2⁺ intercalation, 

and accelerates Zn2⁺/H⁺ co-insertion. Wang et al. proposed leveraging the cooperative Jahn–Teller 

effect (CJTE) to mitigate charge disproportionation by constructing a superlattice structure through 

electrostatic self-assembly of monolayer-stacked δ-MnO2 and positive-charged graphene 

nanosheets.118 In this design, the CJTE not only distorts individual [Mn(III)O6] octahedra but also 

propagates orbital ordering to neighboring [Mn(IV)O6] octahedra through shared edges, thereby 

inducing in-plane tensile and out-of-plane compressive strains (Figure 3e).120 Within the 

superlattice, the strong charge transfer between MnO2 and graphene enhances electronic 
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conductivity and enables superior rate performance, while the long-range biaxial strain reinforces 

lattice stability under deep cycling.

Figure 3. a) Transmission electron microscopy (TEM) image of Se-MnO2 with insets showing 

resolved lattice. b) Adsorption energies of Zn2+ and H+ on MnO2 and Se-MnO2. c) Diffusion 

energy barrier of Zn2+ and H+ migration in MnO2 and Se-MnO2.97 d) Schematic of dual-ion 

intercalation of δ-MnO2 and the corresponding impact on band structures based on DFT 
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modelling.113 e) Schematic illustration showing the CJTE in improving structural stability of 

MnO2/graphene superlattice electrodes.120

3.2 Surface coating 

While lattice structure tailoring can improve redox reaction kinetics and bulk phase reversibility, 

it is usually insufficient to fully suppress interfacial side reactions or ensure chemical robustness. 

In this context, MnO2 surface coating and protective strategies have emerged as alternative tools 

to complement MnO2 modifications and stabilize the cathode–electrolyte interface.121

One widely explored method involves inorganic surface coatings that act as physical barriers 

while simultaneously tuning the local electronic environment. For instance, Lin et al. introduced 

TiO2 nanolayers with oxygen vacancies, forming Ti–O–Mn bonds at the interface and creating an 

electron-rich region that enhanced charge transfer and reduced interfacial valence fluctuations.122 

The TiO2 layer also acted as a chemically stable and conformal barrier that mitigated Mn2⁺ 

dissolution, buffered volume changes, and reduced parasitic reactions with the electrolyte. As 

shown in Figure 4a, the calculated dissolution energy of a single Mn atom in MnO2@TiO2 (3.25 

eV) was significantly higher than that of bare MnO2 (2.06 eV), indicating stronger lattice cohesion 

and greater resistance to structural degradation during cycling. This stabilizing effect was further 

supported by inductively coupled plasma-optical emission spectrometer (ICP-OES) analysis. After 

200 cycles, the Mn concentration in the electrolyte dropped to 6.45 mg L⁻1 for MnO2@TiO2—

only one-sixth of that measured for the uncoated MnO2 electrode (Figure 4b). 

Beyond suppressing Mn dissolution, certain coatings can serve as a cathode–electrolyte 

interface (CEI), stabilizing the electrode by buffering local pH fluctuations. Zhou et al. reported 

an electro-chemo-structural interface of zinc phosphate (Zn3(PO4)2) and ammonium (NH4
+) on the 

MnO2 cathode, termed PN–MnO2 (Figure 4c).123 The PO4
3–/NH4

+ pair effectively buffers local pH 

changes (Figure 4d), while Zn3(PO4)2 enabled a reduced activation energy for ionic diffusion, 

facilitating ion transport and improving capacity utilization. Consequently, PN–MnO2 maintains 

stable Mn content with minimal byproduct accumulation, delivering 12 mAh cm–2 over 80 cycles 

in pouch cells at 5 mA cm–2.
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Increasing attention has also been devoted to organic coatings as alternative interfacial 

regulators. For instance, isoleucine forms Mn–N interfacial bonds that reinforce the α-MnO2 

surface and inhibit Mn dissolution. The resulting isoleucine-α-MnO2 structure enables 3D Zn2⁺ 

diffusion and benefits from oxygen vacancies, collectively enhancing conductivity, ion transport, 

and cycling reversibility.65 Organophosphonic acids like aminopropyl phosphonic acid (AEPA) 

could create a hydrophobic coating that physically isolates the electrode from the electrolyte 

(Figure 4e,f).124 This significantly inhibits Mn2⁺ leaching and improves redox reversibility. 

Beyond synthetic molecules, naturally derived polyphenols such as tannic acid offer a sustainable 

and effective means of interfacial regulation.125 Rich in hydroxyl groups, tannic acid chelates 

dissolved Mn2⁺ and stabilizes the local interfacial environment without interfering with Zn2⁺ 

intercalation.

Finally, some organic coatings function as selective ion-transport layers, simultaneously 

stabilizing the interface and improving reaction selectivity. Sun et al. designed a polyaniline (PANI) 

nanolayer coating on MnO2 cathode to enhance interfacial ion transport and stability (Figure 

4g).126 The conductive PANI layer facilitates proton conduction and acts as a selective barrier, 

regulating Zn2⁺ intercalation and promoting MnO2 redeposition through the formation of Mn–N 

interfacial bonds and a proton-rich environment (Figure 4h). These interfacial improvements 

significantly lower polarization voltage and enhance redox kinetics (Figure 4i). As a result, the 

PANI-coated MnO2 cathode with a mass loading of 23.5 mg cm⁻2 demonstrated exceptional 

durability, delivering 171 mAh g⁻1 at 0.03 A g⁻1 over 110 cycles. A maximum capacity of 1.5 Ah 

at 0.15 mA cm⁻2 with 99.1% coulombic efficiency after 11 cycles was reported in series-connected 

pouch cells based on PANI-coated MnO2.
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Figure 4. a) Calculated Mn dissolution energy for MnO2@TiO2 and pristine MnO2. b) Mn content 

in the electrolyte (without Mn salt added) after different cycles at 0.5 A g⁻1.122 c) TEM image with 

EDS elemental mapping of PN–MnO2. d) In situ pH variation in electrolyte close to PN–MnO2 
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and bare MnO2.123 e) Schematic illustration of the interfacial protection mechanism enabled by the 

AEPA electrolyte additive. f) TEM (f1) and high resolution TEM (HRTEM) (f2) images of MnO2 

after AEPA surface modification.124 g) HRTEM image of PANI-coated MnO2. h) Proposed 

structural model of PANI-coated MnO2 featuring Mn–N interfacial bonding. i) Galvanostatic 

charge/discharge profiles of PANI-coated MnO2 at 0.2 A g⁻1.126 

3.3 Substrates design 

As discussed above, achieving uniform ion and electron distribution across the electrode is 

critical for high-performance MnO2 cathodes, as it promotes efficient ion transport, mitigates local 

current density hotspots, and regulates reaction kinetics.108,127 However, in conventional planar 

electrodes, current density often concentrates near the surface, leading to uneven utilization of 

active material at the top layer. To overcome this limitation, 3D current collectors are widely 

employed for high-loading MnO2 electrodes.128 Their interconnected conductive networks and 

large surface area redistribute electron and ion flux, enabling uniform electrochemical reactions 

and improved cycling stability.129 Although the introduction of a 3D architecture inevitably 

increases the volume and mass of the battery, thereby reducing energy density, the resulting higher 

electrochemical efficiency makes such designs better suited for applications in which energy 

density is not the primary constraint, such as grid-scale LDES and other stationary storage systems.

Carbon-based substrates are widely used for this purpose due to their flexibility, mechanical 

strength, moderate porosity, and good electrical conductivity. In addition, their lightweight nature, 

cost-effectiveness, and chemical stability in acidic electrolytes make them more attractive than 

metallic substrates. Typically, MnO2 is integrated onto carbon scaffolds such as carbon cloth,130–

132 carbon felt,7,133 and carbon paper,134,135 which serve as cathodes in AZIB research or as 

deposition substrates in electrolytic Zn–MnO2 batteries, where the cell is first charged to 

electrodeposit MnO2 to achieve high areal loadings.

As uniform electrodeposition is critical for achieving highly reversible MnO2 utilization, the 

growing interest in high areal-capacity Zn–MnO2 batteries has intensified efforts to understand 

how the morphology and surface chemistry of current collectors govern deposition behavior. For 

example, Majumder et al. systematically studied MnO2 electrochemistry on various carbon 
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substrates, including carbon cloth, graphite felt, and carbon nanotube (CNT) frameworks.136 Their 

findings revealed that defect-rich surfaces with abundant oxygen-containing functional groups in 

carbon cloth and graphite felt promote better ionic transport and faster deposition–dissolution 

compared to CNTs.

Additionally, Li et al. demonstrated that at high deposition capacities, MnO2 becomes 

increasingly susceptible to nonuniform deposition, which promotes stress accumulation and 

ultimately leads to crack formation in dense MnO2 layers. Such deposition-heterogeneity-induced 

material detachment was identified as a primary cause of capacity fading and poor cycling stability 

(Figure 5a).87 Specifically, large cracks appeared after depositing 10 mAh cm−2 of MnO2 on 

pristine carbon fiber (PCF), which subsequently led to bulk MnO2 detachment during discharge 

(Figure 5b). To address this, they introduced CNT frameworks onto carbon felt (CNT/CF) via in 

situ vapor-phase growth, guiding the uniform deposition of porous MnO2 and thus alleviating 

mechanical stress. As a result, the electrode exhibited crack-free MnO2 deposition even after 

plating 40 mAh cm−2 (Figure 5c), and the full cell achieved stable cycling over 200 cycles at a 

high areal capacity of 15 mAh cm−2.

To further improve MnO2 utilization in carbon scaffolds, researchers have developed surface 

modifications and interfacial chemical strategies to enhance redox kinetics and structural stability 

at the molecular level. For instance, Li et al. proposed a two-step electrodeposition approach to 

construct an organic–inorganic hybrid structure, in which MnO2 deposits are partially embedded 

within poly(4,4′-oxybisbenzenamine) (PODA) nanosheets onto nanoporous carbon (Figure 

5d).137 The resulting C@PODA/MnO2 architecture establishes strong Mn–N bonds that both 

enhance Zn2⁺ adsorption and suppress Mn dissolution (Figure 5e), while the PODA provides 

additional active sites (C=N) for Zn2⁺ storage. At higher-loading configuration (6.8 mg cm⁻2), the 

electrode delivered an areal capacity of 1.7 mAh cm−2 (250 mAh g−1 at 0.1 A g−1) and maintained 

good rate capability (56 mAh g−1 at 5.0 A g−1).

Other functional coatings and surface modifiers have also been explored to guide MnO2 

electrodeposition. Lan et al. introduced a manganese-based Prussian blue analog (Mn-PBA) seed 

layer on graphite foil, providing anchoring sites for uniform MnO2 growth.138 Fan et al. decorated 

carbon paper with Bi-MOF, which effectively directed Mn2+ deposition while gradually releasing 

Bi3+ to reinforce the structural stability of the deposits.139 Similarly, Zhu et al. electrodeposited 
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Bi/rGO composites onto carbon paper, as a substrate for the in situ growth of MnO2 nanoflakes.134 

Li et al. used electrodeposited NiMn-layered double hydroxide nanosheets on carbon cloth to 

induce local charge accumulation and form strong Mn–O bonds, thereby promoting favorable 

MnO2 deposition.140 However, despite these advances, most studies have yet to demonstrate the 

effectiveness of these strategies under high-loading MnO2 configurations.

To further optimize the geometry of 3D electrode architectures, techniques such as 3D printing 

and templating have been widely adopted to construct frameworks with precisely controlled 

porosity and tortuosity. Beyond the previously mentioned work on 3D printing MnO2-containing 

inks, 3D printing has also been explored for fabricating advanced current collector substrates. For 

instance, Wu et al. employed direct-ink 3D printing followed by high-temperature annealing to 

produce graphene/CNT-based carbon microlattices (3DP CMs) with tunable periodicity and 

tailored surface functionality.95 The ordered macroporous lattice created a more uniform local 

electric field, while defect-rich carbon surfaces formed during annealing promoted Mn2⁺ 

adsorption and accelerated nucleation. Conformal and dense MnO2 growth was achieved on the 

3DP CM substrate, whereas conventional carbon cloth and Ti mesh exhibited sparse and non-

uniform deposition (Figure 5f). Cyclic voltammetry (CV) measurements of MnO2-deposited 3DP 

CM (3DP MnO2) further revealed two pairs of redox peaks, corresponding to a two-step H⁺ and 

Zn2⁺ co-insertion/extraction process (Figure 5g). The larger enclosed area of the CV curves also 

indicates higher utilization of active material. As a result, the high-loading cathode (28.4 mg cm⁻2) 

achieved an areal capacity of 8.04 mAh cm⁻2, corresponding to a gravimetric capacity of 

282.8 mAh g⁻1, and retained 80.2% capacity retention after 500 cycles at 10 mA cm⁻2.

Extensive efforts have also focused on coupling lattice doping with advanced structural designs 

to simultaneously address transport limitations and enhance active material utilization in thick 

MnO2 electrodes. For example, Amine et al. combined K⁺ doping with a vertically aligned MnO2 

nanowire architecture, stands out for successfully integrating K⁺ doping with a vertically aligned 

nanowire architecture, simultaneously achieving high mass loading (20.2 mg cm⁻2) and notable 

energy density (77 Wh kg⁻1 sustained over 350 cycles).141 Ye et al. designed a K-δ-

MnO2/Ti3C2Tx MXene cathode paired with K2SO4 electrolyte additive, where the Ti3C2 skeleton 

and K⁺ ions synergistically stabilize the MnO2 structure, suppress Mn dissolution, and provide 

extra active sites for Mn2⁺ deposition, achieving a high capacity of 502.2 mAh g⁻1 at 0.3 A g⁻1.142
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Figure 5. a) Schematic illustration of the distinct MnO2 deposition/dissolution behavior on PCF 

and CNT/CF electrodes. b,c) Comparison of morphological evolution of PCF (b) and CNT/CF 

composite electrodes (c) during charging/discharging.87 d) Schematic of the two-step fabrication 

process forming the organic–inorganic hybrid C@PODA/MnO2. e) Calculated Zn2+ adsorption 

energies of MnO2 and PODA/MnO2.137 f) Surface morphology evolution of 3DP CM, carbon cloth, 

and Ti mesh during MnO2 electrodeposition. g) CV curves of AZIBs using MnO2-deposited 3DP 

CM, MnO2-deposited carbon cloth, and MnO2-deposited Ti mesh electrodes at a scan rate of 

0.1 mV s−1.95 
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3.4 Electrolyte optimization

Beyond engineering the components of the MnO2 electrode itself, electrolyte design is widely 

regarded as one of the most effective approaches to further enhance the performance of Zn–MnO2 

batteries.143,144 In 2016, Liu et al. pioneered the addition of MnSO4 to the conventional ZnSO4 

electrolyte to suppress Mn dissolution—a strategy that has since been widely adopted in 

subsequent studies till today, demonstrating the effectiveness of electrolyte additives.9 More 

recently, as deeper insights have been gained into the reaction mechanisms and failure modes of 

MnO2 cathodes in acidic electrolytes, the rational design of electrolyte systems has advanced 

accordingly.

Electrolyte engineering plays a crucial role in enhancing the rate performance of thick 

electrodes, particularly given the intrinsically sluggish reaction kinetics of MnO2. Chen et al. 

introduced the concept of a cationic accelerator (CA) to promote the solvation/desolvation 

processes, thereby improving the kinetics of both the cathodic MnO2/Mn2⁺ and anodic Zn/Zn2⁺ 

reactions.145 The resulting Zn–MnO2 battery incorporating the CA demonstrated impressive rate 

capability, achieving large reversible capacities of 455 mAh g⁻1 and 3.64 mAh cm⁻2 at 20 C, 

alongside long-term cycling stability exceeding 2000 cycles. More recently, Chai et al. designed 

an auxiliary molecule to construct P–O–M (M=Mn, Zn) d–pπ backbonding, which not only 

facilitates rapid cation capture during charging, promoting deposition, but also aids quick cation 

release during discharging, supporting efficient dissolution (Figure 6a).146 As a result, the Zn–

MnO2 full cell demonstrate a capacity retention of 94% after 1500 cycles at a high areal capacity 

of 14.05 mAh cm⁻2. To further demonstrate its practical use, a scaled-up soft-pack battery 

delivered over 1.60 Ah at a discharge rate of 0.5 C and retained a Coulombic efficiency of ~80% 

over 100 cycles. Impressively, an assembled 40 Ah battery successfully powered an electric 

vehicle over a demonstration distance of 10 km.

Another important challenge is the complex set of reactions during the discharge process of 

MnO2 and the need for controlled reaction selectivity to pursue higher specific capacity. Zhi et al.  

proposed using an amphiphilic hydrogel electrolyte with a wide electrochemical stability window 

and adequate Zn2+ ion channels, which creates a voltage plateau discrepancy between Zn2+ and H⁺ 

intercalation.32 This design enables the system to distinguish MnO2/Mn2+ conversion, Zn2+ 

intercalation, and H⁺ conversion occurring at different potentials. Similarly, Sun et al. used 
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Zn(H2PO4)2 as a proton reservoir; during discharge, Zn(H2PO4)2 deprotonates to Zn3(PO4)2, and 

the released protons facilitate the reduction of MnO2 to Mn2⁺ while maintaining a high redox 

voltage of 1.75 V.147 Cheng et al. demonstrated that a simple Zn(ClO4)2 aqueous electrolyte, with 

its high ionic conductivity even when frozen, could shift the dominant reaction from problematic 

H⁺ insertion at room temperature to primarily Zn2⁺ insertion at subfreezing temperatures.148 This 

system achieved high-energy-density prototypes with a practical N/P ratio of 1.5 (8 mAh cm⁻2 

MnO2) and a low E/C ratio of 2 g Ah⁻1.

Electrolyte engineering also plays a critical role in mitigating Mn loss caused by “dead MnO2” 

formation, with certain additives acting as redox mediators. These mediators introduce an 

additional redox couple that actively participates in the MnO2/Mn2⁺ redox cycle, enabling the 

reversible reactivation of inactive Mn species during cycling. Specifically, Mn3⁺ species (such as 

ZnxMnO2 and MnOOH), typically formed through intercalation or hydrolysis, and Mn4⁺ species 

remaining as residual MnO2 from detachment or Mn3⁺ disproportionation, can be chemically 

reduced back to soluble Mn2⁺ by the mediator. This process redissolves inactive Mn compounds 

and suppresses cumulative Mn loss (Figure 6b). As a proof of concept, Yang et al. demonstrated 

in a Cu–MnO2 system that adding 10 mM Fe3⁺/Fe2⁺ redox couple effectively reactivated these 

inactive species, thereby mitigating Mn dissolution (Figure 6c).75 The study also showed that other 

mediators, such as Br2 and organic species like 2,2,6,6-tetramethylpiperidinyloxyl (TEMPO), can 

similarly restore lost active material and stabilize cycling.

Recently, Zhou et al. introduced Al2(SO4)3 and hydroquinone (HQ) as additives (Al-HQ), 

where HQ serves as the redox mediator and Al3⁺ co-deposits or intercalates into MnO2, modulating 

its electronic structure.149 The resulting Zn/Al-HQ/MnO2 battery with a high areal capacity of 

10.7 mAh cm−2 delivered 99% of its initial capacity after 100 cycles (E/C ~0.1 mL mAh⁻1). 

Additionally, Li et al. demonstrated a vanadyl/pervanadyl (VO2+/VO2
+) redox-mediated 

interface.150 With MnO2 loadings ranging from 50 to 155 mg cm⁻2, the electrodes achieved nearly 

linear increases in areal capacity, reaching an average specific capacity of 593 mAh g⁻1 and 

delivering an areal capacity up to 100 mAh cm−2 (E/C ~0.6 mL mAh⁻1), with an estimated cost of 

$3.17 per kWh.

Finally, another significant advance in electrolyte design is its ability to effectively regulate the 

local pH value. As discussed earlier, pH critically influences the reaction pathways and the extent 
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of side reactions. Therefore, controlling the local pH environment near the cathode has emerged 

as a simple yet powerful strategy. Wong et al. introduced 0.05 M sodium dihydrogen phosphate 

(NaH2PO4, SHP) as a pH buffer into ZnSO4-based electrolytes, which suppressed vertical ZSH 

growth and mitigated MnO2 dissolution.76 With SHP additives, Zn–MnO2 cells using electrodes 

with a mass loading of 8 mg cm⁻2 achieved a capacity retention of 83.3% over 1000 cycles at 

1 A g⁻1 under a low N/P ratio of 2.24. Zhou et al. employed p-hydroxybenzaldehyde (M4) as an 

electrolyte additive to suppress proton-induced side reactions.151 By stabilizing the local proton 

environment, M4 effectively enhanced the reversibility of the MnO2/Mn2⁺ redox reaction, enabling 

a 1.68 Ah Zn–MnO2 pouch cell to operate stably for over 100 cycles. Building on the concept of 

interfacial regulation, Zhou et al. introduced a molecular additive, dioctyl phthalate (DOP), to form 

a stable CEI in situ during cycling.91 The organic CEI effectively suppresses Mn dissolution and 

prevents the formation of inactive byproducts (Figure 6d) and the high-loading Zn–MnO2 pouch 

cell delivered a capacity of 2.5 Ah over 40 cycles (8 g Ah⁻1).
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Figure 6. a) Design and working mechanism of P–O–M d–pπ backbonding in electrolytic Zn–

MnO2 batteries.146 b) Schematic illustration of “dead” MnO2 formation and the working 

mechanism of the redox mediator Fe3⁺/Fe2⁺ couple. c) Surface morphologies of carbon cloth and 

optical photographs of separators after cycling in electrolytes (c1) without and (c2) with Fe3⁺/Fe2⁺ 
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redox pair in Cu–MnO2 system.75 d) Schematic illustration of an in situ formed CEI derived from 

DOP additives, acting as a hydrophobic protective layer to mitigate Mn dissolution.91

4. Conclusion and perspectives

Figure 7. Summary of the challenges associated with high-loading MnO2 electrodes and the 

rational design strategies for high-performance Zn–MnO2 batteries.
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In this review, we provide a comprehensive overview of recent advances in Zn–MnO2 batteries, 

with a particular focus on high-loading configurations as achieving high-loading MnO2 cathodes 

is crucial for realizing the practical application of AZIBs in grid-scale energy storage (Figure 7). 

While we realize its significance, we also outline the critical challenges, considering both the 

intrinsic material properties and reaction mechanisms of MnO2, as well as the practical demands 

imposed by thick electrode architectures.

To address these challenges, we summarize the state-of-the-art design strategies for high-

loading MnO2 electrodes. Starting from the atomic level, lattice modifications, such as heteroatom 

doping, defect engineering, and superlattice construction, play vital roles in enhancing redox 

kinetics and mitigating structural degradation from Jahn–Teller distortion, thereby improving rate 

capability and cycling stability. Moving beyond atomic-scale design, surface coating strategies 

focus on regulating the local electrochemical environment of particles by introducing organic or 

inorganic layers. These coatings help stabilize the interfacial pH, effectively suppressing Mn 

dissolution and Mn3⁺ disproportionation.

At the macroscopic scale, substrate engineering and electrolyte optimization further improve 

the performance of thick MnO2 electrodes. Tailoring the morphology, surface properties, and 

architecture of substrates promotes uniform MnO2 deposition and efficient utilization of active 

materials. Meanwhile, the use of accelerators, redox mediators, and pH buffers in the electrolyte 

enables highly reversible, selective, and rapid redox reactions. Together, these multiscale design 

strategies pave the way for the development of high-performance, practical Zn–MnO2 batteries for 

large-scale energy storage applications.

Despite the encouraging progress made in developing high-loading MnO2 electrodes for 

practical Zn–MnO2 batteries, significant efforts are still required to advance their real-world 

application. Finally, we would like to share our perspective on several potential research directions 

that warrant further exploration in the study of high-loading MnO2 electrodes:

1) To advance Zn–MnO2 batteries from laboratory prototypes to practical energy storage 

systems, it is essential to establish industry-relevant performance benchmarks and 

define "high performance" under high-loading configurations. Target metrics should 

include a battery system cost ≤$50 kWh–1, energy density ≥100 Wh kg–1 or ≥100 Wh 

L–1, cycle life exceeding 1000 cycles, and robust operation under elevated temperatures 
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and lean electrolyte conditions.77,152,153 These criteria represent the requirements for 

competing with alternative battery chemistries—particularly for grid-scale and LDES 

applications—while aligning with the projected LCOS target of ≤$0.05 kWh–1. 

2) As discussed in Section 2, poor electrochemical performance is intrinsically linked to 

the physicochemical characteristics of electrode architectures, including porosity, 

tortuosity, and effective ionic penetration depth. While the quantitative relationships 

between these parameters and electrochemical behavior have been widely established 

for many battery systems, comparable quantitative studies remain scarce for MnO2 

electrodes, particularly in the context of high areal capacity operation and the thick-

electrode barrier. Developing systematic, quantitative analyses of these parameters 

would enable a unified framework for MnO2 electrode design and provide clearer, more 

rational guidelines for developing thick MnO2 electrodes suitable for practical 

implementation.

3) Design strategies confined to a single length scale are often inadequate to tackle the 

practical and fundamental challenges of high-loading MnO2 electrodes. Instead, 

synergistic multiscale approaches that integrate atomic-level lattice engineering, 

mesoscale surface coatings, and macroscale substrate and electrolyte optimization, 

would be essential for comprehensive performance improvements. In parallel, 

advanced characterization techniques beyond conventional X-ray diffraction and cyclic 

voltammetry, such as operando cryo-electron microscopy and hard X-ray methods, are 

crucial for capturing local, dynamic, and real-time processes across multiple length 

scales. These capabilities enable precise measurement of interfacial pH, direct 

visualization of the EDL, and monitoring of Mn valence states and structural evolution 

during cycling, thereby providing the mechanistic insights needed for the rational 

design of high-performance AZIBs.

4) While recent studies have increasingly focused on achieving high areal loading and 

high energy density, the low-cost advantage—the defining requirement for practical 

Zn–MnO2 batteries—must not be overlooked. It is worth noting that many reports 

demonstrating superior performance rely on modifications of lab-synthesized δ‑MnO2 

or nanostructured materials, which undermines the intrinsic cost competitiveness of the 

Zn–MnO2 system. Therefore, future efforts should prioritize developing high-
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performance electrodes built from low-cost, commercially available MnO2 materials or 

implemented via an electrolysis configuration. Likewise, substrate and electrolyte 

designs should avoid expensive raw materials, complex synthesis routes, and processes 

that are difficult to scale. By balancing performance gains with cost constraints at every 

design level, the Zn–MnO2 battery system can better realize its potential for truly low-

cost, large-scale energy storage applications.

5) To date, most studies have not demonstrated electrodes with mass loadings exceeding 

5 mAh cm⁻2, primarily due to manufacturing limitations. Overcoming this bottleneck 

will require optimized electrode fabrication strategies—for example, incorporating 

percolative carbon-based conductive networks and highly functionalized, flexible 

binders to preserve electrical connectivity and mechanical integrity at high thickness. 

It is noteworthy that many recent studies achieving areal capacities above 10 mAh cm⁻2 

have relied on electrolytic MnO2 deposition directly onto conductive substrates, 

offering a promising alternative to conventional electrode fabrication routes. Moving 

forward, research efforts should focus on enhancing the reversibility and efficiency of 

cathodic reactions in electrolytic systems to enable practical, high-loading Zn–MnO2 

batteries.
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