Open Access Article. Published on 23 2025. Downloaded on 12/4/2025 2:43:54 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

EES Batteries

REVIEW

{ M) Check for updates ‘

Cite this: EES Batteries, 2025, 1, 1047

Received 12th June 2025,
Accepted 21st July 2025

DOI: 10.1039/d5eb00114e

rsc.li/EESBatteries

Broader content

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online
View Journal | View Issue

From surface chemistry to ion dynamics:
mechanistic roles of MXenes in aqueous zinc-ion
batteries

Jinshuai Liu, Song Chen, Wenshuo Shang and Jintao Zhang ‘& *

As the global demand for sustainable and safe energy storage solutions intensifies, aqueous zinc-ion bat-
teries (AZIBs) have emerged as a promising next-generation energy storage system owing to their inherent
safety, cost-effectiveness, and environmental benignity. Metallic zinc, with a high theoretical capacity
(820 mAh g%, a low redox potential, and natural abundance, is well-suited for use as an anode. However,
persistent challenges, including dendrite growth, parasitic hydrogen evolution, and corrosion, undermine
its long-term electrochemical stability. Meanwhile, cathode performance is often limited by structural
degradation and sluggish Zn?* diffusion kinetics. In this context, MXenes, a rapidly expanding family of
two-dimensional (2D) transition metal carbides and nitrides, offer new opportunities for advancing AZIB
technologies. Their unique structural characteristics, including high electrical conductivity, tunable inter-
layer spacing, and surface-rich functionalities, position them as promising candidates for both anode and
cathode design. This review systematically elucidates the charge storage mechanisms in AZIBs, summar-
izes the development of advanced cathode and anode materials, and provides a critical overview of
MXene synthesis, surface modification, and integration strategies. Particular emphasis is placed on their
multifunctional roles in electrode frameworks and as electrolyte additives to modulate ionic conductivity
and interfacial stability. By integrating recent insights and highlighting future research directions, this
review aims to provide a roadmap for the rational design of MXene-enabled AZIBs with enhanced electro-
chemical reversibility, structural durability, and system-level performance.

Aqueous zinc-ion batteries (AZIBs) offer intrinsic safety, low cost, and environmental compatibility. Yet, issues like dendrite growth, sluggish ion transport,
and electrode degradation limit their performance. MXenes, 2D transition metal carbides/nitrides, present unique advantages such as high conductivity,
tunable interlayer spacing, and functional surfaces for improving electrode and interfacial stability. This review outlines the fundamental charge storage

mechanisms, highlights recent progress in AZIB design, focusing on MXene synthesis, modification, and multifunctional integration. It also explores their
broader potential in multivalent systems, offering guidance for next-generation battery development.

1. Introduction

global warming and environmental pollution.” In response,
clean and renewable energy sources such as solar, wind, and
tidal energy have experienced significant growth. Nevertheless,

With the rapid advancement of the global economy and con-
tinuous technological progress, the demand for energy has
surged dramatically. However, the traditional fossil fuels such
as coal, natural gas, and petroleum are finite and non-renew-
able resources. Their extensive consumption contributes sub-
stantially to greenhouse gas emissions, thereby intensifying
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their energy output is inherently intermittent and highly
dependent on geographic and temporal conditions, which
severely limit their stability and reliability in practical appli-
cations. To address this challenge, the development of
efficient energy storage systems is essential to capture and
store energy from diverse sources for continuous and con-
trolled utilization. Among various energy storage technologies,
lithium-ion batteries have emerged as the most widely used
systems due to their high energy density and good cycling
stability, and are widely deployed in electric vehicles, marine
transport, and smart grids.® However, as the global energy
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Fig. 1 The applications of typical AZIBs and the commercially used materials of the cathode, anode, and electrolyte. Reproduced with permission

from ref. 10.

transition accelerates, the rising cost and limited availability of
lithium resources have become increasingly critical concerns.
These challenges underscore the urgent need to develop
alternative energy storage technologies that are low-cost,
resource-abundant, and inherently safe.

Aqueous-based batteries, utilizing water-based electrolytes,
present several intrinsic advantages over traditional organic
electrolyte systems. First, aqueous electrolytes allow for simple
and safe battery assembly under ambient conditions, eliminat-
ing the need for inert or anhydrous environments and thereby
substantially reducing production costs.* Second, the lower vis-
cosity of aqueous electrolytes (~1 mPa s) compared to their
organic counterparts (~1.9 mPa s) facilitates faster ion trans-
port, leading to higher power density and fast charging capa-
bility.> Third, the non-toxic, non-volatile, and non-flammable
nature of aqueous electrolytes significantly enhances oper-
ational safety. These merits have drawn increasing attention
toward aqueous rechargeable batteries.® Aqueous battery
systems can be broadly categorized based on the valence state
of the charge carriers involved. Monovalent ion systems (e.g.,
Li", Na', and K) typically involve single electron transfer pro-
cesses, while multivalent ion systems (e.g., Zn>*, Mg”*, Ca*",
and AI’") enable multiple-electron transfers, thereby offering
higher theoretical capacities. Despite their promise, many
multivalent ion systems face fundamental challenges that
hinder practical application. For instance, Mg”" suffers from
poor reversibility in deposition/stripping processes within
aqueous electrolytes,” Ca** exhibits sluggish kinetics due to its
large hydrated ionic radius (~1.00 A),® and AI** is prone to
form passivation layers that impede cycling stability.’ In con-
trast, Zn>* stands out due to its favorable combination of pro-
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perties, including high theoretical capacity, low cost, and
environmental compatibility. As such, zinc-ion batteries have
garnered considerable attention as promising next-generation
energy storage systems.

The typical configuration and material components of
AZIBs are illustrated in Fig. 1.'° Metallic zinc can be directly
employed as the anode owing to its high theoretical specific
capacity, suitable redox potential, and low cost."* However,
several issues challenge the practical deployment of zinc
anodes. The uneven electric field distribution on the zinc
surface often leads to non-uniform Zn>" deposition, resulting
in uncontrolled dendrite growth that may penetrate the separa-
tor and cause short circuits. Additionally, parasitic side reac-
tions such as the HER and surface corrosion at the electrode
and electrolyte interface severely degrade anode stability and
reduce cycle life.”> On the cathode side, the development of
materials with high electrochemical stability and rapid reac-
tion kinetics remains an ongoing challenge."

MXenes are emerging two-dimensional (2D) materials with
abundant surface terminations, tunable interlayer spacing,
and excellent electrical conductivity. Although graphene exhi-
bits ultra-high conductivity due to its zero bandgap, its chemi-
cally inert surface relies heavily on complex functionalization

to introduce active sites.**

In contrast, g-C;N4, as a semi-
conductor, suffers from limited charge carrier mobility and
inherent structural brittleness, which restrict its electro-
chemical applications."> Compared to these materials, MXenes
offer distinct advantages. Their rich surface chemistry can be
directly tailored during the etching process, avoiding the need
for the complicated post-treatment required for graphene. The

dynamically adjustable interlayer spacing of MXenes over-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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comes the diffusion limitations of large ions imposed by gra-
phene’s fixed interlayer distance. Furthermore, MXenes
combine a Young’s modulus comparable to graphene with
superior flexibility, reinforcing their irreplaceable role in flex-
ible devices."®

This review aims to provide a comprehensive overview of
AZIBs from a fundamental perspective. We first introduce the
historical development and underlying energy storage mecha-
nisms of AZIBs, followed by a discussion of current challenges.
Subsequently, we explore various cathode and anode material
systems under investigation. Particular emphasis is placed on
MXene-based materials, including their structural character-
istics, synthetic strategies, and recent advances in AZIB appli-
cations. Finally, we summarize key developments and offer
perspectives on the future outlook for MXene-enabled AZIB
technologies.

2. Overview of aqueous zinc-ion
batteries
2.1 Development history

As illustrated in Fig. 2, the evolution of AZIBs spans more than
two centuries."””'® The earliest battery dates back to 1799,
when Alessandro Volta invented the first voltaic pile by stack-
ing alternating zinc and copper discs separated by brine-
soaked cloth.® In 1836, John Frederic Daniell developed the
first practical Zn-Cu battery, which found practical application
in railway signaling and marked a significant advancement in
battery technology.'® In 1866, Georges Leclanché introduced a
new Zn-MnO, battery, utilizing a zinc rod as the anode, MnO,
as the cathode, and a 20% NH,Cl aqueous solution as the elec-
trolyte.>® In 1885, Carl Gassner further improved this system
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by adding starch to the electrolyte to form a paste, solving
leakage issues and ushering in the era of dry cells."® In 1986,
Yamamoto pioneered the replacement of corrosive KOH with
neutral ZnSO,, leading to an aqueous Zn-Mn battery capable
of nearly 50 charge-discharge cycles.”! However, a complete
understanding of the electrochemical mechanisms remained
elusive until 2011, when Kang and colleague explored
rechargeable AZIBs and elucidated their reaction pathways.??
This significant discovery not only overcame the limitations of
traditional zinc-ion batteries as primary cells but also pro-
pelled the rapid development of AZIB technology, establishing
it as a vital branch in emerging energy storage systems.>*

2.2 Energy storage mechanisms

AZIBs typically consist of a zinc metal anode, a suitable
cathode material, a separator, and an aqueous electrolyte.
During discharge, the metallic zinc anode oxidizes to Zn*",
releasing electrons that flow through the external circuit, while
Zn*" jons diffuse towards the cathode through the electrolyte.
The charging process reverses these reactions. The
cathode reactions differ markedly from those in lithium-ion
batteries and can be classified into three main mechanisms:
Zn** insertion, Zn** and H' co-insertion, and conversion
reactions.>*

2.2.1 Zn”" insertion mechanism. Cathode materials with
open-framework or layered crystal structures can reversibly
host Zn®". Upon discharge, Zn** ions are inserted into the
cathode lattice alongside electrons to maintain charge
balance. During charging, Zn>* ions are extracted back into the
electrolyte. The ionic radius of Zn®" (0.74 A) is similar to that
of Li* (0.76 A), allowing for reasonably efficient diffusion in
suitable hosts.>® For instance, a rechargeable Zn-MnO, battery
was fabricated by using tunnel-structured o-MnO, as the
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Fig. 2 A timeline demonstrating the development of AZIBs. Reproduced with permission from ref. 17 and 18.
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cathode.” Zn*" inserts into o-MnO, during discharge, forming
ZnMn,0,, which reverts upon charging:
Cathode:

Zn*" +2e” 4 2MnO, «+ ZnMn,0, (1)
Anode:
Zn —2e” < Zn** (2)

However, in aqueous solutions, Zn>" typically forms
hydrated complexes with a larger effective radius (~4.3 A),
resulting in slow kinetics due to strong electrostatic inter-
actions. Using water-rich layered MnO,, the interlayer water
would weaken electrostatic interactions, facilitating Zn**
diffusion and enhancing structural integrity.”® Other examples
include y-MnO,,*” V,0s, p-VO,@C, and Prussian blue analogs,
all of which support Zn>* insertion and demonstrate varying
degrees of reversibility and capacity.?®

2.2.2 Zn** and H' co-insertion mechanism. In some
systems, both Zn** and H' participate in charge storage,
offering synergistic effects. Due to their small size and high
mobility, H' rapidly diffuses and inserts into the host material,
while Zn** provides higher charge density. For example, a
MoS,/PEDOT composite with significantly expanded interlayer
spacing was developed. The presence of PEDOT promoted H"
insertion, which in turn weakened Zn>" interactions with the
host, improving ion transport.>® Similarly, both Zn*" and H*
contributed to energy storage in a PEO-intercalated LiV;Og
cathode.®® The PEO intercalation significantly increased the
proportion and quantity of Zn** insertion, as evidenced by
enhanced diffusion coefficients from GITT measurements.

Unlike the co-insertion of Zn®*" and H”, Nazar reported a
unique Zn*'/H,0 co-intercalation mechanism in Zn-
Zn, ,5V,05-nH,O batteries.®’ The cathode material features a
layered structure containing intercalated divalent metal ions
and water molecules, along with dual-electron redox centers.
Typically, water molecules are released simultaneously with
Zn*" insertion during discharge and are reabsorbed during
charging. The reversible expansion and contraction of the
interlayer spacing, enabled by H,O molecules, plays a crucial
role in facilitating reversible intercalation and deintercalation
of Zn*". This dynamic contributes to enhanced reaction kine-
tics and excellent high-rate performance.

2.2.3 Conversion reaction mechanism. In contrast to the
intercalation-based mechanisms described above, conversion
reactions involve substantial structural phase transformations.
These transformations allow the participation of multiple elec-
trons in redox processes, enabling higher theoretical
capacities. However, such conversions are often partially or
wholly irreversible, which can result in rapid capacity degra-
dation, thereby limiting the cycling stability and rate perform-
ance of conversion-type electrodes. Addressing this limitation
requires thoughtful material design to enhance reversibility.
For example, a-MnO, exhibited a morphological transition
from micron-scale nanofibers to short nanorods and nano-
particle aggregates during the initial discharge.>” This trans-
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formation, differing from the previously reported formation of
ZnMn,0,, was instead attributed to the reaction between
a-MnO, and protons from the electrolyte, producing MnOOH
according to the following reaction:

Cathode:

MnO, + H" + e~ + MnOOH (3)
Anode:
Zn —2e” «» Zn*" (4)

To maintain charge neutrality, the excess OH™ produced
reacts with ZnSO, and H,O in the electrolyte, forming flake-
like ZnSO,4[Zn(OH),]5-xH,0. Similarly, f-MnO, is converted to
MnOOH during the initial discharge.*® The Mn*>" ions orig-
inate from both the dissolution of -MnO, and the transform-
ation of MNnOOH. Upon charging, Mn>" and MnOOH are reoxi-
dized to &-MnO,, which can reversibly transition back to
MnOOH or dissolve as Mn** under the influence of protons.
Interestingly, both conversion reactions and Zn>*/H" co-inser-
tion processes coexist in a-MnO,@CFP cathodes, revealing the
presence of ZnMn,0, and MnOOH phases during charge/dis-
charge cycles.*® Both studies highlight that the electro-
chemical behavior of MnO, in AZIBs involves far more than
simple Zn>" intercalation. Instead, it is a complex, multi-ion
process involving H*, Mn?", and structural transformations.
Together, these studies offer complementary insights into
MnO,-based cathode chemistry, forming a robust theoretical
foundation for future material design and system optimiz-
ation. Going forward, efforts should focus on mitigating struc-
tural irreversibility and by-product formation, promoting
efficient H'/Zn** co-intercalation through morphological
engineering, and formulating advanced electrolytes to stabilize
electrode-electrolyte interfaces.

Each mechanism offers distinct benefits
capacity, cycling stability, and rate capability, but also presents
unique challenges. Moreover, these mechanisms may coexist
or evolve dynamically during cycling, resulting in complex
electrochemical behavior. Therefore, comprehensive mechan-
istic studies are essential to fully understand and optimize
these storage processes, paving the way for the development of
next-generation AZIBs. Several critical challenges continue to
impede their practical implementation and commercializa-
tion. One of the primary issues lies in the instability of
cathode materials, which often undergo dissolution, structural
collapse, and volumetric expansion during repeated cycling.
These degradation processes severely undermine the long-
term cycling stability and contribute to rapid capacity fading.
Furthermore, most cathode materials suffer from inherently
low electronic conductivity. This limitation, combined with the
strong electrostatic interaction between Zn*>* ions and the host
framework, results in sluggish ion diffusion and poor rate per-
formance. Compounding this issue, the ionic transport pro-
perties of separators and electrolytes are often insufficient,
further hindering redox kinetics and overall cell efficiency.’®
On the anode side, the uncontrolled formation of zinc den-

in terms of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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drites remains a significant obstacle. Due to the tip effect, Zn**
tends to deposit unevenly on surface protrusions, leading to
dendrite growth that can eventually penetrate the separator
and cause internal short circuits. Additionally, mechanical
stress from repeated cycling can generate electrically isolated
“dead zinc”, diminishing both the reversibility and coulombic
efficiency of the battery.>® Another major concern is the proxi-
mity of the zinc deposition potential to that of the HER. This
overlap makes it difficult to completely suppress the HER,
even under an applied overpotential. The resulting gas evol-
ution not only causes battery swelling and safety hazards but
also increases the local pH, promoting the formation of corros-
ive byproducts that accelerate electrode degradation and
reduce cycling life.?”

3. Progress and overview of cathode
materials

As a critical component of AZIBs, the cathode plays a central
role in storing Zn>" and largely determines the overall perform-
ance of the battery. To enable commercial deployment,
cathode materials must exhibit excellent structural stability
and long-term cycling durability. In recent years, considerable
progress has been made in the development of high-perform-
ance cathode materials. A wide range of promising systems has
emerged, including vanadium-based compounds, manganese-
based compounds, Prussian blue analogs, organic materials
and others.?®

3.1 Vanadium-based compounds

Vanadium-based materials are considered promising cathodes
for AZIBs due to their multiple valence states and diverse
coordination environments, which provide exceptional flexi-
bility in accommodating multivalent ions.>® These materials
can be broadly classified into vanadium oxides, metal vana-
dates, and other derivatives such as VS, and VSe,.** Among
them, V,0s;, which utilizes a dual-electron V°*/V** redox
couple, offers a high theoretical capacity of 589 mAh g™*
making it a compelling candidate for Zn>" intercalation.
However, the practical use of V,0s5 is hindered by its inherently
unstable layered structure and poor intrinsic electrical conduc-
tivity, which limit both its capacity retention and cycling stabi-
lity. To overcome these limitations, several strategies have been
proposed. For example, as illustrated in Fig. 3a, the addition of
trimethyl phosphate (TMP) as an electrolyte additive reduces
the free water content to just 2.5%, effectively suppressing
parasitic reactions and vanadium dissolution, resulting in
higher coulombic efficiency.*' Particle size optimization is
another effective approach. The ball-milled V,05 used as a
cathode in the ZnSO, electrolyte exhibited a high capacity of
410.2 mAh g" at 0.1 A g~* along with excellent cycling per-
formance.*” Given the layered nature of V,0s, a polyaniline
intercalation structure was developed to improve battery per-
formance.”” The intercalated conjugated polymer chains
improve structural flexibility in confined interlayer spaces and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Schematic illustrations of zinc ion insertion/extraction of PANI100-V,05
during the discharging/charging process. Reproduced with permission
from ref. 43.
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facilitate Zn>" accommodation without significant phase tran-
sitions, thereby mitigating intercalation-induced stress and
enhancing cycling durability (Fig. 3b).*?

Compared to monovalent alkali metal ions, chemically pre-
intercalated divalent metal ions form stronger ionic bonds
with oxygen atoms, which helps bridge adjacent layers to
prevent structural collapse. The Zng,s5V,05-nH,O cathode
material was first demonstrated in AZIBs, delivering a revers-
ible capacity of 260 mAh g~" with 81% capacity retention over
1000 cycles. This breakthrough established hydrated vanadium
oxides as promising cathode candidates for zinc-ion storage
systems.>" The co-intercalated water molecules buffer the high
charge density of multivalent ions and reduce the activation
energy for interfacial charge transfer. These water molecules
play a crucial role in expanding and contracting the interlayer
spacing reversibly, allowing efficient Zn>* intercalation and
deintercalation. Similarly, in Mgy 34V,05:0.84H,0, hydrated
Mg>" pillars enable the formation of an expanded interlayer
spacing up to 13.4 A, thereby facilitating rapid Zn?*
diffusion.** This exemplary “pillar effect” has inspired broad
efforts to develop pre-intercalated hydrated vanadium oxides
with enhanced electrochemical properties.*”

Beyond oxides, other vanadium-based materials, such as
layered sulfides and selenides, have also been employed as
cathodes for AZIBs.**® These compounds can accommodate
Zn>" via multiple redox processes, offering high energy density
and rate performance. Despite their high theoretical capacity
and cycling durability, the application of vanadium-based
compounds in AZIBs still faces challenges, including low elec-
trical conductivity and structural instability. Continued
research efforts are therefore essential to fully exploit their
potential in aqueous battery systems.

MXenes, with their exceptional intrinsic electrical conduc-
tivity, tunable surface functional groups (e.g.,, -OH and -O),
and excellent hydrophilicity, offer a promising opportunity to
address the conductivity bottleneck and structural water man-
agement challenges of VO,. When employed as conductive
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scaffolds or coating layers, MXenes can significantly enhance
the electron transport in VO, electrodes, thereby alleviating
rate-performance limitations.”” Moreover, the abundant
oxygen-containing functional groups on MXenes can form
strong interactions, such as hydrogen bonding, to effectively
“anchor” structural water molecules, suppressing their detri-
mental dissociation and uncontrolled loss, and thus maintain-
ing the stability of the hydrated structure. At the same time,
the superior mechanical strength and layered architecture of
MXenes help to distribute the stress induced by ion insertion
more evenly, reinforcing the structural integrity of the VO
framework. These synergistic effects ultimately contribute to
improved cycling durability of VO-based cathodes, even under
high-capacity operation.*®

3.2 Manganese-based compounds

The advantages of manganese-based compounds primarily lie
in their intrinsic safety, notable economic benefits, environ-
mental friendliness, and abundant redox-active sites.*® This
material system encompasses various crystal structures,
including multiple polymorphs of MnO, (a-, -, y-, &-, 5-types)
and manganese oxides such as Mn,0;, Mn;0,, and MnO.>
These transition metal oxides exhibit highly reversible Zn**
insertion and extraction behaviour during electrochemical
cycling, attributed to their characteristic multi-electron trans-
fer mechanisms, making them attractive candidates for emer-
ging energy storage devices. However, their practical appli-
cation is hindered by poor electrical conductivity and strong
electrostatic interactions between Zn*' and the host lattice,
which result in sluggish ion migration. Moreover, due to the
Jahn-Teller effect, Mn®** ions tend to disproportionate into
Mn*" and Mn**, leading to Mn dissolution into the electrolyte
and consequent voltage and capacity fading. Structurally,
manganese-based compounds consist of single MnO, layers
held together by weak van der Waals forces, which are prone
to severe deformation, crystal structure damage, and irrevers-
ible phase transitions during repeated Zn>" intercalation and
deintercalation, further causing significant cycling instability.
Recent modification strategies have made notable progress
in addressing these limitations. At the material design level,
introducing specific ionic dopants (e.g., Mo, Al, and Ca®") has
been shown to effectively mitigate these issues.> Mo and Al
doping stabilizes higher manganese oxidation states (by
increasing the average Mn valence), suppress Mn®* dispropor-
tionation and Jahn-Teller distortions, and thus significantly
enhance phase stability (Fig. 4).>> Furthermore, Mo can widen
interlayer spacing to facilitate Zn>" diffusion, while Al induces
special superlattice structures that improve both conductivity
and ion diffusion kinetics, enabling exceptionally long cycling
life (e.g., 15 000 cycles with 1.98% Al doping).>® Ca** interlayer
pillars stabilize the layered structure through a pillar effect,
create oxygen vacancies, and improve reaction kinetics while
maintaining structural integrity. Constructing 3D porous nano-
structures (Cag.1oMnO,-0.61H,0) offers a physical pathway to
optimize Zn>* transport and mitigate agglomeration-induced
structural degradation.”* Electrolyte engineering, such as NH,*
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pre-intercalation in tailored aqueous-organic hybrid electro-
Iytes, also helps regulate interfacial reactions and charge-
storage kinetics to limit manganese dissolution and related
degradation.*

Importantly, as an emerging class of materials, 2D tran-
sition metal carbides/nitrides (MXenes) offer a promising
route to address these challenges. Owing to their excellent
electrical conductivity, tunable surface chemistry, abundant
functional groups, and high hydrophilicity, MXenes can facili-
tate fast electron transfer and alleviate structural stress caused
by charge accumulation. Their strong adsorption capability
can help immobilize manganese ions or intermediates, effec-
tively suppressing manganese dissolution.>**® Moreover, the
layered structure of MXenes can act as a stable substrate or
coating layer, guiding the controlled deposition/growth of
MnO,, mitigating adverse structural evolution, and enhancing
phase stability. These unique properties present an attractive
pathway to synergistically optimize ion diffusion, electronic
conduction, and chemical or electrochemical stability
especially by suppressing manganese dissolution - in MnO,-
based zinc-ion batteries.

3.3 Prussian blue analogs

Prussian blue analogs (PBAs) are metal-organic frameworks
characterized by the presence of internal metal centers and an
ordered interconnected structure. Compared to layered metal
oxides and polyanionic compounds, their lattices possess
larger interstitial spaces that can accommodate metal ions
with relatively larger ionic radii. The inherent 3D network
structure effectively mitigates structural changes caused by
repeated insertion and extraction of metal ions, endowing
PBAs with high operating voltages and rapid charge and dis-
charge capabilities. FEarly studies primarily explored Zn**
storage hosts by tuning the metal centers, including ortho-
rhombic ZnHCF,?” cubic CuHCF,*® FeHCF,*® and NiHCF.®° In
2015, it was reported that CuFe(CN) could serve as a cathode
for AZIBs, retaining 90% of its theoretical capacity after 100

cycles.®’ However, these metal hexacyanoferrates (MHCFs) gen-
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erally exhibit low discharge capacities below 70 mAh g™'. The
limited Zn>" storage sites within the tunnel-type structure, the
solubility of active materials, and possible phase transitions
and aging collectively result in poor cycling stability.

Recent strategies to improve the performance of PBAs high-
light several effective approaches. In terms of morphology
engineering, a self-templated method was innovatively
employed to synthesize hollow Co-substituted manganese-
based cobalt hexacyanoferrate (CoHCF) spheres (Fig. 5a),
which demonstrate significant advantages.®” The unique
hollow architecture offers a large electrochemically active
surface area and abundant ion (e.g., Zn**/K") transport chan-
nels. More importantly, the internal cavity effectively buffers
the volumetric stress induced by repeated ion insertion/extrac-
tion, greatly enhancing the mechanical and structural stability.
This design enables excellent rate capability and cycling dura-
bility, delivering a capacity of 173.4 mAh g* at 0.3 A g~ with
negligible decay even after 2200 cycles.®® Lattice and compo-
sitional regulation represents another key strategy. In CoHCF,
partial substitution of Mn*" by Co®" is crucial. Not only does
Co®" participate in redox reactions (Co>*/Co®"), but more
importantly, it effectively suppresses Jahn-Teller distortions of
the Mn-N, octahedra (arising from the d* high-spin configur-
ation of Mn’"), thereby significantly improving the cyclic
phase stability of the framework. Defect engineering also
shows strong potential. For example, precise control of the K'/
Ag' ratio in the framework enables the synthesis of vacancy-
rich, anhydrous Ky.95Ag;.05sFe(CN)s (Fig. 5b).°* These anion
vacancies not only optimize ion diffusion pathways but also
activate two consecutive redox couples (Fe**/Fe** and Ag*/Ag),
theoretically involving up to 4 electrons per formula unit (2
from Fe(CN)g and 2 from Ag), resulting in an ultra-high theore-
tical capacity and 80.3% capacity retention after 100 cycles.

MXenes offer a promising pathway to address the remain-
ing challenges of PBAs, such as limited conductivity, inter-
facial instability, and stress concentration during deep charge/
discharge. MXenes, with their high electrical conductivity,

bCo(lIl)-NEC-Fe(lll) Co(IT)-N=C-Fe(III) Co(IT)-N=C-Fe(II)
AN TN 585 25 il g 3 P
FaiSrall ) Ak A Discharge "‘F“"%‘"i?’% 00000
O &0 &0 K extracton ° & 2 Gl > Hio 1 prsdh
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Fig. 5 (a) Schematic illustration of reversible Zn?* intercalation/deinter-
calation in CoFe(CN)g frameworks during the electrochemical process.
Reproduced with permission from ref. 62. (b) Schematic of the energy
storage mechanism in AQHCF-3. Reproduced with permission from ref.
64.
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tunable surface chemistry (e.g., abundant functional groups),
and excellent mechanical properties, can serve as conductive
scaffolds or coatings to enhance electron transport between
PBA nanoparticles and distribute stress more uniformly.*
Their strong surface interactions may help anchor the PBA
framework, mitigating performance degradation due to com-
ponent dissolution or vacancy migration. Additionally, the
selective adsorption and transport of Zn®*" by MXenes may
further improve interfacial kinetics. These synergistic effects
make MXenes a highly promising platform for developing
high-performance, long-life PBA-based cathodes for aqueous
zinc-ion batteries.

3.4 Organic materials and others

Organic compounds, featuring high theoretical capacities, low
cost, and low toxicity, have emerged as promising electrode
materials for AZIBs. However, due to the weakly acidic nature
of aqueous electrolytes and the repeated intercalation and
deintercalation of Zn**, cathode materials must exhibit excel-
lent structural stability and limited solubility. Quinone-based
derivatives containing carbonyl groups have demonstrated
strong coordination ability with Zn**, making them effective
hosts for zinc storage. Nevertheless, the dissolution of redox
intermediates or uncontrollable phase evolution often leads to
limited cycle life. To address these issues, a thiophene-based
organic quinone material (BNDTH) with multiple active func-
tional groups and an extended n-conjugated framework was
synthesized.®®> Despite these features, the material’s practical
performance was constrained by the low utilization of active
sites and poor electrical conductivity. To overcome this,
BNDTH was composited with reduced graphene oxide (RGO),
which significantly improved conductivity and facilitated rapid
charge transfer, thereby delivering a high specific capacity and
excellent cycling performance (Fig. 6a).°® In addition to carbo-
nyl-based compounds, nitrogen-containing structures have
also been identified as effective coordination sites for Zn>*. In
the discharge process of polyaniline cathodes, the reduced,
non-protonated imine units (<=N-) generate negatively charged
nitrogen sites (-N-) that coordinate with Zn** (Fig. 6b).®® Upon
charging, Zn”" is released via oxidation and rebinds with =N-
groups, enabling reversible Zn>* storage.

Recently, 2D conductive metal-organic frameworks (MOFs),
such as Cuz(HHTP),, have been introduced as cathode
materials. Their high electrical conductivity and intrinsic poro-
sity facilitate efficient charge and ion transport, leading to
impressive performance with a capacity of 124.5 mAh g™* at 4
A g7 and a capacity retention of 75% at 0.5 A g~ *.%” In parallel,
covalent organic frameworks have also attracted increasing
attention due to their designable architectures and tunable
active sites. For example, a novel dual-active-center COF
(TA-PTO-COF) achieved a specific capacity of 255 mAh g™" at a
current density of 0.1 A g~ '.°® A key challenge for both MOF
and COF materials lies in balancing high conductivity with
structural robustness. For MOFs, enhancing active site utiliz-
ation through doping or defect engineering is essential,
whereas for COFs, optimizing interlayer interactions is crucial
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extents of reduction of BNDTH. Reproduced with permission from ref.
65. (b) The proposed redox mechanism of PANI/CFs. Reproduced with
permission from ref. 66.

to improving mechanical strength. Furthermore, the compat-
ibility of these materials with the electrolyte system is vital.
Designing low-concentration electrolytes with wide electro-
chemical windows may help suppress side reactions and
reduce cost. Despite the progress achieved, further efforts are
required to develop high performance organic electrode
materials, thereby advancing the practical application of
AZIBs.

4. Progress and overview of anode
materials

In aqueous zinc electrodes, the cathode reaction varies
depending on the type of material, and the reaction mecha-
nism directly affects the performance and stability of the
battery. For example, metal oxides such as V,0s undergo
typical embedding and de-embedding reactions, while organic
molecules such as polyaniline and quinones undergo oxi-
dation and reduction of reactive groups. In the broadly used
weakly acidic electrolyte, the zinc anode reaction is considered
to be a chemical reaction between Zn and Zn** in the electro-
lyte. In practice, dendrite growth and related side reactions at
the zinc anode are two major problems. Zinc dendrite growth
not only punctures the diaphragm and leads to short-circuiting
of the battery but also increases the internal resistance of the
battery and reduces the energy efficiency. Hydrogen evolution
produces gas, leading to battery swelling and performance
degradation. Corrosion and passivation reduce the activity of
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the zinc anode, affecting the cycle life of the battery. These
problems severely limit the cycling stability and practical appli-
cation potential of AZIBs.

4.1 Challenges of the zinc anode

Among the key challenges, unavoidable dendrite growth is
common in metal anodes based on deposition and dissolution
reactions, and this phenomenon is particularly prominent in
AZIBs. The uncontrollable growth of dendrites is prone to trig-
gering internal short circuits in the battery leading to system
failure.®® Influenced by the weakly acidic electrolyte environ-
ment, the zinc deposition morphology usually shows unique
mossy or flaky features. This contrasts with the typical dendri-
tic morphology in alkali metal systems such as lithium and
sodium.®®””" Exploring the principle of zinc anode dendrite
growth and then seeking an efficient solution is crucial for the
wide application of AZIBs.

From a kinetic analysis, the electrodeposition process can
be divided into three key stages (Fig. 7a).”* Firstly, Zn** com-
pletes the diffusive migration in solution under the combined
effect of the concentration gradient and the electric field force,
and then Zn*>" ions migrating to the electrode surface are
reduced to metallic zinc atoms through the charge transfer
reaction. Finally, the zinc atoms in the reduced state undergo
the nucleation and crystal growth process on the substrate
surface.”® It was found that the initial nucleation behaviour of
zinc deposition has significant spatial selectivity, and the
inherent crystal boundaries, dislocations, tips, and other
highly active sites on the substrate surface preferentially
adsorb Zn®" and trigger the reduction reaction to form initial
nucleation sites.”* These initial nucleation sites, due to their
lower nucleation barriers, further induce the preferential depo-
sition of subsequent zinc atoms, ultimately leading to the
directional growth of localized dendrites. As the electrodeposi-
tion continues, the Zn** concentration, substrate electric field
distribution, and deposition rate in different regions become
more and more different, which ultimately leads to inhomo-
geneous deposition and dendrite formation. This can also be
seen in Fig. 7b.””

During the deposition process, when the substrate surface
has a uniform microstructure, the electric field distribution is
relatively uniform, which provides favourable conditions for
the uniform deposition of Zn>". However, once a localized tip
structure exists on the substrate surface, it leads to a signifi-
cant enhancement of the electric field strength in that region,
resulting in a localized electric field concentration that is
much higher than that in other regions. This inhomogeneity
of the electric field distribution increases as the deposition
process proceeds. The tip region accelerates the deposition of
Zn*" due to the stronger electric field attraction, making the
tip structure more and more obvious and further increasing
the variability of the electric field distribution.

In addition to the dendrite problem, side reactions caused
by water in the electrolyte can also degrade battery perform-
ance. Compared with the alkaline electrolyte, the weakly acidic
electrolyte, which is widely used nowadays, has a higher

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic diagram of dendrite growth. Reproduced with permission from ref. 72. (b) COMSOL simulation of electric field distribution on

the surface of substrates with different morphologies. Reproduced with permission from ref. 75.

thermodynamic tendency of the HER due to its higher proton
activity. However, the interaction between hydrogen atoms
adsorbed on the surface of the zinc metal anode and zinc is
very weak, thus reducing the possibility of the HER.”®
Although thermodynamically favourable, it is kinetically much
less efficient than zinc deposition. This is evident from the low
exchange current density and high overpotential of the HER at
the zinc anode surface, which also makes zinc deposition the
dominant reaction actually observed, illustrating the important
role of kinetic factors in electrochemical processes. Even if
there is a relatively weak HER during the reaction, cumulative
damage can still occur over time. Constant gas production can
lead to cell expansion and eventually electrolyte leakage.
Depletion of H' causes local pH changes, creating a locally
alkaline environment.

The dendrite growth and side reactions of the zinc anode
do not occur in isolation but form a cascading deterioration
mechanism through the autocatalytic coupling effect.
Specifically, the 3D growth of zinc anode dendrites signifi-
cantly increases the specific surface area of the electrode,
leading to the uneven distribution of the local current density,
which accelerates the process of the HER. The OH™ will gradu-
ally increase the interface pH value and trigger the generation
of the passivation layer. This not only aggravates the chemical
corrosion of zinc but also leads to an exponential increase in
the surface roughness of the electrode. The highly roughened
interface further amplifies the electric field distortion through

© 2025 The Author(s). Published by the Royal Society of Chemistry

the tip effect, providing a thermodynamic driving force for the
preferential deposition of Zn>". This results in a vicious cycle
of dendrite growth-HER-interface corrosion-dendrite growth.
The establishment of this cascade reaction chain suggests a
precise regulation strategy for the key links, and the above
reactions can be effectively suppressed by rational design for
any of the steps, thus improving the electrochemical perform-
ance. This provides an important theoretical basis for the
design of high stability batteries.

4.2 Optimization strategies for artificial coatings

Based on the above analysis, realizing uniform deposition of
Zn*" and effectively suppressing the interfacial side reactions
are the core keys to improve the electrochemical performance
of the zinc anode. Researchers have carried out systematic
exploration, focusing on the following innovative strategies:
optimizing the ion transport path of the electrode through 3D
structural design, developing a new electrolyte system to
improve the electrochemical stability, constructing a multi-
functional artificial interfacial coating to regulate the Zn>*
deposition behaviour, and functionalizing the diaphragm to
inhibit the growth of dendrites. Among these approaches, the
artificial coating technology has attracted much attention due
to its multifunctionality. It can facilitate the ion desolvation
process and accelerate the mass transfer kinetics. What is
more, due to its easy preparation process and good potential
for large scale production, the construction of functional coat-
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ings directly on the surface of commercial zinc foils or zinc
plates has become one of the most attractive strategies to
enhance the performance of the zinc anode. Currently, diverse
categories of coating material systems have been developed. As
shown in Fig. 8, they mainly include inorganic materials
(carbon-based materials, metals and their alloys, and in-
organic compounds), organic materials (polymers, MOFs,
COFs), and their composite systems, which provide a rich
space for material selection for optimizing the performance of
the zinc anode.””

4.2.1 Carbon-based materials. Carbon-based materials
were initially used to increase the conductivity of the cathode,
thereby improving the electrochemical performance of zinc
electrodes.”® On the anode side, carbon-based materials are
also prevalent in the construction of functional artificial coat-
ings due to their tunable structure, low cost, and non-tox-
icity.”® In addition, carbon-based materials have good compat-
ibility with AZIBs and remain stable in an aqueous solution
environment. A wide range of specific carbon-based materials,
including carbon fibers, carbon nanotubes, graphene, and
activated carbon, can be used as coatings or substrates for zinc
anodes. Acetylene black and activated carbon were combined
with a binder to construct a functionalized protective layer on
the surface of zinc foil by a coating process to achieve stabiliz-
ation of the zinc anode. These methods can effectively improve
the structural stability of the zinc anode by reducing the local
current density and enhancing the mechanical strength.
Although high viscosity binders can improve the mechanical
properties of the coating, they inevitably reduce the electronic
conductivity and ion transport capacity of the coating, which
can adversely affect the interfacial charge transfer kinetics.
This trade-off between electrical conductivity and mechanical
properties is a key factor to focus on when optimizing the
design of the protective layer for the zinc anode. A novel anode
structure was developed by immersing a zinc plate into an ink
containing carbon nanotubes, resulting in the formation of a
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Fig. 8 Schematic illustration of AlLs employing different types of
material candidates and proposed functions in the realm of Zn anode
protection. Reproduced with permission from ref. 77.

1056 | EES Batteries, 2025, 1,1047-1067

View Article Online

EES Batteries

uniform carbon nanotube coating layer.®” The special adsorp-
tion effect of carbon nanotubes helps to direct the side reac-
tions to occur only on the coating, ensuring reversible depo-
sition and stripping on the zinc foil. However, carbon-based
materials lack sufficient zincophilicity, which plays an impor-
tant role in improving the interfacial stability of the zinc
anode. Nitrogen-doped carbon materials were synthesized and
subsequently coated onto zinc foil to enhance the anode’s
electrochemical performance.®’ This coating gave the zinc
anode a lower nucleation overpotential and higher corrosion
resistance, and symmetric batteries assembled with this
coating could be stably cycled for 800 h at 2 mA ecm™2 and
2 mAh cm™2,

4.2.2 Metals and alloys. Metals and alloys have been widely
used in corrosion prevention due to their excellent electrical
conductivity to protect the zinc anode from dendritic influ-
ences and side reactions. Typically, metals including Au,?
Ag,® Cu,® Al** and Sn® and alloys including Zn-A1*® and Zn-
Mn®” have been reported to be used as the protective layer by
in situ or out-of-situ preparation methods. The zincophilic Sb
protective layer was successfully constructed on the surface of
the zinc anode by the chemical replacement method.®®
Electrochemical impedance spectroscopy analysis revealed that
the Zn@Sb anode exhibited a reduced charge transfer resis-
tance. It was reduced by nearly 17 times compared to the
unmodified electrode, and this result fully confirms that the
Sb protective layer can effectively enhance the transfer kinetics
performance of the electrode. To further evaluate the electro-
chemical performance, the researchers systematically tested
the symmetric batteries using Zn@Sb electrodes at different
current densities. Due to the abundant zincophilic sites pro-
vided by the Sb protective layer, the Zn@Sb anode exhibits
lower voltage hysteresis and a more stable voltage plateau at all
tested current densities, showing excellent rate performance
and electrochemical stability.

4.2.3 Organic materials. Organic materials have superior
chemical properties compared to a large number of inorganic
materials. The ductility and flexibility of organic materials also
facilitate the fabrication of more stable anode coatings. A gen-
eralized interphase strategy involving metal-organic complexes
has been proposed to enable rapid and uniform zinc depo-
sition, thereby significantly extending the lifespan of zinc-
based batteries.®® In situ complexation of a metal with phytic
acid can build a zincophilic interface that kinetically hom-
ogenizes zinc nucleation and growth. The functional coating
also protects the zinc anode from corrosion, and this ultra-
stable zinc anode has a dramatically improved coulombic
efficiency during 800 cycles, with a cycle life of 4.25 Ah cm™. A
structurally intact and defect-free zinc tartrate functional thin
layer was successfully constructed on the surface of the zinc
anode, providing enhanced interfacial stability and improved
electrochemical performance.’® This innovative surface modi-
fication method significantly accelerated the kinetic process of
the layer-building reaction on the one hand, and effectively
removed the adsorbed hydrogen molecules on the zinc surface
on the other. It enables the zinc foil to fully undergo the re-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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placement reaction with the tartaric acid solution, thus
forming a uniformly dense and defect-free functional protec-
tive layer.

4.2.4 Natural polymers. Natural polymers, including cell-
ulose, lignin, and proteins, have attracted attention for their
sustainability and affordability. In the field of functionalized
anodes, these polymers occupy an important position in
anode coatings for AZIBs due to their polar groups that
provide a large number of zincophilic sites. An ion-modified
cellulose acetate functional coating combined with Zn
(CF;3S03), was innovatively constructed on the surface of the
zinc anode, effectively enhancing interfacial stability and regu-
lating zinc deposition behavior.”" The coating exhibited excel-
lent hydrophilic properties and significantly reduced the
contact resistance at the interface, providing an efficient
channel for ion transport. The C=O0O group in the coating was
able to interact specifically with Zn>*, and this unique inter-
molecular interaction could not only effectively regulate the
deposition behaviour of ions, but also significantly promote
the rapid diffusion process of ions, thus enhancing the kinetic
performance of the electrode. The design of this multifunc-
tional coating provides a new idea to improve the electro-
chemical performance of the zinc anode.

4.2.5 Synthetic polymers. Although natural polymers are
abundant, synthetic polymers have emerged as highly promis-
ing materials for functionalizing zinc anodes, owing to their
richer polar functional groups, tunable porous structures, and
high chemical reactivity. Current research focuses on several
core strategies: functional polymer coatings (e.g., PDPTT rich
in C=0 and N groups),”* highly porous framework materials
(COFs, MOFs), and carbon dot (CD)-based interfacial engineer-
ing. Polymer coatings enriched with polar groups (such as
C=O0 and N) can effectively coordinate with Zn**, promoting
uniform zinc deposition and significantly suppressing den-
drite formation. At the same time, they markedly lower the
desolvation energy barrier of Zn®>" and improve reaction kine-
tics. Moreover, the interaction between these polar groups and
the zinc substrate facilitates electron transfer, enhances the
affinity between the anode surface and the electrolyte, further
stabilizes the interface, and inhibits corrosion and other side
reactions, thereby improving the overall cycling stability.

Highly porous framework materials provide deeper-level
modification through precise structural design. Covalent
organic framework (COF) films can be synthesized through
interfacial reactions and are often coated in combination with
polymers (such as PVDF) to enhance performance. The
ordered channels of COFs can accurately regulate Zn>* flux,
guiding uniform deposition, while their structural flexibility
helps accommodate the volume changes of zinc during
charge/discharge.”® Metal-organic framework (MOF) coatings
(e.g., zinc/copper composite MOF-ZCM) act directly as physical
barriers, isolating the zinc anode from the electrolyte to funda-
mentally suppress interfacial side reactions.”® The intrinsic
high surface area, excellent electrolyte wettability, and chemi-
cal stability of MOFs provide abundant and uniformly distribu-
ted active sites for Zn®" diffusion and deposition, working
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synergistically to effectively inhibit the propagation of zinc
dendrites.

As an emerging nanomaterial, carbon dots (CDs) feature a
high specific surface area (with controllable sizes of 2-10 nm),
excellent intrinsic conductivity (>100 S cm™), and tunable
surface chemistry.”” By dynamically forming a hydrophobic
CD monolayer at the interface (or by trace addition to the elec-
trolyte), CDs can reconstruct favorable hydrophobicity and
electric double layer structure.”® This reconstruction effectively
suppresses water-dominated side reactions in the inner
Helmbholtz layer, while facilitating the desolvation of hydrated
Zn>" in the outer Helmholtz layer and reducing the desolvation
energy barrier. Notably, this hydrophobic CD layer can main-
tain interfacial structural integrity during dynamic Zn>" elec-
trodeposition, achieving long-term protection of the zinc
anode.

Compared to single organic or inorganic materials, compo-
sites exhibit superior performance through the synergistic
effect of their components. This interaction between com-
ponents not only realizes the complementary and enhanced
functions but also expands the range of material choices for
the zinc anode. The synergistic effect of different components
in the composites can simultaneously optimize the mechani-
cal strength, electrical conductivity, and interfacial stability,
which provides a richer material system and a more flexible
regulatory strategy for the design of high-performance zinc
electrodes. A composite structure of carbon nanotubes (CNTs)
was innovatively designed by modifying the ultra-thin nano-
coating of a-In,Se;-Nafion (Fig. 9a), enabling enhanced surface
functionality and performance.”” Among them, o-In,Se;
nanosheets exhibited low nucleation barrier and strong affinity
properties for Zn>* by virtue of their unique crystal structure,
which effectively optimized the nucleation behaviour of Zn.
Meanwhile, the Nafion molecule can not only inhibit the par-
ticipation of anions and free water molecules in the side reac-
tions through its unique hydrophilic-hydrophobic region
structure but also significantly enhance the mechanical flexi-
bility of the interfacial layer. This bifunctional synergistic
effect enabled the symmetric battery based on a-In,Se;-Nafion
to cycle stably for 1500 h (Fig. 9b and c).”

4.3 Other optimization strategies

As part of the battery, the chemical composition of the electro-
Iyte directly affects the ion diffusion behaviour and electro-
chemical reactions. Optimizing the electrolyte composition
will have a favourable effect on the interfacial chemistry, thus
improving the zinc anode performance. The concentration of
the electrolyte determines its thermodynamic stability to some
extent. The ZnCl, electrolyte potential window increases from
1.6 V (5 M ZnCl,) to 2.3 V (30 M ZnCl,) with increasing salt
concentration.”® As the zinc salt concentration increases, the
water clusters decrease to their eventual disappearance. Due to
the lack of water molecules in the high concentration electro-
Iyte, the hydrated solvated structure strengthens the O-H
bonds in the water molecules. Addition of another soluble salt
to the electrolyte also disrupts the hydrogen bonding network
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(a) Schematic illustrations of fabricating a-In,Ses nanosheets. Reproduced with permission from ref. 97. (b) Symmetric cells at 0.5 mA cm™

2

for 0.5 mAh cm™2. Reproduced with permission from ref. 97. (c) Magnified voltage—time curves. Reproduced with permission from ref. 97.

of the water clusters. The hydrated solvated structure of Zn>*
changes gradually with the increase of the soluble salt LiTFSI.
In the dilute electrolyte of 1 M Zn(TFSI), + 5 M LiTFSI, Zn>" is
coordinated to six water molecules.’® Therefore, the deposition
and stripping behaviour of Zn>" can be regulated by modulat-
ing the salt concentration.

In the electrolyte of 1 M Zn(TFSI), + 10 M LiTFSI, TFSI™
replaced some of the original water molecules. When the con-
centration of LiTFSI was increased to 20 M, all six water mole-
cules of the Zn** dissolution sheath were replaced by TFSI™.
An  ultra-high-concentration =~ NH,Ac-NH;3-Zn(Ac),-Mn(Ac),
(46.5 M) electrolyte was developed, featuring dual metal com-
plexation for Zn*>* and Mn”" ions (Fig. 10a and b), effectively
enhancing ion coordination and electrochemical perform-
ance.' Thus, the solvation effect of water molecules on Zn*"
and Mn*" is greatly weakened. The full battery can be recycled
4500 times with a coulombic efficiency of 99%.

In addition to increasing the salt concentration, additives
can be added to improve the thermodynamic stability of the
electrolyte. A novel dual-additive hybrid electrolyte was devel-
oped by introducing trace amounts of mannose (DM) and
sodium lignosulfonate (SLS) into the conventional ZnSO, elec-
trolyte system, as illustrated in Fig. 10c.'®’ The system takes
full advantage of the significant difference in polarity between
DM and LS>7, enabling them to adsorb on the zinc metal
surface in an alternating and parallel manner, forming a
unique dynamic molecular phase. This molecular phase effec-
tively modulates the Zn>" flux during deposition and stripping,
significantly inhibiting side reactions. When desorbed from
the zinc surface, these additives were able to spontaneously
enter the internal solvent sheath layer of Zn>* due to their

1058 | EES Batteries, 2025, 1,1047-1067

thermodynamic properties, thus significantly improving the
desorption kinetic process. This synergistic mechanism pro-
vides a new design idea for the development of high-perform-
ance aqueous electrolytes. Trace amounts of trisodium nitrilo-
triacetate (NazNTA) were introduced into the electrolyte to sim-
ultaneously optimize the solvated structure around Zn>* and
suppress the activity of water molecules, thereby ensuring
stable battery cycling."®?

Diaphragm, as an important component, plays a significant
role in zinc deposition and stripping behaviour and battery
performance. It is difficult for ordinary diaphragm materials to
effectively inhibit the formation of an ion concentration gradi-
ent near the zinc anode due to the lack of ability to regulate
the ion transport behaviour, which is the key trigger for zinc
dendrite growth. The development of diaphragm materials
with multifunctional properties has become an important
research direction to improve the performance of the zinc
anode. A functionalized nanofiber separator was successfully
fabricated using an electrospinning technique combined with
polydopamine surface modification and applied to AZIBs.'*?
The diaphragm was designed with the following advantages.
The abundant hydroxyl and amino functional groups on the
surface of the diaphragm can form stable Zn-O and Zn-N
coordination bonds with Zn>*, which can effectively regulate
the Zn** flux and promote its uniform deposition, thus inhibit-
ing dendrites. The diaphragm significantly inhibits the shuttle
effect of vanadium ions through the formation of V-O coordi-
nation bonds, providing effective protection for the anode. The
capacity retention of the Zn-NH,V,0,, battery with the func-
tionalized diaphragm was as high as 92.3% after 1000 cycles at
a high current density of 5 A g¢~'. A dual-functionalized separa-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a and b) Zn[(H,0),(NHz)s_,J3* and Mn[(H,O),(NH3)s_,]2* complexes; the insets are molecular structure models with different coordination
environments. Reproduced with permission from ref. 100. (c) Schematic illustration of the fabrication process of the PVDF@PDA separator.
Reproduced with permission from ref. 101. (d) Schematics of the polyiodide absorption and conversion on polypropylene (PP), NrGO@PP, and Mo-

rGO@PP separators. Reproduced with permission from ref. 104.

tor (Mo-rGO@PP) was successfully developed by anchoring
molybdenum clusters on nitrogen and oxygen co-doped gra-
phene nanosheets, followed by modification of a polypropyl-
ene separator (Fig. 10d). This innovative design effectively
combines the advantages of both components to enhance
battery performance.'®*
effectively promotes the redox reaction of polyiodides and sig-
nificantly inhibits the shuttle effect of polyiodides. The intro-
duction of molybdenum clusters enhanced the affinity of the
diaphragm for ions and promoted its uniform deposition/exfo-
liation process. The battery assembled with this dual-functio-
nalized diaphragm can be stably cycled at 10C for 6000 cycles.
Although conventional electrode materials have demon-
strated promise in AZIBs, their practical deployment remains

The unique structure of this septum

hindered by several critical challenges, including structural

© 2025 The Author(s). Published by the Royal Society of Chemistry

degradation of cathodes, sluggish ion diffusion, and severe
interfacial side reactions.'®® To overcome these limitations and
enhance battery performance, extensive efforts have been
devoted to exploring novel electrode materials with tailored
functionalities. In this context, MXenes, a rapidly expanding
family of 2D transition metal carbides and nitrides, have gar-
nered increasing attention in the energy storage community.
Their unique characteristics, including a layered morphology,
high electrical conductivity, tunable surface chemistry, and
outstanding mechanical robustness, render them particularly
attractive for AZIB applications. MXenes not only facilitate
improved zinc-ion adsorption and diffusion kinetics via
rational tuning of surface terminations but also function as
multifunctional components, such as interfacial regulators or
dendrite-suppressing coatings, capable of mitigating parasitic
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reactions and enhancing electrochemical stability.'*®
Furthermore, MXenes hold considerable promise in cathode
engineering, where they can serve as conductive frameworks or
hosts for active materials, promoting structural integrity and
charge transport. The following sections detail the state-of-the-
art in MXene research for AZIBs, including the history of devel-
opment, synthesis approaches, structural design strategies,
and emerging applications that showcase their versatility and
performance-enhancing capabilities.'”

5. Advances in MXene materials
research
5.1 History of development

MXenes are obtained by selective etching of A-metal elements
in the MAX phase, which are a ternary carbide or nitride with
a layered hexagonal structure and the general formula of
M,,.1AX,,, where M stands for transition metals (Ti, Nb, Cr,
Mo), A represents the main group elements, X represents C or
N, and 7 = 1, 2, 3 (Fig. 11)."°%"% After etching out the element
A, the n + 1 layers of M are interspersed with the n layers of X,
and thus the general formula of MXenes is M,,+1X,, Ty, where T,
represents the surface end groups (-O, -OH, -F, -Cl). The cre-
ation of MXenes further expanded 2D inorganic materials,
including Ti;C,Ty, V,CTy, and Nb,CT,. In recent years, signifi-
cant progress has been made in the study of MXene materials,
and 46 MXene materials have been successfully synthesized
and characterized."'® Theoretical predictions based on first
principles calculations indicate that there are still a large
number of MXene candidates with potential applications that
need to be exploited, and MXene materials have shown great
potential for applications in several frontier fields by virtue of

M,XT,
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double transition metal
MXenes

MM, XsTy

: In-plane 4 ryswy

In-plane ordered W ordarad W
double transition vacancy
metal MXenes (MysMY, ), XT, MXenes M5 XT,
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Fig. 11 Typical MXene structures and compositions. Reproduced with
permission from ref. 109.
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their excellent intrinsic electrical conductivity, regular layered
structure, and high specific surface area. MXene materials not
only cover basic research in materials science but also extend
to photovoltaic devices, energy storage systems, super-
capacitors, treatment, catalysis, and biomedicine.
MXene materials provide abundant active sites at the end
groups, which is a structural feature that enables them to
exhibit more excellent catalytic performance than traditional
2D materials with catalytic activity at the edge of the sites, pro-
viding a new way to develop new types of materials.

water

5.2 Preparation methods

The preparation of MXene materials is mainly based on the
structural transformation process of MAX phase precursors.
MAX, as a typical 3D layered material, can be transformed into
MXenes with a 2D layered structure through a specific etching
process. Currently, the preparation methods of MXenes are
mainly categorized into top-down and bottom-up. The top-
down method involves selective removal of A-layer atoms in
the MAX phase by chemical etching, followed by a peeling
process to obtain monolayer MXene nanosheets. The bottom-
up approach allows direct synthesis of MXene materials
without the MAX phase etching step. The MXene materials
produced by this method have the advantages of large size and
few defects. Among the many preparation methods, the top-
down method is currently the most widely used preparation
strategy due to its mature and controllable process. The
methods mainly include hydrofluoric acid (HF) etching, in situ
HF etching, molten salt etching, and electrochemical etching.
Each of these methods has its own characteristics, providing
diverse technical paths for the controllable preparation of
MXenes.

The typical method of synthesis is HF etching. Naguib first
proposed the use of HF for etching.''' After immersing the
MAX powder in a certain concentration of aqueous HF and
stirring for a certain period of time at room temperature, the
solid is separated from the supernatant by centrifugation or fil-
tration, and then washed with deionized water until the sus-
pension is weakly acidic, and finally the solid is dried to
obtain the MXene powder. The reaction equation is as follows:

M, 1AlX, + 3HF — AlF; + 1.5H, T +M,1Xn (5)

Due to the harmful effects of HF, researchers are working
on finding ways to avoid the direct use of HF in the etching
process. A hybrid etching method based on lithium fluoride
(LiF) and hydrochloric acid (HCI) was developed.'** In this
method, 1.6 g of LiF was mixed with 20 ml of 9 M HCI. Then,
1.0 g of TizAlC, powder was added to the solution and reacted
at 40 °C for 24 h. After etching, it was washed repeatedly with
deionized water until neutral. Finally, the product was soni-
cated under inert gas flow to obtain Ti;C,T, MXene suspen-
sion. The MXene material produced by this method exhibits
excellent hydrophilic properties, and it can undergo significant
volume expansion during the water washing process to exhibit
special clay-like properties. The clay film exhibits excellent

© 2025 The Author(s). Published by the Royal Society of Chemistry
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electrochemical properties, and this innovative preparation
method provides a new technological approach for the large-
scale production and application of MXene materials. The
reaction equation is as follows:

Ti3AlC, + 3LiF + 3HCI — AlIF; + 3LiCl + Ti;C, + 1.5H, | (6)

On the basis of significant progress in MXene materials
research, Gogotsi and colleagues were the first to realize the
breakthrough synthesis of Ti;N;T,.'"* Unlike the traditional
acidic etching solution, the team innovatively used the molten
fluoride salt etching method (LiF, NaF, KF) to successfully
selectively remove the Al atomic layer from Ti,AIN; phase
powder under argon protection at 550 °C, thus obtaining
TisN;T, MXenes. This novel research method provides a new
way to prepare MXenes. The molten salt etching technique was
further optimized using a ZnCl,-based system, successfully
preparing various Zn-containing MAX phase precursors.
Through this approach, Ti;C,Cl, and Ti,CCl, MXenes were
obtained by direct exfoliation in molten salt, demonstrating an
effective method for MXene synthesis with controlled compo-
sition and surface termination."** The reaction equations are
as follows:

Most etching methods rely on an etchant, but an etchant
can affect the etching effect to some extent.'” In the absence
of an etchant, electrochemical etching can reduce the undesir-
able effects of the etchant. The Ti;C, MXene was successfully
synthesized via electrochemical etching of porous Ti;AIC, elec-
trodes in NH,HF, solution, clearly revealing the reaction
mechanism and voltage-dependent etching behaviour. This
method enabled precise surface functionalization control
while preserving structural integrity."*® Ti;C,T, was prepared
by electrochemical etching of porous TizAlC, sheet electrodes
in a solution comprising NH,Cl and TMAOH. The reaction
equation is given below:

TlgAICz —3e” +3CI" — Ti3Cz + AlCl3 (8)

In addition to the traditional top-down preparation
methods, the synthesis strategies of MXenes have also been
expanding. A fused copper-catalysed chemical vapor depo-
sition method was developed based on molten copper cataly-
sis, achieving the direct one-step synthesis of MXenes. This
innovative approach leveraged the catalytic properties of
molten copper to enable efficient and scalable MXene pro-
duction.’” Due to the unique interfacial charge transfer kine-
tics, the Mo,C MXene materials prepared by this method
exhibited significantly better electrocatalytic activity in the
HER than the Mo,C MXene catalysts synthesized by conven-
tional methods. A simple and efficient topochemical pyrolysis
method was developed, which innovatively employed Fe-Pc as
the precursor while incorporating an ionic liquid as a partial
carbon source. This approach enabled precise control over the
pyrolysis process while enhancing the material’s structural
properties. The two synergistically formed a self-templated
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system, and quasi-MXene materials with stacked-layer struc-
tures were successfully constructed through topological trans-
formations.'*® This novel structure not only exhibits excellent
electrochemical performance but also shows outstanding
cycling stability.

5.3 Application in aqueous zinc-ion batteries

MXenes, as an emerging class of 2D materials, show great
potential for application in the field of aqueous zinc electrodes
by virtue of their unique physicochemical properties. Their
excellent mechanical strength, outstanding electrical conduc-
tivity, rich surface functional groups, and tunable layered
structure provide multiple advantages for optimizing the
electrochemical performance of batteries. As important
materials in the current energy field, the application of
MXenes in zinc electrodes has made significant progress,
including breakthroughs in enhancing the electrical conduc-
tivity of electrode materials, optimizing the ion transport kine-
tics, and enhancing the structural stability, which provides a
new research direction for the development of the next gene-
ration of high-performance zinc electrodes.

Although the 2D MXene materials prepared by the etching
method exhibit many excellent properties, there are still
obvious structural defects. Due to the presence of surface func-
tional groups, the surface activity of MXenes is significantly
enhanced, and uncontrollable stacking between the lamellae
is prone to occur. This not only limits the fast ion transport
but also affects the electrochemical performance of the
material. To address this problem, researchers developed an
effective strategy for intercalation modification. By introducing
intercalators such as ions, organic molecules, or polymers, the
interlayer spacing of MXenes can be significantly enlarged to
effectively alleviate the lamellar stacking problem.
Experiments have confirmed that this intercalation modifi-
cation method not only improves the structural properties of
MXenes but also significantly enhances their alkali metal ion
storage capacity, which provides a reliable technological
pathway to optimize the electrochemical performance of
MXenes.

5.3.1 Application of MXenes in cathode materials. Bimbo
developed a novel intercalation strategy by introducing a sur-
factant as a functional additive to achieve the precise modu-
lation of the electrode structure of MXenes.'*® Kinetic analysis
and spectroscopic characterization revealed that the embed-
ding and de-embedding behaviour of Zn** is characterized by
a dual mechanism, which involves both surface-dominated
pseudo-capacitive processes and battery-like redox processes
embedded in the bulk phase. This breakthrough discovery
confirms for the first time in an aqueous multivalent ion
energy storage system that MXenes can achieve charge storage
via a Faraday redox mechanism. The in situ intercalation strat-
egy can regulate the layer spacing of MXenes, which not only
significantly enhances the pseudo capacitance of the material
but also effectively suppresses the bulk deformation during
cycling through the stress-buffering effect. Due to this syner-
gistic optimization mechanism, the capacity retention rate of
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the constructed battery is still as high as 96.2% after 1000
cycles.

The expansion of the layer spacing can only promote ion
diffusion but not shorten the ion transport path. A vertical
array structure of the Sn*" pre-intercalated Ti,CT, MXene was
developed (Fig. 12a)."*° The MXene nanosheets were arranged
in a radial order on the surface of carbon spheres, and the
Sn** pre-intercalation layer effectively eliminated the surface
barriers and reduced the ion transport resistance. The spacing
of the MXene layers was extended from the initial 1.3 nm to
1.8 nm, which provided a smoother diffusion channel for
Zn>*. The vertical array structure significantly shortens the ion
diffusion path (<50 nm), which greatly enhances the reaction
kinetics. Due to these structural advantages, the constructed
Zn-MXene capacitor has a high-capacity retention rate of
98.5% after 12 500 cycles at 5 A g™,

5.3.2 Application of MXenes in anode materials. In
addition to being used as cathode materials, MXenes are also
considered to be good anode materials. This is due to not only
their inherent excellent properties but also their surface-
tunable terminal groups and their ability to synergize with
other materials to optimize zinc anode performance. There are
various ways to obtain MXenes by etching, and different end
groups can be introduced in different etching environments.
These end groups not only change the lattice constant, nuclea-
tion energy barrier, and conductivity of the sample but also
significantly affect the adsorption energy. An in situ self-assem-
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Fig. 12 (a) Schematic illustration of the preparation process of the
core-shell Sn**—Ti,CT,/C sphere. Reproduced with permission from
ref. 120. (b) Illustration of the synchronously reducing and assembling
MXene layer on the surface of Zn foil. Reproduced with permission from
ref. 121. (c) The schematic illustration of Zn deposition behaviours.
Reproduced with permission from ref. 122. (d) Schematic representation
of AZIB full cells equipped with GF or MXene—GF as the separator.
Reproduced with permission from ref. 124.
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bly strategy was developed to construct an ultrathin and
uniform MXene protective layer on the surface of the zinc
anode (Fig. 12b)."*" The theoretical basis of this method lies
in the fact that the reduction potential of the oxygen-contain-
ing terminal groups of MXenes is significantly higher than
that of Zn>*, which enables the zinc foil to spontaneously
reduce the MXene nanosheets. The experimental procedure
consists of immersing the zinc foil into a homogeneously dis-
persed MXene colloidal solution, where ionization occurs on
the surface of the zinc foil and the released electrons are
rapidly transferred to the surface of the MXene nanosheets.
Meanwhile, the Zn** generated at the interface interacts with
the negatively charged oxygen-containing functional groups on
the surface of the MXene nanosheets to further promote the
reduction process of MXenes. The assembled symmetric
battery achieved a long cycle life, and the capacity retention
rate of the full battery was as high as 81% after 500 cycles.

A hierarchical interfacial layer of the N/Se-doped MXene-
ZnSe composite was in situ generated on zinc foil surfaces
through a one-step vacuum heat treatment (Fig. 12c)."** The
hierarchical structure of N/Se-functionalized and crumpled
MXene nanosheets can improve hydrophilicity, provide
sufficient electron channels, regulate uniform electric field dis-
tribution, adapt to the volume change, and act as a physical
barrier. Meanwhile, the synchronized formation of ZnSe nano-
particles at 350 °C can provide sufficient zincophilic sites for
uniform Zn>* distribution, reduce overpotential and improve
reversibility with a cycling life of up to 2500 h. To further opti-
mize the structure and performance of MXenes, a Lewis salt
etching strategy was proposed.'”® MXene materials were suc-
cessfully prepared with a highly matched zinc lattice by pre-
cisely tuning the etching conditions. This lattice-matching-
induced synergistic effect effectively guided Zn>* to nucleate
uniformly and realize planar-like optimal growth on the (000L)
crystal surface of the MXene substrate, which provides a new
technological pathway for the development of high-perform-
ance zinc-based energy storage devices.

5.3.3 Application of MXenes in diaphragms and electro-
Iytes. In addition to its application in electrodes, MXenes are
also widely used in diaphragms and electrolytes. The
Ti;C,T, MXene was initially employed as an electrolyte additive
in zinc-based systems, where it facilitated controlled Zn**
plating and stripping behaviors. This innovative approach
demonstrated remarkable effectiveness in controlling Zn**
behaviour while maintaining electrochemical stability. The
electrolyte system with the MXene additive achieved dendrite-
free Zn*>* deposition and stripping behaviour and exhibited
excellent electrochemical performance. The coulombic
efficiency was as high as 99.7% at 2 mA cm™> and excellent
reversibility was maintained over 1180 cycles. The Ti;C,T,
MXene was first introduced as an electrolyte additive in zinc
electrode systems, achieving precise regulation of Zn>* depo-
sition and stripping behaviour. This novel strategy enabled
regulated Zn®** migration without compromising electro-
chemical stability."** The optimized diaphragm exhibits a sig-
nificantly higher dielectric constant compared to commercial
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Fig. 13 Schematic representation of the modification of MXenes and
the optimization strategy for solving AZIBs.

diaphragms. This property accelerates the migration process of
Zn** by constructing a uniform built-in electric field at the
electrode-electrolyte interface through the Maxwell-Wagner
effect, thus inhibiting the growth of dendrites at the kinetic
level (Fig. 12d)."** The symmetric cell assembled with MXene-
glass fiber (GF) achieved a cycle life of 1180 h under test con-
ditions of 1 mA cm™? and 1 mAh cm ™2,

5.3.4 Conclusion. In summary, as emerging 2D materials,
MXenes exhibit significant application potential in AZIBs owing
to their high electrical conductivity, tunable interlayer spacing,
abundant surface functional groups, and excellent hydrophili-
city."* As illustrated in Fig. 13, we systematically summarize the
key roles of MXenes in AZIBs when employed as a cathode,
anode, separator, and electrolyte additive, along with the corres-
ponding functionalization strategies and their impacts on
battery performance. These studies clearly demonstrate the ver-
satile regulatory effects of MXenes in AZIBs, offering new
insights and material platforms for the development of high-
performance and long-life aqueous zinc-ion batteries."*

6. Summary and outlook

Aqueous zinc-ion batteries (AZIBs) have emerged as a promis-
ing candidate for next-generation energy storage systems,
offering key advantages such as high intrinsic safety, environ-
mental compatibility, and cost-effectiveness. Despite this
potential, several critical challenges continue to hinder their
practical deployment, including cathode structural instability,
sluggish ion diffusion kinetics, and severe interfacial side reac-
tions. Addressing these issues is essential for realizing the full
potential of AZIBs in real-world applications. This review
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begins by providing a comprehensive overview of the charge
storage mechanisms in zinc-ion batteries, followed by a
detailed discussion on the development of zinc and cathode
materials. Among the various material strategies explored,
MXenes have emerged as a particularly attractive class of two-
dimensional materials. Their high electrical conductivity,
mechanical flexibility, tunable surface chemistry, and excellent
hydrophilicity make them highly suitable for engineering
stable electrode/electrolyte interfaces, reinforcing structural
integrity, and enhancing electrochemical reversibility.
Through a range of engineering strategies, including surface
functionalization, interlayer extension, and construction of
heterogeneous structures, MXenes have demonstrated their
ability to inhibit dendrite growth, reduce parasitic reactions,
and promote uniform deposition of Zn>". This review systema-
tically outlines the historical development and fundamental
electrochemical principles of AZIBs, summarizes progress in
electrode materials, and emphasizes the synthesis techniques,
material properties, and functional applications of MXenes
within this context. In addition, the review provides an in-
depth discussion of various MXene modification strategies,
such as organic intercalation, heterogeneous surface design,
and surface chemical modulation, and elucidates their roles in
improving electrochemical performance. By integrating and
analyzing these approaches, this review not only clarifies the
mechanistic insights behind MXene-enabled improvements
but also offers valuable guidance for future material design.

Despite these advances, several fundamental aspects
warrant deeper investigation to unlock the full potential of
MXenes in energy storage applications. One of the most press-
ing challenges lies in improving the intrinsic electrochemical
activity of MXenes when directly employed as cathode materials.
Their typically limited specific capacity and insufficient cycling
stability arise from restricted redox-active sites and ion diffusion
confined by interlayer spacing. To overcome these constraints,
future work must explore rational structural tuning, such as
interlayer chemistry engineering, functional group modulation,
and electronic band structure optimization, with the aim of acti-
vating more reversible redox processes and ensuring long-term
operational stability. Beyond structural refinement, the compo-
sitional diversity of MXenes remains a largely untapped
resource. Most studies to date have centered on Ti;C,T,, derived
from Tiz;AlC, MAX phases, while a broad spectrum of alternative
precursors, including V,AIC, Nb,AIC, and Mo,Ga,C, offer oppor-
tunities for tailoring electronic configuration, ion transport
characteristics, and surface reactivity. However, the synthesis of
these variants is often limited by harsh chemical etching pro-
cedures and poor scalability. Advancing green, controllable, and
scalable synthesis approaches will be critical to expanding the
MXene family and discovering novel compositions with unique
electrochemical signatures.

In addition to functioning as electrode materials, MXenes
are beginning to show promise as dynamic electrolyte addi-
tives. Their incorporation into electrolytes has been shown to
influence ionic conductivity, suppress side reactions, and
stabilize Zn>" solvation structures, suggesting a broader role in
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interfacial modulation. Nonetheless, the fundamental nature
of the interactions between MXenes and solvent or solute
species remains poorly understood. Comprehensive in situ and
theoretical studies are needed to elucidate these interfacial
phenomena, which could inform the rational design of next-
generation electrolytes that synergize with MXene surfaces.
Moreover, the utility of MXenes is not confined to AZIBs. Their
high surface area, strong metal affinity, and ionic transport
tunability make them attractive candidates for broader classes
of energy storage devices, including sodium-ion, lithium-ion,
magnesium-ion, and aluminum-ion batteries. These multi-
valent systems often face similar challenges to AZIBs, such as
dendrite growth, sluggish charge transfer, and structural
breakdown. The adaptation of MXenes to these systems could
provide generalizable solutions through interface stabilization,
dendrite suppression, and enhancement of ion mobility.

In conclusion, while MXenes have already demonstrated
substantial promise in addressing key limitations of AZIBs, the
next stage of development will depend on deepening our fun-
damental understanding of their structure-property-function
relationships across multiple battery components. By employ-
ing high-resolution in situ characterization techniques (such as
in situ electron microscopy and synchrotron spectroscopy), it is
possible to track in real time the microscopic evolution of
MXenes in their multiple roles - as electrodes, interfacial
modification layers, and functional separators — under battery
operating conditions, and to uncover their interfacial symbio-
sis mechanisms with electrolytes and zinc anodes, which is
key to unlocking the material’s fundamental functionalities.
Furthermore, integrating Al-driven multi-scale simulations
(e.g., machine-learning potentials and high-throughput calcu-
lations) with big data mining can accurately predict the per-
formance landscape of novel MXene heterostructures, surface
termination engineering, and single-atom modifications,
thereby guiding targeted experimental designs for validation.
Unlocking new compositions, exploring multifunctional roles,
and designing integrated MXene-based architectures will be
pivotal in advancing not only zinc-ion batteries but also a
broader spectrum of sustainable energy storage technologies.
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