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HIGHLIGHTS
e This review provides the first comprehensive collection of electrochemical corrosion mechanisms in Zn-, Al-, Mg-, Na-, organic-,
and bio-based batteries, highlighting their safety and hazardous effects of corrosion in sustainable batteries.

e This review uniquely presents the connection of electrochemical corrosion with dendrite formation, hydrogen evolution, impedance

growth, recycling challenges, capacity fading, and safety hazards.

e This provides a next-generation solution, such as corrosion inhibitors, bio-derived additives, metal-organic frameworks, deep eutectic

solvents, ionic liquids, gel electrolytes, and interfacial and surface engineering approaches.
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eutectic solvents, metal-organic frameworks, heterocycles, and bio-based multifunctional
corrosion inhibitors, have been comprehensively surveyed. These inhibitors suppress the increase in cycle life, achieving inhibition efficiencies
of over 90%. Lastly, the review highlights the design of molecular-level corrosion inhibitors, interfacial engineering, real-time corrosion testing,

advanced electrolytes, and forward-looking directions, all of which are essential to the development of sustainable, stable energy storage systems.
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1 Introduction

1.1 Safe and Sustainable Batteries: Need for Clean
and Green Energy Transition

Batteries are electrochemical devices that change stored
chemical energy into electrical energy through redox reac-
tions [1, 2]. They consist of negative (anode) and positive
(cathode) electrodes, a separator that prevents direct electri-
cal contact between the electrodes, and an electrolyte that
allows ions to move between the electrodes during charg-
ing and discharging. By storing wind and solar energy, they
serve as renewable energy resources for on-demand use.
They are widely used in electric vehicles (EVs) to mini-
mize greenhouse gas emissions from transport and achieve
a net-zero emissions (NZE) target by 2050 [3, 4]. The urgent
climate goals, such as reducing CO, emissions, fossil fuel
use, and improving the economy, have driven research and
development (R&D) into battery technology. In the power
sector, to achieve NZEs by 2050, global energy storage
capacity needs to be increased sixfold to 1,500 GW, with
batteries accounting for approximately 90% of this increase
[5]. They have also reduced the reliance on fossil fuels and
enhanced energy security. According to the IEA’s 2024
report, the development of batteries alone in the transport
sector could increase battery demand by nearly sevenfold
by 2030, representing a significant shift that could displace
over 8 million barrels of oil/day compared to the fossil fuel
baseline. According to this report, the worldwide battery
manufacturing size stood at nearly ~3 TWh in 2024 and is
projected to reach ~6.5 TWh by 2030. Despite significant
progress, scientists and engineers continue to work diligently
to develop more affordable, energy-efficient, and environ-
mentally friendly substitutes. This surge has led to notice-
able improvements in charging speed, battery lifespan, and
energy density.

Although traditional batteries have been widely used for
decades, they pose significant health and environmental
challenges due to their toxic materials (Fig. 1) [6, 7]. Lead-
acid batteries, which are among the oldest, most reliable, and
least expensive types of batteries, contain a highly poison-
ous lead electrode and a corrosive H,SO, electrolyte [8]. If
they are not suitably recycled or processed, they contami-
nate and adversely affect aquatic and soil life. Besides the
toxicity concerns of lead, the spillage or leakage of highly
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corrosive acid causes metallic corrosion, skin burns, and
damages the ecosystem by altering the pH of soil and water.
Likewise, nickel-cadmium (Ni—Cd or NiCd) batteries are
associated with several serious environmental and health
issues, although they are relatively durable and can with-
stand many charge—discharge cycles [9, 10]. Cd is a highly
toxic and cancer-causing element, adversely affecting the
aquatic and soil life, and it accumulates in plants and animals
after entering the food chain [11]. Cd also causes kidney
and lung damage. Nickel-metal-hybrid (NiMH) batteries are
relatively safer than Pb- and Cd-based batteries; neverthe-
less, they pose significant environmental challenges [10, 12].

The extraction, processing, and purification of the rare
earth and Ni elements can cause severe ecosystem dam-
age through mining waste contamination of soil and water,
causing deforestation and soil erosion [13, 14]. The min-
ing process is energy- and water-consuming, contributing
to greenhouse gas emissions. Conventional Li-ion batter-
ies, mainly composed of Ni, Mg, and Co (NMC) or Ni, Co,
and Al (NCA), have undergone a remarkable transformation
in current knowledge, powering laptops, EVs, and smart-
phones. However, they are associated with serious sustain-
ability challenges, as mining-based extraction and process-
ing of Co and Li result in water and soil pollution [15, 16].
Li-ion batteries also pose safety risks, as they can catch fire,
explode, and overheat. Zinc-carbon (ZnC) batteries are fre-
quently used in small household electronics such as flash-
lights. The toxicity concerns of ZnC batteries arise from
corrosive chemicals and toxic metals, including NH,CI,
MnO,, and Zn. These substances can leak, especially after
disposal, to cause aquatic and oil pollution. The environmen-
tal challenges and their short lifespan make them unsuitable
alternatives for modern sustainability goals, despite the con-
venience and inexpensiveness.

Recently, demand for environmentally friendly and sus-
tainable energy storage technologies has increased signifi-
cantly as the shift toward renewable energy systems contin-
ues [17, 18]. Efforts are underway to minimize the carbon
footprint, promote recycling, and encourage EV adoption,
thereby enabling the emergence of eco-friendly, socially
responsive, economically and technically viable alternatives.
Sustainable battery strategies utilize renewable materials,
energy-efficient and eco-conscious syntheses, and non-toxic
components. These strategies promote biodegradability,
recyclability, the circular economy, and sustainable sourc-
ing, with enhanced renewability, safety, performance, and
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Fig. 1 Schematic illustration of challenges and drawbacks of traditional battery systems and opportunities of sustainable battery systems. The figure represents the
comparative representation of (upper) conventional battery systems, including Ni—Cd, Pb-acid, Co/Ni-rich Li-ion, and NiMH, with particular emphasis on main
challenges such as environmental burden, toxicity, dependence on raw materials, mining and disposal, limited recycling, and safety risks; and (lower) emerging
(next-generation) battery systems, such as Zn-, Al-, Mg-, Fe-, Na-based, and organic/bio-based, with particular advantages of reduced toxicity, high compatibility,

resource abundance, scalability and improved safety. The figure also shows that, despite several advantageous features of emerging battery systems, corrosion-medi-
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ated electrode degradation remains a significant challenge that adversely affects battery durability, stability, and performance
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sustainability. The use of bio-inspired systems has shown
great potential in bio-electrochemical and biomolecule-
based batteries, imitating biological energy conversion
[19-21]. These safe, biodegradable, and sustainable substi-
tutes have already demonstrated great potential in wearable
devices, environmental monitoring, biomedical applications,
and agricultural systems. Recent studies have explored the
use of promising biomolecules, such as lawsone, juglone,
and flavins, as sustainable redox-active agents [22]. These
naturally derived renewable biomasses eliminate toxic met-
als and deliver high energy density with excellent sustain-
ability and biodegradability. The use of efficient and sus-
tainable electrolytes, such as deep eutectic solvents (DESs),
ionic liquids (ILs), renewable and bio-based polymers,
additive-free water-based systems, and gel-based systems,
has emerged as another sustainable strategy (Fig. 2) [23, 24].
Recently, the use of lignocellulose-based polymer electro-
lytes derived from biomass has also advanced substantially,
owing to their enhanced interfacial compatibility, mechani-
cal integrity, and controlled ion transport [25]. As illustrated
in Fig. 2, the transition from convectional to next-generation
sustainable batteries can be understood through a structured
framework (Table 1): Challenges and shortcoming of tradi-
tional batteries (safety risks, toxicity, environmental burden,
limited recyclability) motivate specific green or sustainable
design principles (circular economy compatibility, recycla-
bility, resource abundance, ecological safety, reduced risks
and toxicity) which are then implemented through the tar-
geted material-level strategies such as advanced electrolytes
(e.g., ILs, DESs, and gel systems), sustainable electrodes
(Zn, Al, Mg, Na, Fe, and organic systems), and nanostruc-
tured and bio-based separators. Nevertheless, despite these
improvements, corrosion remains a critical shortcoming that
affects the durability, stability, and performance of sustain-
able batteries.

These strategies also include using green and sustainable
separators, especially those derived from natural resources,
such as chitosan- and cellulose-based membranes, bio-based
separators, and advanced nanostructured separators [26, 27].
Nowadays, lithium iron phosphate (LFP or LiFePO,) bat-
teries, which feature Co- and Ni-free compositions, offer
numerous benefits, including high thermal stability, recy-
clability, and long life [28, 29]. Similarly, Na-ion batteries
improve environmental performance due to their significant
availability, non-toxicity, reduced production costs, espe-
cially at large scale, which minimizes resource strain and

© The authors

affordability [30]. Solid-state batteries eliminate the use
of flammable liquid-based electrolytes, thereby increasing
lifespan, energy density, and safety [31, 32]. These proper-
ties make them useful alternatives for next-generation EV
batteries. Zn-air and Al-air batteries, which utilize oxygen
from the air as a reactant, produce non-toxic, recyclable,
and lightweight power sources useful for storage and backup
systems [33, 34]. Flow batteries (organic or vanadium) offer
safe, recyclable, durable, and highly scalable alternatives
for renewable energy grids. Second-life or recyclable Li-
ion batteries reduce adverse effects by supporting the circu-
lar economy and extending the usefulness of EV batteries,
thereby reducing e-waste [35, 36]. Organic and bio-based
batteries are composed of carbon and bio-based polymers,
thereby avoiding the use of toxic heavy metals [37]. For
the second-life use and safe recycling of Li-ion batteries,
efficient discharge methods are essential. The redox-couple
electrolytes, such as Fe(II)/Fe(III) systems, can be fully
discharged without producing toxic gases. Obviously, this
approach reduces the hazards and reasonably protects recy-
cling workers. In the present article, the term “sustainable
batteries” refers to emerging battery technologies that have
emerged as alternatives to conventional toxic and critical-
material-intensive battery systems such as Ni—Cd, Pb-acid,
and Co-/Ni-rich Li-ion (NMC/NCA) batteries. The sustain-
able battery systems include aqueous and metal-anode bat-
teries based on earth-abundant elements, such as Al, Zn,
Mg, Na, and Fe, as well as selected organic or bio-based
electrode systems. The sustainable battery systems offer
several advantages over traditional alternatives, including
safety, resource availability, and large-scale compatibility.
This article aims to understand the corrosion mechanisms
in sustainable battery systems, their associated challenges,
consequences, and mitigation strategies.

1.2 Electrochemical Corrosion in Sustainable
Batteries: Significance, Mechanisms,
and Environmental Factors

Corrosion is defined as the degradation of metallic materi-
als due to their interactions with environmental constituents
[38]. In battery systems, corrosion poses a severe problem to
the safety, long-term performance, and cost efficiency of the
energy storage technologies, which are the most significant
pillars of NZE 2050 [39, 40]. Corrosion adversely affects

https://doi.org/10.1007/s40820-026-02178-9
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Fig. 2 Schematic presentation of the conceptual framework linking (i) main challenges and shortcomings of traditional batteries, such as safety
risks, toxicity, environmental burden, and limited recyclability; (ii) green battery design principles, including circular economy compatibility,
recyclability, resource abundance, environmental safety, reduced risks and toxicity; (iii) material-level use strategies such as advanced elec-
trolytes (e.g., ILs, DESs and gel systems), sustainable electrodes (Zn, Al, Mg, Na, Fe, and organic systems), and nanostructured and bio-based
separators. This figure shows that corrosion remains a critical shortcoming affecting the durability, stability, and performance of sustainable bat-

teries

efficiency and lifespan, leading to undesirable replacement.
This could increase the material cost and consumption, raise
the carbon footprint, and reduce recyclability. Corrosion-
related damages or failures can compromise the integrity and
stability of the grid, as well as its reliability, discouraging
confidence in clean energy transformations. Numerous bat-
tery components, including metallic connectors (e.g., Al in
cathodes and Cu in anodes) and current collectors, are highly
susceptible to electrochemical corrosion, particularly in
humid, high-voltage conditions [41, 42]. Corrosion-related
failures can cause short circuits, increase internal resistance,
and promote the decomposition of electrodes and electro-
lytes. Electrochemical corrosion directly affects the perfor-
mance of battery systems by reducing specific capacity and
active material utilization due to continuous metal dissolu-
tion. The formation of unstable passive films and corrosion
products increases interfacial resistance, thereby reducing

N

| SHANGHAI JIAO TONG UNIVERSITY PRESS

the rate capacity and causing greater polarization. Unfavora-
ble electrochemical corrosion directly affects key battery
performance parameters. The dissolution of active metals at
the anode reduces their capacity and lowers the energy den-
sity. The formation of passive films of oxides, hydroxides,
or corrosion inhibitors increases interfacial charge transfer
resistance, thereby reducing power output and increasing
polarization. At the same time, excessive H, evolution reac-
tions utilize electrolyte components and electrons without
contributing to applicable charge (energy) storage. This
leads to a decrease in Coulombic efficiency and accelerates
self-discharge. Uneven metal dissolution and localized cor-
rosion accelerate the risks of dendrite growth in rechargeable
batteries. Dendrite growth not only reduces reversibility but
also increases the risk of rapid capacity fading and internal
short circuits. Therefore, in battery systems, corrosion is
not just a problem of material (electrode) degradation but a

@ Springer
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Table 1 A comparative summary of challenges of traditional battery systems, sustainability of green design principles, sustainable alternatives, and their advantages
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fundamental factor affecting battery efficiency, safety, cycle
life, and rate capability. Corrosion-related shortcomings can
pose environmental, health, and safety risks through interfa-
cial corrosion and subsequent leakage.

Zhang et al. observed and reported that in Li-ion batter-
ies, corrosion of Al (cathode) and Cu (anode) collectors
results in contact loss, reduced power, short circuits, and
increased resistance under stress [43]. High voltage and
over-discharging cause Al and Cu to dissolve, respectively.
During recharging, these processes pose safety risks, cause
capacity loss, and lead to short circuits. Ruetschi proposed
that corrosion is one of the main factors determining the
batteries’ lifespan [44]. The corrosion rate in battery elec-
trolytes depends on temperature, voltage, and the metals
(anodes and cathodes). The author proposed that the lifes-
pan of batteries can be reduced by 50-75% if these factors
are not adequately controlled or managed. Valve-regulated
lead-acid batteries (VRLA) employed in UPS systems fail
only in 3-5 years, much before their 10-year design life.
Corrosion significantly reduces life expectancy. Interfacial
interactions between electrodes and subsequent corrosion
can reduce Li-ion battery performance by up to 20% [45,
46]. In EV lead-acid batteries, 30%-50% failures resulted
from corrosion of the lead grids.

In batteries, Al, Zn, and Mg are frequently used as
anodes due to their compatibility and high energy densi-
ties; however, they face significant corrosion challenges,
especially in aqueous electrolytes [47, 48]. In these sys-
tems, corrosion is mediated by redox reactions that lead
to undesirable and irreversible loss of metallic material,
as well as adverse effects on battery performance, includ-
ing shortened lifespan and reduced capacity. Mechanisti-
cally, corrosion can be classified into two types: general
(uniform) and localized [49]. General corrosion occurs
uniformly throughout the anode surface, causing uniform
surface thinning or loss. On the other hand, in localized
corrosion, some specific areas of the electrode surface
experience more severe corrosion than the adjacent areas.
The diffusion of electrolyte components (e.g., Cl~ and
H,0) and oxygen (O,) or other active oxidants into the
defective regions results in the formation of a pitting
nucleus. Most localized corrosion occurs through the for-
mation of aeration concentration cells, i.e., O,-rich cath-
ode and O,-deficient anode regions. Corrosion can also
initiate and propagate along grain boundaries [50, 51].
Obviously, the diffusion of corrosive or active species

https://doi.org/10.1007/s40820-026-02178-9
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will be relatively easy in grain boundaries due to the high
surface defect density. This results in easy setting of elec-
trochemical cells, mainly through the aeration concentra-
tion mechanism. After initiation, corrosion may propa-
gate along grain boundaries (intergranular corrosion) or
through grains (intragranular corrosion). The dissolution
mechanism can involve galvanic corrosion if the anodes
contain metallic impurities [52, 53]. The mechanisms of
uniform (general) and localized corrosion are schemati-
cally presented in Fig. 3. Figure 3a illustrates the anodic
metallic dissolution and cathodic reduction reactions
occurring in the aqueous electrolytes. Notably, in anode
dissolution, a single anodic reaction (oxidation) occurs,
whereas several cathodic reactions are possible depend-
ing on the electrolyte composition. Hydrogen evolution
and oxygen reduction are significant cathodic reactions
in proton- and oxygen-based electrolytes, respectively.
Figure 3b depicts the development of the electric double
layer at the interface of the metal and electrolyte. This
schematic illustrates the formation of the inner Helm-
holtz plane (IHP), the outer Helmholtz plane (OHP), and
the diffuse layer (bulk solution), showing the interfacial
potential distribution and charge separation. The general
or uniform corrosion of the anode in the battery electro-
lyte is illustrated in Fig. 3¢, which shows a homogeneous
material loss throughout the surface. Localized corrosion
mechanisms, including pitting, intergranular, and galvanic
corrosion, are described in Fig. 3d—f. Lastly, the formation
of oxygen gradient cells, or concentration cells, due to
different oxygen concentrations at the anode and cathode
regions, and the subsequent corrosion, is schematically
presented in Fig. 3g.

The corrosion mechanisms of different anodes, including
Mg, Zn, Al, and Fe, vary with the environment’s pH [46, 54].
At acidic pH levels, these metals dissolve due to the reduc-
tion in hydrogen ion concentration. In neutral conditions,
oxygen reduction is a significant cathodic reaction that forms
oxide and hydroxide ions. Dissolved metal ions react with
oxide and hydroxide ions, forming the corresponding metal
oxides and hydroxides, which passivate the metal surface.
The protective nature of the passive layer varies depending
on the nature of the metals, pH, and other environmental fac-
tors. The corrosion mechanisms of some common anodes,
including Zn, Mg, Al, and Fe, are presented herein. A more
detailed account of the inhibition mechanisms can be found
elsewhere [46]. Among the different anode materials used

| SHANGHAI JIAO TONG UNIVERSITY PRESS

in sustainable batteries, Zn has attracted particular attention
owing to its favorable electrochemical properties and com-
patibility with aqueous electrolytes used in battery applica-
tions. Nevertheless, the corrosion behavior of Zn strongly
depends on pH and the dissolved species of the electrolyte.

(i) Corrosion Behavior of Zn-Anode

Zn is a sacrificial anode in different systems as it read-
ily oxidizes and forms Zn>* ions. In acidic conditions,
zinc dissolves by reducing H* ions, releasing hydrogen
gas (H,). In neutral environments, reduction of O, occurs
as a major cathodic (reduction) reaction, forming Zn(OH),
that provides slight corrosion protection. Zn forms highly
soluble Zn(OH)42‘ (zincate) ions in alkaline conditions.
Zn(OH)42_ ions accelerate the dissolution of the passive
layer, thereby increasing the corrosion rate, particularly at
elevated alkalinity. The behavior of Zn corrosion in different
pH levels is as follows:

Corrosion of Zn in acidic environments The nature of Zn
corrosion greatly depends upon the electrolytes’ pH, as seen
by the Pourbaix diagram of the Zn-H,O system (Fig. 4a).
Figure 4b shows that the formation of different corrosion
products also depends on pH: Low pH favors the forma-
tion of Zn>* ions, whereas high pH favors the formation of
Zn(OH),* ions. On the other hand, the formation of ZnO
and Zn(OH), predominantly occurs at intermediate pH lev-
els. The dissolution of Zn at the anode liberates electrons,
which are consumed at the cathode by species, such as H,
H,0, and O,, leading to self-dissolution. In acidic condi-
tions, the anodic dissolution, cathodic Zn deposition, and
H, evolution reactions occur as follows [46]:

Zn > Zn* +2e~  (anodic dissolution) (1
Zn't +2¢ — Znq) (cathodic deposition) )
2H" +2¢” — Hyg,,, (H,evolution) 3)

In acidic conditions, Zn** ions form as the thermo-
dynamically most stable species, and the corrosion rate
is mainly governed by the hydrogen evolution reaction
(HER) [55, 56]. However, at slightly higher acidic pH
(3-5), the diffusion of H* ions (to the cathode) becomes
slower, and the rate of Zn corrosion is mainly governed

@ Springer
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by H ions diffusion or mixed kinetics [57, 58]. Figure 4c, determining process shifts from HER to oxygen reduction
d represents the mechanism of Zn corrosion in acidic  reaction (ORR). In these circumstances, the cathodic reac-
environments. tions can be illustrated as follows [46, 56]:

Corrosion of Zn in neutral environments In neutral H,O + 2¢~ — 20H"

. o . (deaerated environment) 4)
or mildly acidic electrolytes, the corrosion rate (Cg)
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0, +2H,0 +4e™ — 40H™ (Aerated environment) Zn(OH), — ZnO + H,0 @)
Q)]
The ORR reaction kinetics are activation-controlled, Zn(OH), + 20H™ — Zn(OH);~ (8)

and because of their very high irreversibility, they are
independent of electrolyte pH. The presence of oxygen
can significantly increase the Cy. In these conditions,
the anodic dissolution reactions are relatively complex
and involve many ways, including Eq. (1). The anodic
responses can be expressed as follows [46, 56]:

Zn** + 20H™ — Zn(OH), (6)

Notably, corrosion products are relatively porous, allow-
ing the diffusion or penetration of corrosive species, such
as C1~ and SO,*~ ions. These ions may react with Zn** and
other corrosion products to form corresponding Zn salts.
For example, Cl~ ions can react with Zn>* and Zn(OH), to
form corresponding hydroxide compounds, as expressed
by the following equations [46, 59]:
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solution mechanisms of Zn, formation of different corrosion products at different pH, and protection mechanisms of corrosion products

| SHANGHAI JIAO TONG UNIVERSITY PRESS

@ Springer



331 Page 10 of 91

Nano-Micro Lett. (2026) 18:331

5Zn** + 80H™ + 2CI” + H,0 — Zns(OH);Cl, - H,0 (9)

5Zn(OH), + +2CI” + H,0 — Zns(OH)¢Cl, - H,O + 20H"

(10)

Likewise, C10,~ and SO,*~ ions can accelerate the Zn
corrosion by following reactions [46, 59, 60]:

Zn + 2C10; — Zn(ClOy)y(yq) + 2 (11)

Zn(OH), + 3Zn** + 40H" + SOZ™ + 5H,0 — Zn,(OH),SO, - SH,0
(12)

Zn,(OH)(SO,.5H,0 forms a more compact and protec-
tive layer than Zn,(OH);C1.H,0, mainly due to the aggres-
siveness of CI™ ions. The formation rate of ion pairs or
complexes accelerates the Zn dissolution of these ions,
following the following trend: CI~>S0,*” > ClO,". The
pH of Zn-based batteries typically ranges between 3 and
6 [46, 61].

Corrosion of Zn in alkaline environments In alkaline envi-
ronments, the reduction of H,O and O, (ORR) contributes as
a significant cathodic reaction. In the pH range of 7 to 10, zinc
dissolution occurs via two mechanisms.

Zn + H,0 — ZnO + 2H* + 2¢~ (13)

Zn + H,0 + H* > Zn(OH)" + 2H* + 2e” (14)

The passive film formed on the ZnO does not provide
significant corrosion protection. This type of passive film is
commonly called a pseudo-passive film. The formation of the
pseudo-passive film is a net result of passive film destabiliza-
tion by H* ions and its formation as the corrosion reactions
progress. Notably, oxides and hydroxides form at high pH
(11-13), and the kinetics of anodic reactions mainly govern
the Cg. At pH 11, the insufficient supply of H* results in lim-
ited Zn hydrolysis, leading to small domains of passivity. At
pH 12, a compact film of ZnO can be formed by the separate
or combined actions of the adsorption and nucleation-growth
models, which can be illustrated as follows [62, 63]:

Zn+ OH™ — ZnOH, 4 + e~ (15)
ZnOH,4, — ZnO + H + ¢~ (16)
Zn +20H™ — ZnO + H,0 + 2e~ (17)
© The authors

The compact ZnO film thus formed is referred to as
a type III oxide. A type III oxide film is relatively thin but
provides significant protection against further corrosion.
Zn(OH);™ forms on further increasing the alkalinity (pH:
13-14), as expressed below [46, 56]:

ZnOH, 4, + OH™ — Zn(OH), + ¢~ (18)

Zn(OH), + OH™ — Zn(OH); (19)

As corrosion reactions progress, the formation of
Zn(OH);™ is hindered by local supersaturation, which
restricts the transport of OH- ions at the metal-electrolyte
interface, leading to the gradual deposition of Zn(OH), on
the surface. Simultaneously, the dissolution of Zn(OH);™ and
Zn(OH),*" also results in the building of ZnO, as per the fol-
lowing equations [46, 56]:

Zn(OH); + H* - ZnO + 2H,0 (20)

Zn(OH);” - ZnO + H,0 + 20H" QD

Thus formed, the ZnO passive film is referred to as a
type I oxide. In this process, the dissolution of Zn(OH),
is the rate-determining step. When the OH-concentration
decreases, the dissolution of Zn(OH), halts, and a well-
defined, highly protective oxide film, known as a type II
oxide, forms. Noticeably, type I and II oxides form relatively
larger proportions; however, type III oxide plays a more
significant role in transiting the Zn surface in the passive
(oxide) state [63]. Typically, alkaline Zn and Zn-air batteries
use highly concentrated KOH solutions with a pH above 13.

Cathodic reactions can be considered rate-determining
steps in the corrosion of Zn anodes in batteries. In milder
acidic conditions (pH 4-6), H* diffusion significantly
affects the CR, whereas at pH 7-10, ORR becomes the
main cathodic reaction. A higher pH favors the formation
of corrosion-protective passive films. Numerous active
species, including 157, Br,, and Br;~, can diffuse to the Zn
anode, leading to chemical corrosion. Oxygen and hydro-
gen evolution are commonly experienced in Zn-I, cells,
possibly due to interactions of iodine species with Zn(OH),
[64]. Self-discharge and chemical corrosion are influenced
by the diffusion of active Br, and Br;™ in Zn-Br, batteries.
Localized corrosion, primarily pitting corrosion, is com-
monly encountered in Zn batteries due to the diffusion of
halide ions through defective passive films. Sometimes, local

https://doi.org/10.1007/s40820-026-02178-9
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acidification resulting from the hydrolysis of Zn and poten-
tial differences in pits and adjacent areas can form galvanic
cells. Both localized processes increase the anodes’ Cy. In
practical Zn-based battery systems, these material degrada-
tion processes directly translate into reduced battery perfor-
mance. The continuous, undesirable degradation and loss
of Zn result in lower specific capacity and reduced active
material utilization over repeated cycles. Moreover, H, evo-
lution due to cathodic reduction accelerates electrolyte and
electron consumption, promoting self-discharge and reduc-
ing coulombic efficiency. Localized corrosion and uneven
metal dissolution or deposition can lead to dendrite growth
and a rougher surface, which, in turn, shortens cycle life
and increases polarization. The accumulation of corrosion
products and ZnO on the electrode surface can adversely
affect ion transport pathways, reduce rate capability, and
increase impedance. Given these, effective corrosion miti-
gation is essential to achieve long-term cycling stability, a
stable discharge voltage, and high reversibility in Zn-based
battery systems. The corrosion on Zn is primarily governed
by zincate formation and H, evolution in alkaline electro-
lytes. Al exhibits markedly different corrosion behavior due
to its amphoteric nature and its ability to form highly stable,
protective oxide films. Therefore, the mechanisms of Al cor-
rosion have been analyzed and presented separately.

(ii)) Corrosion Behavior of Al-Anode

Al-ion batteries, especially Al-air batteries, which use
highly acidic or alkaline electrolytes, have recently shown
great potential for battery applications. Being amphoteric,
AL is highly sensitive to alkaline and acidic environments.
The Pourbaix diagram of the Al-H,O system indicates that
Al is highly susceptible to corrosion due to the decomposi-
tion of water, as the stability domain of Al is significantly
lower compared to that of H,O. The dissolution of Al results
in the formation of AI**, Al,05, and AlO, depending on
pH. Due to Al’s high reactivity, a thin, compact oxide layer
forms on the Al surface, which is highly soluble in acidic
electrolytes. In acidic environments, the dissolution of the
oxide layer involves a field-assisted or chemical process as
expressed below [46, 65, 66]:

ALO; + 6H* — 2AP* + 3H,0 22)
3 3—
Al = 2Alaq+ + Al o (23)

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

In these equations, Al ), Alaq3+, and Al(ox)3_ represent

Al atoms in oxide film, AI>*

ions in aqueous solution, and
Al vacancy in oxide film, respectively. The H* ions present
in the electrolyte can move to the oxide film and form H,O
by reacting with O>~. Meanwhile, O~ species can be elimi-
nated, and AI** ions can enter the lattice to form Al,O5. The
migration of AI’* to Al vacancies, accompanied by the evo-
lution of H, at the Al/Al,Oj; interface, results in Al surface
pitting corrosion. The aggressive H* ions freely attack the
bare Al surface with a rapid increase in corrosion rate, once
the surface oxide film is completely removed, as expressed
as follows:

Al + 3H" — AI** + 3/2H, (24)

Aggressive anions, including SO,*~, CI~, and NO;~,
complicate the corrosion process. Because of their great
diffusibility and aggressiveness, the C1~ ions produce more
significant effects than other anions. Cl™ ions participate in
Al corrosion and the oxide layer dissolution as follows [66]:

Al + nCl™ — AICI® 3" 4 3¢~ (25)

AP*(AL05) +4C1” — AICI, (26)

CI™ ions preferentially adsorb on the Al surface by replac-
ing the pre-adsorbed H,O molecules, favoring the transfer
of Al from metal to solution phase. The mechanism of
Al corrosion in acidic electrolytes containing SO,>~ and
NO;™ ions is significantly slower, which may be attributed
to their lesser aggressiveness compared to Cl™ ions. Some
studies suggest that the presence of SO,*~ ions decreases the
aggressiveness of C1™ ions by preferential adsorption of less
aggressive SO42_ ions [67, 68]. Another opinion proposes
that SO,>~ ions form surface protective Aly(SO,);.18H,0
and AI(OH)SO, based passive films, which protect against
corrosive dissolution [69]. NO;™ ions increase the stabil-
ity of the passive film, decreasing the Cy. Nevertheless,
several species such as NO, N,, AI(NO;);, NO,™, and NH;
form in the presence of NO;™ ions, making the dissolution
mechanism complex, unclear, and unestablished [70-72].
In some studies, the authors claimed that these species can
react with AI/AIP* to form complexes that can accelerate the
Cg [73]. These discussions revealed that the dissolution of
Al in acidic environments depends more on the nature and
behavior of anions than on the pH of electrolytes.
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The oxide film is highly stable and insoluble, according
to the mechanism of Al dissolution in neutral electrolytes.
Coronation starts with the hydrolysis of the AI-O-Al bond
of Al,O;, which forms the corresponding Al-OH species.
As hydrolysis continues, the surface oxide film converts to
a highly porous, poorly crystallized pseudo-boehmite (i.e.,
AIOOH) film, allowing water molecules to diffuse to the
Al-AIOOH interface. Obviously, at this stage, Cy is con-
trolled by hydrolysis. Corrosion begins immediately when
H,O molecules meet the Al surface. The AI** ions so formed
react with OH™ ions of water, as presented below [46, 74]:

APP* + OH™ — AI(OH)** 27)
AP* + 20H™ — AI(OH)} (28)
A" 4+ 30H™ — AI(OH), (29)

The growth and nucleation of Al hydroxide govern the Cy
at this stage. AI(OH)?* and AI(OH),* species diffuse into
the solution, and H,O molecules diffuse to the interface of
Al/AL,Os. Over time, the oxide film thickness and its pas-
sivating behavior increase, reducing the Cg. Therefore, the
transport of these species determines the Cy. The nucleation
and growth of H, gas bubbles at the Al/Al,O; interface may
adversely affect surface passivation, leading to pitting corro-
sion. In mild alkaline solutions, the corrosion mechanism is
like that in neutral electrolytes, forming numerous species,
including AI(OH);, Al,O5, and AIOOH. OH- ions of water
may diffuse to Al/Al,O5 and disrupt the oxide film stability
as follows:

AI(OH); + OH™ — AI(OH); (30)

At this stage, diffusion of AI(OH),~ and OH™ to or from
the Al,Os/electrolyte interface can be considered the rate-

13+ ions are

determining step. In alkaline electrolytes, the A
thermodynamically unstable, which renders their direct ejec-
tion from the oxide films. Nevertheless, the dissolution of

Al,O; films proceeds as per the following equation:
Al(OH); + OH™ + H,O — AI(OH); (31)
The oxide film is completely dissolved in fundamental

(alkaline) solution, resulting in direct attack of the Al surface
by OH™ ions, as expressed below:

Al + 40H™ — AI(OH); 32)

© The authors

Moreover, the diffusion of AI(OH),~ and OH™ does not
significantly influence the Cy in highly alkaline solutions.
Moreover, the presence of alloying metal impurities leads
to the formation of galvanic cells and subsequent galvanic
corrosion in Al batteries. Mg demonstrates even greater dis-
solution complexity and chemical reactivity than Zn and Al.
Mg-based systems are particularly challenging in aqueous
batteries, as they are prone to substantial hydrogen evolution
and are subject to multiple competing models.

(iii) Corrosion Behavior of Mg-Anode

The Mg anode exhibits higher self-corrosion than Zn and
Al due to its high reactivity. Due to its high reactivity, Mg
in intermetallic alloys such as Mg,Si and Al Fe acts as the
anode, with the remaining alloying elements serving as the
cathodes. Mg-air and Mg-MnO, are typical examples of
Mg-based aqueous batteries. Rechargeable Mg-air batter-
ies face significant challenges due to their poor high-rate
stability and low energy conversion efficiency. The Pourbaix
diagram indicates that Mg lacks a stable domain in aqueous
electrolytes because its equilibrium potential is lower than
that for H, evolution. The behavior of Mg corrosion is more
complicated than that of Zn and Al. Several hypothetical
mechanisms, including the univalent film-based model, the
Mg-hydride intermediate model, the Mg-based model, and
the metal spalling model, have been proposed to explain the
dissolution of the Mg anode in Mg-based aqueous batter-
ies. These models have their own benefits and drawbacks.
The Mg-hydride intermediate model suggests that on the Mg
surface, MgH, exists and plays a significant role in corrosive
dissolution [75, 76]. Firstly, Mg is reduced to form MgH,,
followed by its oxidation in neutral or alkaline solution to
form Mg(OH), or Mg>* ions in acidic solution, as expressed

follows:

Mg + 2H" + 2¢~ — MgH, (33)
MgH, + 2H,0 — Mg(OH), + 2H, (34)
MgH, + 2H* — Mg>* + 2H, (35)

The unprotected Mg can also be dissolved directly to form
Mg** ions, as shown below [77]:

Mg — Mg> + 2e” (36)

https://doi.org/10.1007/s40820-026-02178-9
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The univalent model proposed that Mg dissolution initi-
ates with the formation of univalent Mg (Mg*), as expressed
below:

Mg —» Mg* +e” 37)

The univalent Mg* ions are volatile and readily oxidized
to Mg>* as per the following mechanisms:

2Mg* + 2H* — 2Mg>* + 2H, (38)

2Mg" + 2H,0 — 2Mg*" 4+ 20H™ + H, (39)

These dissolution processes have been extensively studied
in acidic electrolytes, but the mechanisms of dissolution in
neutral and alkaline electrolytes remain unclear. The film-
based model proposes that, due to Mg’s high reactivity, it
readily forms Mg(OH), and MgO passive films, even in
cathodic polarization zones. The passive films break once
the anodic polarization potential exceeds the breakdown
potential, leading to Mg dissolution [46, 78]. The uneven
dissolution was attributed to a spalling mechanism, in which
Mg dissolves as flakes or small particles, leading to H, evo-
lution without current flow [46, 79]. The recent findings sug-
gest that insoluble Mg and Mg?* ions do not participate in
the dissolution process. Another model suggests that in the
presence of aggressive ions, Mg dissolution starts by break-
ing down the MgO film at reactive sites. This ultimately
results in the formation of Mg(OH),, increasing Mg cor-
rosion and H, evolution. This process occurs at the MgO/
Mg(OH), interface, where Mg”* ions can diffuse in the elec-
trolyte or precipitate on the surface as Mg(OH), [80, 81]. In
neutral electrolytes, the overall corrosion reactions can be
presented as follows:

Mg + 2H,0 — MgO + 20H™ + H, (40)

Mg-air and Mg-MnO, batteries primarily use NaCl-based
aqueous electrolytes, and the corrosion mechanism of the
Mg anode can be described by the equation above. At high
pH (above 10.5), the Mg(OH), film provides anticorrosion
protection through passivation. The MgO and Mg(OH),
films are volatile and soluble in acidic electrolytes, acceler-
ating the Cy, as follows [82, 83]:

MgO + 2H* - Mg>* + H,0 (41)

Mg + 2H" — Mg*" + H, 42)

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

In Mg-based alloys, Mg dissolution follows trends
like those of pure Mg, with H, evolution as the dominant
cathodic reaction. The presence of alloying metal impurities
leads to the setting of galvanic cells and subsequent galvanic
corrosion in Mg batteries. The dissolution mechanism of the
Fe anode and other metal anodes can be found elsewhere
[45, 46, 84]. Although Zn, Mg, and Al anodes exhibit dif-
ferent electrochemical behavior, their corrosion mechanisms
share a common fundamental: anodic metallic dissolution
(actual electrode loss) and cathodic hydrogen evolution reac-
tion (HER) or oxygen reduction reaction (ORR). In these
systems, corrosion rates and mechanisms are strongly influ-
enced by pH-dependent passivation and the stability of pas-
sive (oxide or hydroxide) films. Nevertheless, the significant
differences originate from the properties of oxide layers and
their intrinsic thermodynamic stability. Obviously, Zn forms
amphoteric corrosion products, such as zincate, in alkaline
electrolytes and exhibits relatively moderate self-corrosion.
In acidic and neutral environments, corrosion is mainly con-
trolled by the reduction of protons to form hydrogen gas and
by the decrease in oxygen. In contrast, Al forms a highly
stable, compact, and uniform oxide film under neutral condi-
tions, resulting in relatively superior passivation. However,
due to the amphoteric nature of Al-based passive films, they
are susceptible to strong acidic or alkaline conditions and
become highly unstable under such conditions.

Mg acquires a more negative equilibrium potential and
is electrochemically more reactive. Mg lacks a wide sta-
bility domain in aqueous electrolytes and undergoes pro-
nounced self-corrosion, leading to extensive H, evolution.
The uneven accumulation of corrosion products results in a
rough Zn-based surface, leading to halide-induced dendrite
growth and localized pitting corrosion. Likewise, chloride
ingress also breaks the passive layers on the Al surface,
while in Mg, galvanic coupling with intermetallic phases
and passive film instability govern the passive film stability.
These discussions show that, while corrosion mechanisms
across different electrolyte systems and electrodes can be
described by a unified mechanism, their severity, major deg-
radation pathways, and passivation stability differ remark-
ably, necessitating material-specific corrosion protection
strategies. The development, breaking, and regeneration
of oxide- or hydroxide-based passive films play a signifi-
cant role in controlling the kinetics of anodic dissolution
reactions. The stability of these oxide or hydroxide films
largely depends on transport phenomena, ionic species, pH,
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and applied polarization potential. Moreover, in Zn, Al, and
Mg, localized (pitting or intergranular) corrosion occurs by
the ingress or diffusion of corrosive species through surface
defects, galvanic coupling among microstructural heteroge-
neities, and concentration gradients. As a result, anode cor-
rosion in battery systems can be described as the coupling
of different phenomena, including redox (electrochemical)
reactions, transport processes, and passivation, which are
governed by thermodynamic stability, mass transport, and
corrosion kinetics.

In battery systems, in addition to intrinsic material and
electrolyte properties, the degradation mechanisms and cor-
rosion kinetics of anodes are greatly governed by operat-
ing conditions. By increasing the diffusion coefficients and
charge transfer kinetics, temperature significantly increases
corrosion and dissolution rates [85, 86]. Elevated tem-
peratures adversely affect the stability of protective films,
promoting the risks of localized corrosion and hydrogen
evolution [87]. Similarly, fast charging rates and relatively
high current density promote dendritic growth, leading to
localized pitting, anodic polarization, and increased over-
potential [88, 89]. High depth-of-discharge and repeated
cycling conditions can induce mechanical stress on passive
films, increasing the risk of cracking and exposing a fresh
anodic surface to corrosive electrolyte [88, 89]. In seawa-
ter and flow-based battery systems, the hydrodynamic and
electrolyte velocity conditions affect the mass transport of
corrosive species (e.g., SO,>~, CI7), thereby influencing
concentration cell formation and localized corrosion [90,
91]. Moreover, pressure and state-of-charge fluctuations
and oxygen concentration gradients may promote galvanic
coupling and adversely affect interfacial stability [92, 93].
Thus, in practical battery systems, corrosion behavior not
only depends on the nature and properties of the anodes
and the electrolyte composition but is also coupled with real
operating parameters.

Under extreme conditions, e.g., elevated temperature and
high voltage, metal-ion corrosion in aqueous electrolytes
is significantly intensified, significantly limiting the prac-
tical operating window. The thermodynamic driving force
for anodic dissolution increases at relatively high anodic

potential (E, ), leading not only to accelerated oxidation

anodic
and metal dissolution but also to destabilization of protec-
tive passive films [94]. Likewise, increased voltage can
trigger electrolyte oxygen evolution reaction (OER), elec-

trolyte decomposition, and degradative side reactions [95,

© The authors

96]. These side reactions also generate several active spe-
cies, which diminish the protective properties of oxide or
hydroxide passive films. In Al-, Mg-, and Zn-based battery
systems, the stability domains defined by the Pourbaix dia-
gram may shift into instability domains due to local potential
shifts at high polarization, accelerating the risks of pitting
corrosion or active metal loss [97]. At the same time, an
increase in temperature enhances charge transfer kinetics at
the metal-electrolyte interface, ionic mobility, and the dif-
[98, 99].
An increase in temperature is also consistent with the high

fusion coefficient, thereby increasing HER and i_,,
solubility of corrosion products, diminishing the integrity
of oxide or hydroxide passive films and intensifying the
risk of localized corrosion due to faster mass transport of
aggressive anions such as C1~ or SO,>~. Therefore, extreme
conditions (elevated temperature and high voltage) can bring
corrosion-mediated adverse effects, including capacity fad-
ing, dendrite formation and growth, impedance growth, and
gas accumulation.

In practical battery systems, corrosion does not occur
under static electrolyte conditions; instead, it appears in
dynamically evolving chemical environments [100, 101].
During the cycling process, due to concentration polariza-
tion, oxygen reduction, metal-ion hydrolysis (solvation), and
hydrogen evolution, the local pH can fluctuate. At the same
time, several anions, including NO;~, Cl™, SO42_, and other
active species, may coexist with varying concentrations.
Under such complex-electrolyte conditions, corrosion mech-
anisms compete and may transform in response to kinetic
accessibility and thermodynamic stability [102, 103]. Ther-
modynamically, using the Pourbaix diagram, the dominant
corrosion mechanism can be rationalized, providing solid
insights into the domains of metal, oxide, and soluble spe-
cies as a function of potential and pH [104]. Nevertheless,
in practical systems, corrosion pathways are often controlled
by kinetic parameters such as oxygen transport, diffusion of
OH™ or H*, kinetics of passive film dissolution, adsorption
strength of aggressive anions available in the electrolyte,
and charge transfer resistance at the interface [105, 106]. For
example, in zinc-based systems, corrosion or dissolution is
mainly controlled by hydrogen evolution at low pH, whereas
at neutral pH, dissolution is primarily controlled by the oxy-
gen reduction reaction [107]. The presence of CI™ at high
concentrations induces a kinetically favored localized pitting
corrosion, driven by autocatalytic local acidification and the
breakdown of protective (passive) films. Conversely, sulfate
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ions may accelerate the formation of protective sulfate-
containing surface films, shifting the corrosion mechanism
toward uniform behavior. A similar competition can also
be observed in Mg- and Al-based battery systems, where
aggressive anion adsorption, oxide stability, and hydrolysis
(solvation) reactions collectively determine whether uniform
or localized dissolution predominates or passivation occurs.
Therefore, in sustainable batteries, corrosion mechanisms
depend on thermodynamic and kinetic factors.

The qualitative monitoring of the corrosion behavior
of anode materials is of great practical importance, in
addition to mechanistic knowledge and the factors that
affect it, particularly in extensively employed Li-ion bat-
tery (LIB) systems [108, 109]. In LIB systems, corrosion
mainly affects Cu and Al current collectors under elevated
temperatures, over-discharge, and high-voltage condi-
tions [110]. Therefore, electrochemical techniques such
as electrochemical impedance spectroscope (EIS), linear
polarization resistance (LPR), and potentiodynamic polar-
ization (PDP) have been widely used to evaluate func-
tional qualitative parameters such as R, (charge transfer

(corrosion

resistance), R, (polarization resistance), E,,

potential), and i, (corrosion current density), to provide

corr
qualitative insight about passive films stability and kinet-
ics of corrosion reactions [111-113]. Moreover, weight
-loss and hydrogen evolution analyses are also employed
to determine corrosion rates. The literature investigation
also shows that several advanced surface characterization
techniques, including SEM (scanning electron micro-
scope), EDS (energy-dispersive X-ray spectroscopy),
XPS (X-ray photoelectron spectroscopy), and ICP-MS
(inductively coupled plasma mass spectrometry), have
been used to detect trace metal dissolution and surface
degradation [111]. Nowadays, in situ and operando diag-
nostic approaches have also emerged as a potential tool for
studying interfacial material degradation via electrochemi-
cal mechanisms in realistic environments [114-116].
Corrosion behavior of electrodes in battery systems has
been extensively studied using electrochemical techniques.
In most of these investigations, electrochemical inhibition
efficiencies are derived under simplified laboratory condi-
tions, especially for short-duration experiments. Several

electrochemical indices, such as Rp, R, and i while

corr?
providing valuable insights into mechanisms, do not fully
capture long-term dissolution under practical battery cycling

conditions, which are generally characterized by temperature
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fluctuations, mechanical stress, repeated charge—discharge
cycles, and changing electrolyte composition. Moreover,
testing protocols, such as applied current density, exposure
times, electrolyte composition (concentration), and the units
used for reporting, vary widely across studies. The inconsist-
encies in these protocols and outcomes make direct compari-
son difficult, leading to inconsistent conclusions and chal-
lenging the assessment of the best-performing materials.
The founding of unified benchmarking standards is highly
vital for the next-generation sustainable battery systems to
establish practice performance thresholds including: (i) sus-
tained Coulombic efficiency of >99%; (ii) capacity retention
of > 80%-90% after extended cycling (e.g., over 1000-5000
cycles varying upon system); (iii) controlled H, evolution
rates; and (iv) stable impedance growth below defined limits
over prolonged operations. To accelerate technology trans-
lation and enhance compatibility, long-term corrosion test-
ing protocols are essential, especially in realistic operating
battery conditions. The integrated testing frameworks will
enable reproducibility, benchmarking, and the industrial
implementation of corrosion mitigation approaches in sus-
tainable battery systems.

The pH of electrolytes significantly impacts corro-
sion pathways, corrosion behavior, and the stability
of passive films. Several anions, such as CI~, Br™, and
SO,>” ions, enhance Cg, whereas certain anions, especially
NO;~ and CrO,*, passivate the metal surface and decrease
Cg [117-119]. Generally, an increase in temperature results
in arise in Cg, and similar trends are observed with increas-

ing current density (i.,,). Properties of anodic metals, such

corr
as particle size, grain properties, distribution, and surface
area, also affect the corrosion resistance behavior of anodes
[46, 120]. The presence of elemental impurities may acceler-
ate or decrease Cy. The presence of contaminants, especially
anions, in electrolytes may positively or negatively affect
the Cy, of anodic materials. In different battery systems, the
degree of electrode corrosion is closely associated with the
performance decay trends observed during cycling. The

corrosion current density (i) derived through potentio-

corr:
dynamic polarization can be correlated with the capacity

retention and self-discharge rates. Generally, an increased

lCO[‘I‘
an increased self-discharge rate. Likewise, the formation of

value is associated with reduced capacity retention and
corrosion products and the development of passive films are

associated with increased impedance values in EIS stud-
ies and larger voltage hysteresis during charge—discharge
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R
and other parameters provides indirect but reli-

processes. These points indicate that monitoring i
Ry, Ry E

corr’

corr? ct?

able indicators of battery porosity, health, and performance.
In battery systems, the corrosion behavior of electrodes is
strongly influenced by several interrelated physicochemical
parameters, including temperature, pH, electrolyte composi-
tion, the nature of aggressive ions, and the applied potential
(Eppiica)- Each of these parameters can alter corrosion mech-
anisms, H, evolution kinetics, mass transport properties, and
the stability of passive films. Table 2 summarizes the phys-
icochemical parameters that induce primary corrosion.

1.3 Corrosion Could Be a Barrier and Stealing
Problems in Sustainable Batteries

Corrosion poses a multifaceted barrier to the future of the
battery industry, particularly for aqueous electrolyte-based
batteries (Fig. 5) [49]. Corrosion adversely affects both the
external casing and the internal electrochemical interfaces
of batteries, reducing their lifespan, safety, and performance.
Corrosion impedes the electrical conductivity between the
battery and the device, leading to several severe issues, such
as power loss or slow charging [121]. This results in sulfa-
tion and undercharging overtime. Once corrosion is initiated,
it can spread to other components of the battery, causing
further corrosion and damage. The corrosion of the battery

terminals can also adversely affect the lifespan and perfor-
mance. Overheating spots developed by corrosion may lead
to parasitic shorts or drains. Qin et al. observed that corro-
sion from hydrothermal salt spray leads to a 76% decrease in
the elastic modulus and induces swelling due to NaCl infil-
tration, resulting not only in reduced mechanical strength but
also compromised integrity and safety risks, including ther-
mal runaways and short circuits [122]. The challenges are
particularly encountered in environments of high humidity.
Corrosion-mediated failures affect the energy storage sys-
tems in electric marine vehicles (EMVs), coastal grids, and
offshore installations. Du and coworkers demonstrated that
galvanic and anodic corrosion, as well as electrolyte decom-
position, degrade current collectors and electrodes, leading
to capacity fading, gas evolution, and increased impedance
[123]. Cu and Al collectors in Li-ion batteries experience
galvanic and pitting corrosion, especially in humid environ-
ments, at elevated temperatures, and under elevated voltage.

In aqueous electrolyte-based batteries, Zn, Fe, Al, and Mg
anodes readily corrode, evolve H, gas, and form oxide (passive)
films in the presence of O, and H,O, thereby impeding charge
transfer. Recent reports indicate that safe, sustainable, and recy-
clable battery systems rely heavily on the recovery of metals
such as Co, Mn, Ni, Al, Mg, and Li [124-126]. However, corro-
sion degradation and the mixing of corrosion products, mainly
oxides and hydroxides, reduce the purity of recovered metals
and their recovery efficiency. Moreover, corrosion-mediated

Table 2 A summary of physicochemical parameters mediated corrosion phenomena and their mechanistic aspects

S/N  Physicochemical parameter Corrosion phenomenon

Mechanism(s)

1 Low pH
(acidic condition)

2 Neutral pH

Uniform corrosion; enhanced HER

films
3 High pH
(alkaline condition) Mg(OH),, respectively
4 Aggressive ions (e.g., Cl-) Localized attacks, pitting corrosion
5 Relatively less aggressive
ions (e.g., 8042_ and
NO;)
6 High voltage
ated breaking of passive films
7 Elevated temperature
increases icorr and
8 Presence of oxygen
mediated corrosion

9  Accelerated current density Localized corrosion; Dendrite growth

ORR as a major cathodic reaction; porous oxide

Zn, Al, and Mg form zincate, amphoteric Al,O;, and

Reduced localized pitting; improved passivation

Localized corrosion, OER activation, and acceler-
Passive films weakening; increased H, evolution;

Aeration (concentration) cells; enhanced ORR-

Destabilization of passive films; accelerated H reduc-
tion

Diffusing controlled process; oxides or hydroxides
formation

Passive film dissolution; anodic activation at very high
pH

Local acidization and breakdown of passive (oxide)
films

Form relatively compact sulfate/nitrate-based films

Electrolyte decomposition and shift stability domains
in the Pourbaix diagram

Enhanced charge transfer kinetics; enhanced diffusion

Concentration gradient development; cathodic activa-
tion

Polarization-induced instability; nonuniform ion flux

© The authors
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contamination can adversely affect the recycling process. The
corroded and damaged casing, as well as electrode residue, may
increase safety risks, especially in aged batteries, which require
strict design and recycling standards.

2 Electrochemical Corrosion Problems
in AESs: Mechanisms, Consequences,
and Mitigation

To thoroughly understand the corrosion mechanisms
in battery systems, it is crucial first to examine the basic
electrochemical reactions governing metallic dissolution
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and passivation in aqueous environments. Although the
mechanism of corrosion varies depending on the nature of
the metal and the electrolyte, it is generally governed by
interfacial redox (electrochemical) reactions, the formation
of passive (oxide) films, and mass transport processes. In
this section, the corrosion behavior and mechanisms of rep-
resentative anode materials, such as Zn, Mg, and Al, are
discussed to highlight similarities and differences. In addi-
tion to gaining insights into corrosion mechanisms in battery
systems, developing effective corrosion protection strategies
is vital for enhancing the electrochemical stability and ser-
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Fig. 5 Schematic diagram showing corrosion-related multifaceted barrier to the future of the battery industry, particularly for aqueous electro-

lyte-based batteries
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into three broad categories: (i) strategies related to intrinsic
material designs that include microstructural optimization
and alloying; (ii) strategies related to surface engineering,
such as passivation, coatings, and artificial interphases
[127]; and (iii) strategies related to electrolyte modification
through the incorporation of solvation-controlling species,
corrosion inhibitors, and functional additives. The objec-
tives of these strategies include suppressing anodic electrode
dissolution, cathodic H, evolution, stabilizing passive films,
reducing dendrite growth, and homogenizing metal deposi-
tion. These protection strategies, along with representative
mechanisms, are systematically discussed in the following
sections. In battery systems, corrosion protection strategies
depend heavily on the form of corrosion.

The use of gel electrolytes has emerged as a practical
approach to prevent interfacial corrosion in aqueous metal-
ion batteries, particularly in Al-, Mg-, and Zn-based systems
[128-131]. Unlike conventional electrolytes, gel-based sys-
tems are composed of confined water molecules within poly-
mer networks, thereby reducing undesirable HER and water
activities [128, 129, 132]. Moreover, the polymer matrix also
restricts the ingress of aggressive anions, including sulfate
and chloride, present in the electrolyte, thereby minimizing
the risks of concentration-gradient-mediated galvanic effects
and localized pitting corrosion [133—-135]. Additionally,
these electrolytes can accelerate the formation of relatively
more uniform and stable solid-electrolyte interphases, which
can serve as protective films, thereby reducing current den-
sity and improving the kinetics of interfacial charge transfer
[136, 137]. Being mechanically robust, gel electrolytes also
suppress dendrite propagation by regulating ion flux at the
electrode surface. Therefore, gel-based electrolyte systems
offer several benefits for batteries, including lower HER,
reduced metal dissolution, improved Coulombic efficiency,
enhanced safety, and long-term cycling stability [138, 139].
Owing to these properties, i.e., interfacial protection and
electrolyte stabilization, the use of gel-based electrolytes
in next-generation aqueous sustainable batteries is gaining
particular attention.

In addition to gel and specific additive electrolyte sys-
tems, the balanced design of corrosion-resistant electrolytes
also requires systematic consideration of physicochemical
parameters under both alkaline and acidic conditions. Buft-
ering capacity and pH control are highly critical parame-
ters, as the corrosion rate depends strongly on hydroxide
concentration and proton availability [140]. Obviously, the

© The authors

stable pH domains reduce the possibilities of passive film
breakdown and retards excessive H, evolution by reducing
HER [141, 142]. Solvation structure and water activity are
other important parameters that play a central role in the
design of corrosion-resistant electrolytes [143]. Generally,
free water molecules promote anodic dissolution and HER.
The reactivity of water and its adverse consequences can be
minimized using water-in-salt systems, high-concentration
electrolytes, the incorporation of an external additive, or gel
electrolytes [144—146]. These species form intermolecular
hydrogen bonds with free water molecules, thereby reduc-
ing their activity and consequences. The selection of anions
and their control of aggressiveness could be other practical
approaches to designing corrosion-resistant electrolytes. For
example, Cl™ ions promote localized corrosion by dissolv-
ing or diffusing through the surface oxide films, leading to
pitting corrosion, whereas NO,~ or SO,>~ ions promote the
formation of protective passive films [147, 148]. To avoid
excessive side reactions and undesirable corrosion, the elec-
trochemical stability window (ESW) and redox compatibil-
ity with electrode materials must be appropriately ensured.
Excessive dendrite growth and polarization can be avoided
by optimizing transport homogeneity and ionic conductivity
[149, 150]. Moreover, SEI-forming ability and interfacial
compatibility are crucial for stabilizing artificial interphases
or oxides during cycling. Screening these parameters can
provide a systematic framework for designing and devel-
oping corrosion-resistant electrolytes tailored to alkaline or
acidic metal-ion batteries.

Table 3 summarizes the significant forms of electrochemi-
cal corrosion in aqueous electrolyte-based battery systems,
along with their corresponding mechanisms, affected com-
ponents, significant consequences, and primary preven-
tion strategies. The corrosion in these systems manifests
in several ways, including uniform, pitting, galvanic, and
intergranular corrosion, as well as hydrogen- and dendrite-
mediated corrosion and passive film instability. The different
corrosion forms share the common anodic dissolution and
cathodic HER or ORR reactions, but they differ in sever-
ity, effect on electrochemical performance, and localized
behavior. The consequences range from gradual, slow mate-
rial and capacity loss to increased impedance, polarization,
and the risk of short circuits. Effective corrosion mitigation
strategies include alloy design, microstructure control, grain
refinement, corrosion inhibitors, surface engineering, elec-
trolyte regulation, and interfacial stabilization.

https://doi.org/10.1007/s40820-026-02178-9
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2.1 Electrochemical Corrosion and Corrosion
Inhibition of Sustainable Zinc-based Batteries

Zn-based anodic materials have long been recognized for
primary (non-rechargeable) as well as secondary (recharge-
able) batteries owing to their cost-effectivity, high theoreti-
cal capacity (820 Ah kg™"), and electrochemical reversibil-
ity [151-154]. Nevertheless, their practical applications are
significantly hindered by their susceptibility to corrosion in
alkaline electrolytes, particularly for Zn-MnO, and Zn-air
batteries [155, 156]. Mercury amalgamation was widely
employed in conventional batteries to prevent or minimize
undesirable anodic corrosion (dissolution) by passivating
the anode surface [84]. The growing interest in sustainable
development in the early 1990s, following the establishment
of green chemistry principles, led to efforts to mitigate bat-
tery corrosion in the search for Mercury-Free strategies.
These strategies include alloy-based modifications and the
use of external additives, commonly referred to as corro-
sion inhibitors. Organic compounds, primarily heterocycles,
featuring various heteroatoms and polar functional groups,
serve as effective corrosion inhibitors for anodic dissolu-
tion [157, 158]. These electron-rich sites serve as adsorp-
tion centers during their coordination with the anode (Zn)
surface. For example, Nartey et al. screened the inhibition
performance of a series of organic inhibitors for the dis-
solution of Zn in KOH solution [159]. The outcomes of
different analyses showed that they strongly bind to the
metallic surface and form protective hydrophobic films via
n-orbital or coordination bonds. The presence of corrosion
inhibitors significantly improves the charge—discharge sta-
bility and minimizes the H, evolution. These effects typi-
cally improve capacity retention, Coulombic efficiency,
cycle life, and reduce polarization under practical operating
conditions. A year later, Kannan and coworkers adopted an
alloying approach, integrating trace amounts of Mg, Pb, and
Al into high-purity Zn to improve battery performance and
corrosion resistance [160]. The alloying elements not only
improve battery performance but also replace traditional
inorganic additives, such as CaO, sodium citrate, and sodium
stannate. The authors observed that cathodic H, evolution
and anodic dissolution were significantly retarded by alloy-
ing, attaining anodic inhibition efficiency of up to 99%. The
literature study reveals that in the early 2000s, the use of
protective thin films and polymeric surfactants began to pro-
tect against anodic dissolution [161]. They synergistically

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

improve the surface morphology, retard H, evolution, and
anodic dissolution.

Zhu et al. proposed a Nb-based surface modification
approach in which Pb(NO;); produces a protective Nb-rich
surface oxide (passive) film on the Zn surface for adequate
protection [162]. The Nb-rich surface oxide films provide
uniform corrosion protection, minimize corrosion rate
(CRr), reduce current density (i), and increase charge
transfer resistance (R). Significant progress in the use of
organic and surfactant-type corrosion inhibitors to protect
Zn anode dissolution was made between 2009 and 2015.
These species, such as amidopoly ethylamines, develop a
corrosion-protective hydrophobic layer, thereby inhibit-
ing both anodic and cathodic reactions [163]. Mainly, they
serve as mixed-type corrosion inhibitors, meaning that they
retard both anodic Zn dissolution and cathodic H, evolution
without significantly shifting the corrosion potential (E_,)
(by more than 85 mV). Their adsorption mostly obeyed
the Langmuir isotherm model. Polyethylene glycol (PEG),
DTAB, Tween-20, Polyoxyethylene (40) nonylphenyl ether
(PNE), and hydroxyethyl cellulose (HEC) are employed as
effective and eco-friendly substitutes to mitigate Zn anode
corrosion [157, 164—167]. They exhibit 80-98% anodic dis-
solution inhibition efficiencies, depending on the nature of
the electrolytes. Recent advancements in green chemistry
and sustainable development necessitate the use of green,
especially bio-based polymers, such as PEG and HEC, for
anticorrosion applications in batteries. They are highly
flexible, hydrophilic, cost-effective, and compatible, with
remarkable film-forming and ionic conductivity properties.

The idea of using bio-based additives was further explored
by Yang et al. [168]. They observed that CMC (carboxym-
ethyl cellulose) passivates the Zn surface and retards den-
drite growth in 6 M KOH. CMC forms a non-porous, uni-
form hydrophilic-hydrophobic interface layer that prevents

the diffusion of corrosion species, reduces Cy and i, and

corr’
enhances R_,. The formation of protective hydrophobic films
of 2-octanone ethylene diamine (OED) via coordination
bonding was studied in a separate study [169]. The results
showed that a 4 wt% loading of OED manifested more
than 95% efficiency. OED minimized the risks of pitting
corrosion by providing a uniform layer. The H, evolution,
i.e., cathodic reactions, was significantly reduced, as OED
primarily serves as a cathodic-type inhibitor. The polymer-
based inhibitors mostly form a uniform and compact mon-
olayer, as indicated by the Langmuir isotherm [170, 171].

@ Springer
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The inhibitor films provide 90%-96.8% anodic dissolution
inhibition efficiency. The use of surfactants and polymers
can be considered as Hg-free, next-generation, amphiphilic,
sustainable alternatives for corrosion protection in battery
systems.

The literature survey reveals that several corrosion inhibi-
tors have been developed and employed in battery systems.
Their modes of action can be rationalized within a combined
mechanistic classification framework. The different inhibi-
tors described in the present section can be divided into three
classes: (i) adsorption and film-forming surfactants and pol-
ymers, including DTAB, PEG, Tween-20, HEC, CMC and
PNE, which produce corrosion-protective physical barrier
the interface and retard anodic Zn corrosion and cathodic
H, evolution; (ii) chelating and multidentate heterocycles,
including benzotriazole and imidazole derivatives, BHB,
nitrilotriacetic acid (NTA) and gluconate-based complexes,
which coordinate with metallic and ionic Zn sites and form
highly protective chelated protective films through chem-
isorption mechanism; and (iii) inorganic or ionic modifiers,
including Sc** cations, Nb-based treatments, oxygen scaven-
gers (AQS) and sulfate salts, which control interfacial charge
distribution, nucleation behavior and composition of passive
films [172, 173].

Their molecular and structural properties primarily deter-
mine their effectiveness as protectants. Corrosion inhibitors
containing electron-rich polar functional groups of heter-
oatoms (N, S, O), n-conjugated systems in the form of aro-
matic rings or side chains, and multiple adsorption sites with
the potential for chelation significantly enhance adsorption
effectiveness through chemisorption on the ionic or metal-
lic Zn surface. The adsorption of corrosion inhibitors and
the formation of hydrophobic protective films are consistent
with improved coulombic efficiency, increased R, (or Rp),
and decreased icorr. In polymer- and surfactant-based cor-
rosion inhibitors, the balance between hydrophilic segments
(headgroups) and hydrophobic segments (alkyl chains)
determines wettability, ion transport, and the compactness of
protective films, and directly affects dendrite formation and
H, evolution. Generally, hybrid formulations having poly-
mers (or organic) components mixed with inorganic ions
provide synergistic protection by suppressing both anodic
and cathodic reactions.

A noticeable transition occurred between 2009 and
2018, as ZnSO,-based systems replaced alkaline batter-
ies, enabling rechargeable Zn-ion batteries with enhanced

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

reversibility, safety, and stability. Sun et al. manifested that
sodium anthraquinone-2-sulfonate (AQS) behaved as a self-
oxidizing oxygen scavenger [174]. AQS achieves a coulom-
bic efficiency of over 99% and cycling stability of more than
2500 h. Through the deoxygenation mode, AQS also retards

dendrite growth, surface precipitation, Cy, and i, enabling

corr’
long-lasting cycling. Gelman and coworkers demonstrated
that the PEG-Zn hybrid systems form a significantly denser,
more uniform protective film [175]. Hybrid systems not only
improve corrosion resistance but also enhance battery per-
formance and lifespan [175, 176]. The use of hybrid systems
(organic/polymers and inorganic additives) has also been
explored elsewhere [177—179]. The presence of Pb** and
Mg** ions improves the inhibition performance of pyrazole
and gelatine, respectively. In Zn-air and Zn-alkaline systems,
amphiphilic inhibitors address long-standing problems by
suppressing H, evolution, dendrite growth, and ZnO pas-
sivation. Many surfactants, including SDS, Tween-20, and
SDBS, have shown noticeable improvements in the dis-
charge performance and electrochemical stability of the
anode materials [180-182]. These surfactants served as
interfacial regulators, diminishing electrode polarization,
improving ion transport, and stabilizing the anodes.

Li et al. proposed using a more complex amphiphilic PEI
(polyethylenimine) inhibitor for dendritic suppression and
corrosion protection [184]. A relatively noticeable transfor-
mation was the use of coordination-complex-based corro-
sion inhibitors in battery systems. The counterions of these
complexes not only regulate the nucleation but also stabilize
the redox reactions. We et al. studied the corrosive dissolu-
tion of Zn foils in an alkaline solution of ZnO with and
without Zn acetate (ZA) and Zn gluconate (ZG) [183]. The
Nyquist and Bode plots for Zn corrosion in 6M KOH with
and without ZA and ZG are shown in Fig. 6. The careful
inspection reveals that, initially, inhibitors exhibit incom-
plete adsorption; however, after 24 h of immersion, a com-
plete adsorption film can be inferred from the development
of a well-defined capacitive semicircle in Nyquist plots. ZG
produced the largest diameter with the highest phase angle
(~37°) among the studied systems, indicating the best resist-
ance, most effective adsorption, and thickest inhibitive films.
The nucleation of Zn** ions in an alkaline solution contain-
ing ZA and ZG, which proceeds mainly via 3D diffusion, is
schematically measured through chronoamperometry (CA)
and chronopotentiometry (CP) and is shown in Fig. 7a, b.
Figure 7c shows that acetate ions bind effectively to the 002
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Zn surface by replacing the pre-adsorbed H,O molecules,
thereby reinforcing the deposition and desolvation of Zn**
ions. The adsorption and formation of protective film by
gluconate and acetate ions are illustrated in Fig. 7d. They
form a uniform, non-porous protective film that prevents the
diffusion of corrosive species.

Recently, advanced molecules for mitigating anodic
dissolution, including polyols, ionic liquids (ILs), and
metal-organic frameworks (MOFs), have emerged as prac-
tical and multifunctional alternatives [64, 173, 185, 186].
MOFs provide anticorrosion protection and enhance battery
performance, achieving more than 85% capacity retention
and 99.6% Coulombic efficiency even after over 6000 cycles.
ILs form a corrosion-protective hydrophilic film, provid-
ing more than 91.3% efficiency at concentrations as low as
2.5 mM. MOFs and ILs retards the dendrite growth, mini-
mize sulfate precipitation, and homogenize the metallic sur-
face. The use of ion-assisted and functionalized electrolytes

can be considered another notable transformation in protect-
ing battery anodes through solvation, film formation, and
ion-surface interactions. Kim and coworkers proposed that
Sc3* cations force uniform Zn deposition, which retard den-
drite growth [187]. The Sc** cations’ “tip-blocking” mode of
action was associated with a coulombic efficiency exceeding
99% over 100 cycles. The polyhydroxylated sugars (poly-
ols), such as trehalose, develop an H-bonding network and
minimize the presence of free water molecules [188]. The
coordination of trehalose with Zn?* and the subsequent
hydrogen-bonding networks decreased cathodic H, evolution
and anodic Zn dissolution, thereby promoting Zn deposition.
The organic and ionic components regulate the deposition
and solvation kinetics.

Nowadays, artificial intelligence (AI) assisted screen-
ing has emerged as one of the most potent and effective
tools in electrolyte optimization and materials discovery
in energy storage systems [189, 190]. High-throughput
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computational screening using machine learning (ML) and
data-driven modeling approaches enables the assessment
of several vital parameters, including binding affinity,
electrochemical stability window (ESW), solvation struc-
ture, hydrogen evolution activity, and adsorption energy
[191-195]. Nowadays, ML-driven studies on proton-con-
ducting electrolysis and H, evolution electrocatalysts have
shown that data-driven strategies can effectively tailor or
fabricate active-site distributions, electronic structures,
and overall surface chemistry to improve interfacial stabil-
ity and reduce HER kinetics [196, 197]. Such approaches
provide useful insight for designing effective corrosion-
resistant electrolytes for aqueous battery systems. Al

models can also be used to correlate molecular descriptors
such as energies of frontier molecular orbitals, i.e., energy
of highest occupied molecular orbital (Eygypo), energy of
lowest unoccupied molecular orbital (E} o), their differ-
ence AE (E; ymo — Exomo)s electronegativity (y), dipole
moment (¢), and hydrogen-bonding potential, to design
corrosion-resistant electrolytes. These computed param-
eters can be correlated to experimentally derived param-
eters such as inhibition efficiency (%IE), R, Ry, Or iyo.
Fortunately, computational approaches enable the iden-
tification of effective electrolyte additives and corrosion
inhibitors without the tedious synthesis and experimental
trials [198-200].
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For example, DFT-derived parameters combined with ML
algorithms can be used to predict the adsorption nature and
effectiveness of corrosion inhibitors on electrode (Mg, Al,
Zn, etc.) surfaces. In contrast, molecular dynamics (MD)
and Monte Carlo (MC) simulations can be used to study
water activity and solvation structure in gel-based or concen-
trated electrolyte systems [198-200]. Al can also be used to
gain helpful insight about the selection of optimized anions
by predicting pitting susceptibility and oxide film stability
under different operating conditions, such as varying volt-
age, temperature, and pH [201, 202]. Moreover, predic-
tive models developed using electrochemical datasets may
help define safe and effective operational windows under
extreme conditions, i.e., high temperature and voltage, by
linking corrosion kinetics to electrolyte composition. Given
this, combining electrochemical outcomes and mechanistic
modeling and Al-driven strategies offers a promising path-
way toward designing and developing corrosion-resistant
electrolytes and corrosion inhibitors for the next-generation
sustainable batteries.

Inorganic and anionic modifications further expanded the
design of corrosion-resistant electrolytes. Lin et al. observed
that the presence of SPS (anionic sodium 3,30-dithiodipro-
pane sulfonate) in corrosive alkaline solution forced hori-
zontal Zn growth through the selective adsorption of sul-
fonate groups available at the high-energy sites, favoring the
development of corrosion resistance orientation [203]. This
type of orientation enabled dendrite-free cycling for over
4400 h, with a coulombic efficiency exceeding 99.7%. Like-
wise, Na,SO, facilitates the formation of passive films over
[204].
Currently, considerable attention is being paid to the devel-

the Zn surface, minimizing Cg, H, evolution, and i,
opment and application of multidentate heterocyclic and
chelating inhibitors for zinc stabilization in aqueous battery
systems. NTA (nitrilotriacetic acid) serves as a multidentate
additive that coordinates Zn>" and develops chelating films
(NTA-Zn*"), reducing Zn(OH), formation and cathodic H,
evolution [205]. 0.15 wt% NTA reduced i
90% and achieved a coulombic efficiency of 99.4% after

corr Dy more than
800 cycles. NTA also promotes uniform Zn deposition and
Zn** desolvation. Similarly, BHB (6-bromo- 1H-benzimida-
zole) coordinates to the Zn surface via its Br and N atoms,
promoting effective film formation and retarding H, evo-
lution and dendrite growth [206]. A coulombic efficiency
of 99.24% was observed after 1150 h in the presence of
0.25 mM. BHB greatly enhanced corrosion resistance. The

© The authors

Nyquist and Bode plots, which reveal a significant increase
in corrosion resistance, are shown in Fig. 8a, b.

The Nyquist curves were suitably fitted in equivalent
circuits to get the desired EIS parameters (Fig. 8c, d). The
increase in R and impedance values indicated adsorption
and the formation of a protective BHB film. The adsorption
was also supported by high film resistance (R;) and lower
double-layer capacitance (Cy;). The adsorption of BHB fol-
lowed the Langmuir isotherm (Fig. 8e), suggesting that it
forms a chemisorbed monolayer. Potentiodynamic polariza-
tion (PDP) curves in the presence of BHB showed a slight
decrease in H, evolution and i, with a protection effi-
ciency of approximately 99% (Fig. 8f, g). Computational
studies support the interactions between the Zn surface and
BHB. The differential charge density map reveals electron
accumulation around Br and N and depletion on Zn sites,
thereby establishing coordination and charge transfer pro-
cesses. MD simulation analyses showed that BHB forms a
robust monolayer through parallel adsorption, resulting in
a compact hydrophobic layer that prevents the diffusion of
corrosive species, including water (Fig. 9a-e). Figure 9f, g
shows the Zn growth behavior with and without BHB. The
uniform, smooth, and dendrite-free Zn growth was clearly
revealed in the presence of BHB, indicating homogenous
nucleation and prolonged surface stability.

Nearly complete corrosion protection was observed
using a dual-layer surfactant system (OP-10P) for the Zn-
air battery [207]. DD (1,10-decanedithiol) coordinates with
Zn* and forms an outer, protective, hydrophobic layer that
reduces self-discharge and enhances conductivity during
cycling. The electronic properties of OP-10P and DD were
investigated using DFT. FMOs and their respective ener-
gies and energy gaps are illustrated in Fig. 10. DD has a
higher Eyyopmo Vvalue, favoring more donation or coordina-
tion, whereas OP-10P is more susceptible to better accept-
ance due to a lower E| ;o value. The relatively low AE
values for OP-10P and DD indicate that they chemisorb to
the metal surface, forming uniform, compact corrosion-
protective films. Likewise, the N-atom of Pyr (pyrazine),
Pym (pyrimidine), and Pyd (pyridazine) coordinates with
the Zn surface and forms corrosion-protective, hydrophobic
films [208]. The DFT study revealed that pyrimidine with
N atoms at 1st and 3rd (meta-) position, favored parallel
adsorption, balancing and controlling the coordination and
desolvation kinetics.

https://doi.org/10.1007/s40820-026-02178-9
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The use of bio-based inhibitors has been identified as a
promising new avenue for sustainable anode stabilization
and corrosion protection. Ren et al. reported that fucoidan
(FCD), a natural polysaccharide, forms an 8§ nm cova-
lently bonded film on a metallic substrate by coordinating
through its oxygen atoms [155]. The covalently monolayer
film so formed reduced the H, evolution and retard the cor-
rosion without affecting the Zn>* transport, providing up
to 2700 h cycling. The bio-based chelating FCD revealed a
coulombic efficiency of 99.5% after 300 cycles. Likewise,
protonated triglycine (ggg), a zwitterion, interacts with the
Zn surface through -NH; and -COO™ and reduced water
activities and H, evolution [209]. The use of biocompat-
ible compounds in Zn anode corrosion protection has also
been explored in other reports [210, 211]. Organophos-
phonates, polyols, and metal-organic complexes have been
established as effective multifunctional additives for Zn-
based aqueous batteries [212-214]. They provide anticor-
rosion protection by adsorbing at the interface of the Zn
surface and aqueous electrolytes. They reduce the Cg, i

corr?
and H, evolution and enhance R for Zn corrosion in such

electrolytes. They also improve the battery performance,
including coulombic efficiency over 99%.

The use of complexing and film-forming additives for
enhanced stability and corrosion protection has been fur-
ther advanced in recent studies. Sn and coworkers developed
dopamine-derivatized polypyrrole (DA-PPy) for H, evolu-
tion reduction and corrosion protection [215]. DA-PPy, with
its numerous coordination sites, effectively binds to the sur-
face, retarding corrosion without affecting Zn** transport.
Zn-pyrrolidone carboxylate (Zn-PCA) stabilizes cathodic
and anodic processes in Zn-I, batteries [216]. Polyiodide
adsorbs and reduces dendrite growth and corrosion, with
87% capacity retention after 30,000 cycles. PCA- anions
mainly coordinated with I,. Imidazo[1,2-b]pyridazine (IP)
provides dual functionalities, i.e., anchoring and shielding
effects [217]. The coordination and chemisorption of IP via
N atoms displace pre-adsorbed water molecules. This results
in dendrite-free deposition and stable cycling over 2200 h
with a very high coulombic efficiency of 98.7%.

Ma et al. elucidated sodium gluconate (SG) as a cost-
effective and multifunctional filming corrosion inhibitor
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for Zn corrosion [218]. Gluconate anions form a chelat-
ing complex that prevents the attack by corrosive species,
including SO,* ions. In the presence of these anions, the
solvated Zn** converts into [Zn(gluconate)(H,0)s]*, which
reduced Cy and H, evolution. The working mechanism of

SG is illustrated in three steps in Fig. 11. The adsorption

© The authors

of gluconate ions produces corrosion-preventive films that
avoid direct water contact and attack. GS guided uniform
Zn plating via electrostatic shielding of Na* and SO,*~ ions
at the interface. The replacement of H,O molecules by glu-
conate ions results in the formation of new solution shells;
Zn(gluconate)(H,0)s]*. These result in reduced byproduct

https://doi.org/10.1007/s40820-026-02178-9
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production, dendrite growth, Cy, and improved uniformity in
Zn deposition. MD simulations and DFT analyses revealed
that SG replaced H,O molecules in the solvation shells,
enabling the formation of stable complexes and preventing
corrosion (Fig. 12). The Ey;, 4y, for gluconate and Zn** was
much greater than that of the water and Zn** system. The
adsorption of SG follows a chemisorption mechanism retard-
ing corrosion. Moreover, Na* ions enhance Zn** nuclea-
tion through electrostatic field modulation and preferential
adsorption, thereby reducing dendrite growth.

The use of advanced molecules such as urotropine (URT)
and 2-amino-6-trifluoromethoxybenzothiazole (TBA) in
stabilization and corrosion protection of Zn anodes gained
significant advancement [219, 220]. Le et al. demonstrated
that TBA manifests remarkable capability by developing a
zincophilic-hydrophilic interface coordinating with a ben-
zothiazole anchor moiety and a terminal trifluoromethoxy
group [219]. These result in steric shielding and selective
chemisorption at the Zn-electrolyte interface. The electro-
chemical behavior of the Zn surface in 2 M ZnSO, solu-
tion with and without TBA is shown in Fig. 13. The larger

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

diameter of the Nyquist plot semicircle in the presence of
TBA suggests an increase in R, due to surface passivation
(Fig. 13a). The Bode plots exhibit broadening of the phase
angle and an increase in the impedance modulus, indicating
enhanced capacitive properties and the formation of protec-
tive films at the Zn-ZnSO, electrolyte interface (Fig. 13b).
The equivalent circuits used for fitting the EIS graphs are
shown in Fig. 13c. TBA becomes effective by adsorbing
onto the metallic surface, following the Langmuir isotherm
model (Fig. 13d). PDP analyses showed that TBA decreased
Crand i, indicating that
TBA is a mixed-type inhibitor (Fig. 13e). Lastly, LSV curves
showed that the H, evolution potential shifted slightly to

without a significant shiftin £,

more negative values, suggesting reduced H,O decomposi-

tion and H, evolution. The increased R, decreased Cy, and

ct>

i.orr Values suggest that TBA becomes effective by blocking
the surface-active sites through chemisorption.

Recently, the use of anticorrosive coatings to enhance
corrosion resistance, electrochemical stability, durability,
and rechargeability of the Zn anodes is gaining particular

attention in battery technology [237]. Metal oxide-based

@ Springer
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Fig. 11 Diagrammatic representation of SG and the related mechanisms of action [218] (Reproduced with permission. © 2024 Elsevier)

anticorrosive coatings, including TiO,, Al,O3, CeO,, and
ZrO,, have manifested remarkable performance in reduc-
ing Cg, Iz corrosion, and H, evolution while unchanging
the electrochemical nature and stability of batteries. These
metal oxides form stable and inherent films that separate the
metallic substrates from corrosive environments. Al,O5 coat-
ings (1.5 wt%) of Zn surface prepared by ALD and sol-gel
approaches reduced i, by almost 79% and enhanced the
capacity retention to 85-89.4% [221, 222]. The literature
study reveals that Al,O; coatings have been widely used due
to their strong adhesion, barrier properties, inertness, and
ability to block electron transfer. Al,O; promotes the uni-
form deposition of Zn**, minimizes H, evolution (HER), and
corrosion rate. Titanium dioxide (TiO,)- based coatings have
also been used to protect Zn anodes. Zhao et al. observed
that TiO, minimized the formation of Zn(OH),, along with
reducing the HER and Cy [223]. The TiO,-coated Zn anode
showed nearly 85% capacity retention after 1000 cycles.
TiO, coatings also provide the blocking effects for O, and
H,O diffusion, minimizing the risks of localized corrosion
[224]. Silica (SiO,) based coatings are generally achieved
by chemical solution and chemical vapor deposition (CSD
and CVD) techniques.

Zn,Si0, (zinc silicate) or SiO, coatings provide insulating
properties while maintaining the electrochemical stability

© The authors

[225]. The highly adherent and compact layers of these coat-
ings reduced HER, Cy, and i
chemical barriers by limiting the gas evolution and hydrox-

corr 910, coatings also provide
ide (OH"™) adsorption. The use of ZrO, coatings for Zn anode
protection is highly rated, as they improve electrochemi-
cal stability and mechanical integrity. Lian and coworkers
showed that ZrO, coatings stabilized the Zn-MnO, cells
[226]. The adherent ZrO, layer promotes uniform nuclea-
tion of Zn>* and acts as a physical barrier, preventing direct
contact with the electrolyte. ZrO, coatings also reduced ZnO
densification, thereby improving the corrosion rate and cou-
lombic efficiency to 99.35% after more than 3800 h. The
development of CeO, coatings for Zn anode protection can
be considered one of the most advanced coating approaches,
as Zn deposition along the (002) crystal planes reduces HER
and dendrite growth [227]. CeO, coatings also reduced the
contact angle (Fig. 14a, b). XRD analysis reveals the for-
mation of effective and adherent coatings (Fig. 14c). The
SEM images of bare and CeO,-coated samples with and
without immersion are shown in Fig. 14d—g. The PDP study
revealed that the anodic and cathodic curves were signifi-
cantly affected, and i, decreased notably with CeO, coat-
ings (Fig. 14h). The CeO,-coated anode shows 98.5% capac-
ity retention after 4000 cycles. Overall, the CeO, coatings
improve kinetic stability, retard side reaction and formation

https://doi.org/10.1007/s40820-026-02178-9
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by electrostatic shielding [218] (Reproduced with permission. © 2024 Elsevier)

of byproducts, and promote uniform Zn growth. Similar
observations have also been reported in the literature for
ZnNb,Oq (zinc niobate) and Al,Si,O5(OH), (kaolin)-based
coatings [228, 229].

Organic and polymer coatings provide both physical and
flexible barriers that protect Zn anodes from H, evolution
and corrosion, while retaining their excellent mechanical
integrity and electrical conductivity. Jo et al. observed that
PANI coatings prevent direct contact between the aque-
ous electrolyte and Zn particles [230]. The PANI coatings
reduced the HER and self-discharge potential, maintaining a
capacity retention of 97.8% after 24 h. The coatings demon-
strated an effectiveness of 85% in providing corrosion pro-
tection. A similar observation was reported in another study

) SHANGHAI JIAO TONG UNIVERSITY PRESS

involving PVDF-based coatings containing TiO, [230]. The
hybrid coatings enhance chemical shielding and electro-
chemical stability. Carbon-based coatings offer multifaceted
benefits, including reduced HER, Cy, and i

corr» Uniform Zn

deposition, and improved mechanical integrity and electrical
conductivity. In the Zn@C shell structure, the carbon shell
protects Zn from corrosion in alkaline solution and retards
the ZnO leaching [231]. Nearly 99% capacity retention
was derived after 400 cycles for the Zn@C shell structure.
A Zn surface coated with surface-modified CNT (sCNT)
blended with Zn,SiO, exhibits excellent corrosion resist-
ance properties [232]. The sCNT coatings offer dendrite-
free cycling with a coulombic efficiency of nearly 99.5%.
Cellulose nanofiber (CNF) and graphene acid (GA)- based

@ Springer
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composite (CNF/GA) coatings demonstrated self-discharge
retention of 99% after 24 h. Hybrid (organic and inorganic)
coatings provide multifunctional protection for Zn anode in
aqueous electrolytes [224, 228, 233, 234]. Some metal-based
anticorrosive coatings have also been developed and tested,
exhibiting slightly lower coulombic efficiency and capacity
retention [235, 236].

The corrosion resistance, H, evolution, and electrochemi-
cal reversibility can also be tailored through alloying the
Zn anode with suitable elements [238, 239]. The literature
study reveals that the presence of Ni, Bi, and Sn additives
significantly improves performance. Jo et al. showed that
the presence of 1-5wt.% of Ni and Bi reduced the Cy, i,
and H, evolution remarkably [240, 241]. A similar finding
was reported elsewhere by Kang et al. [242], Da et al. [243],
and Wang et al. [244] for Bi alloyed Zn anodes. The alloying
not only improves corrosion resistance but also enhances
battery performance, including capacity retention and high
coulombic efficiency over 1000 cycles. Zhu and coworkers
observed that the Sn-alloyed Zn anode showed 89.5% capac-
ity retention [245]. They observed that for extended cycling,
Sn alloying improves surface morphology and reduces H,
evolution. LCSM images revealed that after 1000 cycles,

© The authors

the bare Zn surface becomes highly rough, covered with
corrosion products, and exhibits surface pits, cracks, and
dendrite growth (Fig. 15a). However, Fig. 15b shows that
the ZnSn alloy surface remains significantly smoother and
more uniform, with fewer surface defects. Figure 15c, d rep-
resents the roughness profile of bare Zn- and Sn-alloyed Zn
surfaces, and Fig. 15e, f shows the underlying mechanisms.
ZnSn alloy serves as an H, evolution inhibitor by reducing
icorr and the H, evolution overpotential. The dendrite for-
mation and growth were significantly reduced by uniform
Zn”* nucleation. Summaries of recent reports on the corro-
sion inhibition of Zn anodes using corrosion inhibitors, anti-
corrosive coatings, and alloying are presented in Tables 4,
5, and 6, respectively.

2.2 Electrochemical Corrosion and Corrosion
Inhibition of Sustainable Aluminum-Based
Batteries

Al-air batteries have attracted significant attention in
energy storage systems owing to their low cost, high
theoretical energy density, and eco-friendly nature [246,
247]. Nevertheless, like Zn-based batteries, the practical

https://doi.org/10.1007/s40820-026-02178-9
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implementation of Al anode in electrode in alkaline elec-
trolytes, mainly KOH and NaOH solutions, is constrained
by its susceptibility toward corrosion [248, 249]. Al reacts
with H,O and OH™ and forms Al(OH); and H, [250]. Cor-
rosion leads to continuous, undesirable aluminum (Al) loss
and hydrogen (H,) evolution, resulting in poor anode uti-
lization and coulombic efficiency. AI(OH); layers serve
as a barrier for discharge uniformity and electron transfer,
resulting in a volatile voltage profile and reduced lifespan
[251]. These circumstances increase Cy, i, and H, evo-
lution and enhance the probability of pitting corrosion.
Recently, the use of organic compounds has emerged as
an effective inhibitor for these undesirable reactions. Huo
et al. studied and documented the inhibition potential of
an amino acid derivative, namely N-a-Fmoc-N-epsilon-
Boc-D-lysine (FDLH), for AI-5052 anode in 4M NaOH
electrolyte [252]. They observed that FDLH significantly
reduced AL-5052 anode dissolution and H, evolution.

SHANGHAI JIAO TONG UNIVERSITY PRESS

A careful inspection of Fig. 16 reveals that the electro-
chemical behavior is dramatically altered in the presence
of FDLH. EOCP vs. time curves shifted to the positive
(anodic) side, indicating the formation of protective films
of FDLH.

PDP curves also showed a remarkable shift and reduc-
tion in icorr in the presence of FDLH. The tested inhibitor
demonstrated 57.1% efficiency in inhibiting Al anode dis-
solution, serving as a mixed-type inhibitor. The increased
diameter of the Nyquist plot and the enhanced impedance
and phase angle of the Bode plot in the presence of FDLH
suggest increased passivation and a higher R, for Al cor-
rosion. EIS data were fitted using an equivalent circuit. In
the absence of FDLH, the Al anode is freely attacked and
corroded by H,0 and OH™, leading to unrestricted corrosion
and dissolution. However, FDLH forms a stable protective
film using AI-O—C and Al-O-N bonds (Fig. 17). The dense,
uniform, and hydrophobic film exhibits multifunctional

@ Springer
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properties, enhancing both corrosion resistance and battery
performance. FDLH inhibits both anodic and cathodic reac-
tions. These observations showed that the FDLH inner layer
serves as a chemical passivator while its outer layer retards
the diffusion of corrosive species, including OH™ and H,O.
The inhibition potential of organic and polymeric inhibi-
tors, including PVA, CTAB, heterocycles, sodium octanoate
(S0), sodium benzoate (SB), and sodium citrate hydrate
(SC), has been studied and described widely [253-258].
They effectively adsorb at the interface between the Al
anode and the alkaline electrolyte via their electron-rich
coordination sites, thereby inhibiting corrosion.

© The authors

El-Alouani et al. showed that the electronic structures of
inhibitors played a crucial role in their adsorption and inhibi-
tion potential [254]. They showed that HOMO and LUMO
were distributed over -NO, and —CN groups of Z4 mol-
ecules, indicating that these sites were involved in the charge
transfer and adsorption (Fig. 18). The careful inspection
also reveals that electron density regions are mainly located
around O and N atoms, suggesting that they serve as sites for
coordination bonding and chemisorption. These molecules
retard the self-corrosion of the Al anode and form protective
films. Many studies reported the inhibition potential of tan-
nic acid (TA) [259], [Amim][TFSI] (ILs) [260], ZnO + PEG

https://doi.org/10.1007/s40820-026-02178-9
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Table 6 A summary of some recent reports on corrosion inhibition of Zn anode using Zn anode alloying

S/N  Anode alloy Battery type Battery Alloying element Efficiency Salient features Refs
Electrolyte and ratio
1 Znpowder  Alkaline Zn-air bat- 7M KOH+2 wt.% 3 wt.% Bi and Ni icorr reduced a) [240]
teries PAA from 1.2718 to Bi improves efficiency
0.8490 mA cm™ and reduces HER (4
times)
b)
E,., slightly shifted in the

positive direction

©)

Bi inclusion delays spon-
taneous corrosion

2 Znpowder  Alkaline Zn-air bat- 7M KOH+2 wt.% 5 wt.% Bi and 5 R, increased from  a) [241]
teries PAA wt.% Ni 55.4t0 602.2 Q Bi decreased H, overpo-
(ZnBi-2) (90.8%) tential and shifted E_ .
in a slightly negative
direction

b)

Ni mostly helped in the
reduction of H, evolu-
tion

)

Bi and Ni improve the
surface morphology

3 Zn-Bi (98:2) Zn-air batteries TMKOH+2wt.% 2 wt.% Bi 91.1% a) [242]
alloy PPA The lowest current den-

sity (0.326 mA cm™2)
was derived from Zn-Bi
alloy

b)

99.5% discharge capacity
was retained

c)
KOH-PAA reduced self-
discharge
4 Zn powder  Alkaline Zn-air bat- 6 M KOH 1.5 wt.% Bi 53.8% a) [243]
teries Specific capacity and

energy density increased
to 21.7% and 28.7%,
respectively

b)

84.6% capacity retention
was observed after 60
cycles

)

Bi reduced dendrites
and H, evolution and
overpotential
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Table 6 (continued)

S/N Anode alloy Battery type Battery Alloying element Efficiency Salient features Refs
Electrolyte and ratio
5 Zn-Bi alloy  Zn-ion batteries 1M ZnSO, Bi icor reduced d) [244]
from 3.589 to Nearly 90% reduction
0.333 mA cm™2 in i, was observed,
and HER overpotential
raised to -1.81 from
1.72V
e)
Coulombic efficiency was
99.6% after 1000 cycles
f)
No dendrite formation
occurs
6 Zn and Zn-ion batteries 2M ZnSO, Sn 31% 2) [245]
Zn-Sn Sn reduced Cy and HER
alloy h)
Sn increased the lifecycle
by 150% as compared to
pure Zn
i)
Zn-Sn manifests a heat
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Fig. 17 Schematic illustration of the FDLH corrosion inhibition process [252] (Reproduced with permission. © 2025 Elsevier)

diacid [261], nonoxynol-9 (a non-ionic surfactant) [262],
and CTAB [263]. They adsorb on the Al surface using their
—SH, and
—COOH, as well as the n-electrons of aromatic systems or

polar functional groups, such as —OH, —-NH,,

side chains. Their adsorption results in the retardation of
anodic and cathodic reactions. Protein- and biopolymer-
based inhibitors have emerged as promising, effective, and
eco-friendly alternatives to aluminum corrosion inhibition.
These green molecules, including L-cysteine, alkyl poly-
glucosides (APG), L-aspartic acid (Asp), fulvic and humic
acids, and casein protein, are associated with numerous polar
functional groups that coordinate with the Al surface and
form a chelating complex to inhibit corrosion [264-269].
They achieve more than 80% efficiency by developing cor-
rosion-protective inhibitive films.

Surfactants and ILs have also demonstrated outstanding
potential for inhibiting Al anode corrosion in alkaline elec-
trolytes by altering the electrochemical potential, retarding
self-corrosion, and inhibiting H, evolution. For the develop-
ment of corrosion-protective films, the heteroatoms (N, O,
and S) of ILs coordinate with the Al surface, demonstrating
more than 96% efficiency [260]. Nonoxynol-9 and quater-
nary ammonium surfactants manifest reasonably high effi-
ciency and serve as mixed-type corrosion inhibitors [262,
263]. Some studies also documented the synergistic effects
of organic—inorganic hybrid additives for Al anode corrosion
protection in battery environments. Their synergistic formu-
lations are better inhibitors than their isolated counterparts.

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

For example, the L-cysteine/ZnO hybrid manifests excellent
protection for Al dissolution [270]. The authors observed
and reported that cysteine coordinates on the Al surface,
forming Al-Zn-S and Al-Zn-O, and significantly inhibit
corrosion. Likewise, the 8-HQ /ZnO hybrid forms Al-O and
Zn-N type complexes and inhibits corrosion and retard H,
evolution [271]. The literature survey on composite mate-
rials on Al anode corrosion inhibition shows that NiAl-
vanadate(LDH/PVA) hybrid [272], PGA 4+ K,SnO; [267],
and decyl glucoside + decanedithiol + K,SnO; [273] have
been effectively used.

Zhang et al. studied the synergistic performance of
decyl glucoside (DG), decanedithiol (DD), and K,SnO;
for Al-1080 corrosion in 4 M KOH [273]. The PDP and
OCP analyses revealed that the presence of DG, DD, and
K,SnOj shifts E

orr toward the positive direction, indicating

control over H, evolution kinetics. EIS analyses validate the
PDP results, showing that the Nyquist plots for a synergistic
combination of DD, DG, and K,SnOj; exhibit the largest
semicircle diameter (Fig. 19). This finding suggests that
DD +DG +K,SnO; exhibits the highest resistance and the
lowest corrosion rate. The presence of different components
in the formulation enhances their adsorption and film-form-
and H,
evolution, as well as increased R values. Figure 20 shows
the corrosion inhibition mode of the DD + DG + K,SnO;
system. SnO;>

ing ability, which is responsible for reduced Cy, i

corr’

~ ions are first released from K,SnO; and
form a Sn-based protective film through their deposition.

@ Springer
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d ESP and e MESP visualization [254] (Reproduced with permission. © 2025 Elsevier)

The adsorption of DG follows this step to enhance the
hydrophobic character of the protective films and fill the
surface defects and cracks. Lastly, DD coordinates with Al
and adsorbed Sn through S atoms, forming Al-S and Sn-S
bonds to increase the protection of existing films and their
density. More so, DFT-based analyses showed that DG is
associated with a smaller AE (E; ymo — Enomo) and a higher
dipole moment than DD. This results in a higher binding
affinity of DG for AI** ions than for DD. Nevertheless, the
DD +DG + K,SnOj; system develops Al-Sn-S-C-O-based

© The authors

multifunctional layers to retard anodic dissolution and
cathodic H, evolution.

Bio-based QDs and plant extracts have emerged as car-
bon-rich and green corrosion inhibitors for the Al anode in
alkaline batteries [259, 274-276]. Gao and coworkers stud-
ied the inhibition efficiency of Toona sensis extract (TSE)
containing different active phytochemicals for Al anodic
dissolution [274]. They observed that the active constitu-
ents bind to the Al surface, forming O—Al and N—-Al bonds
and thereby forming inhibitive films. Figure 21 presents the

https://doi.org/10.1007/s40820-026-02178-9
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Fig. 19 Egp versus time curves and dynamic polarization curves for the Al-1080 anode in 4 M KOH with and without additives a K,SnO;, b
DG, ¢ DD, and d summary of K,SnO;, DD, DG, K,SnO;+DD, and K,SnO;+DD+DG. Electrochemical impedance spectra of the Al-1080
anode in 4 M KOH with and without additives and corresponding equivalent circuits e K,SnO;, f DD, g DG, and h summary of K,SnO;, DD,
DG, K,SnO;+DD, and K,SnO;+DD + DG [273] (Reproduced with permission. © 2025 Elsevier)

distributions of the HOMO, LUMO, and FMOs, their energy
gaps, electrostatic potential maps (EPMs), and adsorption
energies for different active phytochemicals. The authors
observed that kaempferol and quercetin were associated with
the lowest energy gap, highest chemical reactivity, and the
best coordination ability. EPMs were mainly located around
N and O atoms, indicating they form Al-O and Al-N com-
plexes. Careful observation shows that quercetin had the
most negative E, 4, value, followed by kaempferol and nico-
tinic acid. Based on different outcomes, they proposed that
different constituents adsorbed on the Al surface via chem-
isorption. Polymer-based protective layer including PVA
[253], NiAl-vanadate-based LDH/PVA [272], and Prussian
blue integrated PAA [277] also manifested reasonable Al
protection in alkaline electrolytes. Chung et al. showed that
alkali metal cations such as Rb*, K*, Na*, and Li* affect
the discharge and corrosion properties of Al in KOH-based
electrolyte [278]. The outcomes suggest that Rb* showed the

SHANGHAI JIAO TONG UNIVERSITY PRESS

best corrosion resistance and discharge capacity, validating
that large cations provide superior electrochemical stability.
Other reports also documented the inhibition of the Al anode
in battery electrolytes [254, 256, 257, 279, 280].

The alloying approach for increasing the corrosion
resistance of the Al anode in battery and saline environ-
ments has mainly been explored. Minor alloying ele-
ments, including Bi, Mg, Zn, Sn, In, and Ga, significantly
enhance the corrosion resistance and anodic activities
[281-284]. Different alloying elements perform various
functions. For example, Sn decreases H, evolution and
breaks oxide films, thereby activating Al. Mg decreases H,
evolution, while Zn stabilizes dissolution and raises the H,
evolution overpotential. Bi and In disrupt oxide layers, and
Cu forms protective films (passivation). Additionally, Ga
controls surface activities. Summaries of some representa-
tive results showing the effects of corrosion inhibitors and
alloying are presented in Tables 7 and 8.

@ Springer



331 Page 52 of 91 Nano-Micro Lett. (2026) 18:331
a g e S Y. R A T i e e R 3
' Structure : ' HOMO 1 LUMO . | ESP 1| Structure . ! HOMO 1 LUMO | ESP |
—N : 2 2
DD { g 3 /‘_,/4 "f‘iﬁ"j(s{ a’cy‘g‘,s,, 41514,1,4 %x,/!s,j!/igi_{‘, “M &
% L R Sl
:ﬂ{*r‘:‘a‘;uo *ﬂ'oarn“' &-""""' (% }"“"" i ::». ig)'!t! 7 ﬁ' b4y pe ’;ﬁaﬁq‘@)f ﬂbq
e Nine
aom; O, AOH; oH Q W 9 i
\ / - , S o W o
B o “o/ T o e,
ALO; 2 e S 5
G V¥ o e e Nge
Uneven Sn layer
K,SnO,
() »
D
<) ~ V@ Lo

L}

T G

Chelate deposition V¢

protective layer

0

)

N

Al-1080 anode immersed in
4M KOH without additives

K,Sn0,+ DD +DG
D
o MO ;

)
H,
Alkaline dlectrolyte ® L’ d & Alka ®
o - o
. 5 Oxide Layer ®©
AlOH; ol AYOH); ot aiow; O ALOH); oif
Ol / / ? "4 AKOH), /“” Al(om/
s
AVOH); ALOH), AIOH); Al(OH), AYOH), ¥ 5 - \ ALOH, P>
R e AL
A0 = = . AL-1080 anode )é o, 0, ™ no, e MO
] ’ / A variety of additives L 2% " ¢ ] /
G By A O work togetherto &' O () O A s (G Doy T
“ construct a Cobol | M 4

multifunctional membrane

B

)N

<

O 1,10-Decanedithiol 8, o;a;fa;; Decyl glucoside

) f&!’ )
| AMKOH | AN1080 anode a $no2- .C HO ‘; HO 5
9,

Fig. 20 DFT computation and the mechanism of corrosion inhibition. a Diagrammatic representation of the Al-1080 anode’s corrosion inhibi-
tion process in 4 M KOH, both with and without additives. b LUMO, HOMO, and ESP structures optimized for DD, DG, DD/AI’*, and DG/

AP [273] (Reproduced with permission. © 2025 Elsevier)

2.3 Electrochemical Corrosion and Corrosion
Inhibition of Sustainable Magnesium-Based
Batteries

Magnesium (Mg) is a highly reactive metal, and it readily
oxidizes to form a passivating film of Mg(OH),, reducing

© The authors

electron transport and electrochemical stability [285, 286].
Corrosion can adversely affect the retention capacity, H,
evolution, and self-discharge, which compromise the safety
and integrity of batteries [113]. These adverse effects are
more pronounced in aqueous, humid, or saline conditions
[287, 288]. The corrosion mitigation of Mg anode has

https://doi.org/10.1007/s40820-026-02178-9
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already gained significant advancement through corrosion
inhibitors, anticorrosive coatings, and alloying approaches
[289, 290]. These strategies have been proven essential for
achieving reasonable electrode stability, enhancing battery
performance, corrosion resistance, and prolonging cycle
life. Deyab noticed that the presence of 2.5 mM of DG
(decyl glucoside) in 3.5% NacCl (saline) solution reduced

SHANGHAI JIAO TONG UNIVERSITY PRESS

ol
¥ N

the corrosion rate significantly and showed the inhibition
efficiency of 94% [291]. DG forms strong, compact inhibi-
tive films via Mg-O bonding, thereby improving anode uti-
lization, discharge voltage, and retention capacity. A binary
mixture of 10 mM Na;PO, and 30 mM NaF manifests 98.8%
efficiency for the Mg anode in 2 M Na,SO, [292]. Na,PO,
and NaF form protective films of Mg;(PO,), and MgF,,

@ Springer
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Fig. 22 Schematic illustration of AZ31B anode corrosion in 3.5% NaCl with different P-CD levels using a OCP, b Tafel, ¢ Nyquist, and d
equivalent circuit models [295] (Reproduced with permission. © 2025 Elsevier)

which delay the voltage drop and reduce self-corrosion. The
inhibition potentials of phosphate additives for Mg corrosion
have been reported in other studies [293, 294].

Zhao et al. reported the inhibition effectiveness of
P-doped carbon QDs (P-CDs) for Mg-air batteries [295].
Electrochemical analyses revealed that P-CDs significantly
reduced the i, value, achieving an inhibition efficiency of
85.2%. The formation of protective films of Mg(OH), and
Mg,(PO,), reduced both anodic dissolution and cathodic
H, evolution, resulting in a change in the shape of the
Tafel polarization curves and Nyquist and Bode EIS plots
(Fig. 22). In the presence of P-CDs, the battery showed a
70% increase in the anodic utilization. Jiang et al. studied
and reported the use of sodium citrate (NaCA) to improve

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

corrosion resistance and discharge property of Mg-based
anodes in a chloride-free electrolyte [296]. As conventional
NaCl-based electrolytes increase anodic dissolution and
decrease efficiency due to the formation of Mg(OH), and
aggressive Cl™ ions, the authors propose using 0.1 M NaCA
as an electrolyte. In such electrolytes, Mg anodes can be
stabilized by the formation of a protective chelating complex
by Mg?* ions.

The corrosion resistance and battery performance of
the Mg anodes can be significantly enhanced by alloying.
Numerous alloying elements, including Sn, Pb, Al, Ge, Bi,
Zn, In, and Ca, significantly reduced self-corrosion and H,
evolution, while enhancing anodic efficiency. Wang and
coworkers showed that the addition of 1-3 wt.% Sn to AZ61

@ Springer
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Mg alloys reduced H, evolution and refined grains, prov-
ing improved discharge efficiency and corrosion resistance
[297]. Another study showed that as serves as a cathodic
poison, retarding H, evolution in C1~ environments [298]. Pb
and Al alloying improved electrochemical stability and dis-
charge activity [299]. The presence of 14 and 15 elements,
including Sn, Ge, Bi, Sb, and Pb, reduces corrosion rates via
cathodic activation [300]. Ge and Zn enhanced the mechani-
cal strength and corrosion resistance of Mg alloys [301]. Ca
improves specific energy, cell voltage, and corrosion resist-
ance [302, 303]. Summaries of some representative results
showing the effects of corrosion inhibitors and alloying on
Mg anode dissolution are presented in Tables 9 and 10.

2.4 Miscellaneous: Sustainable Na/K-Ion, Solid-State,
Recyclable Li-Ion, and Organic Batteries

The practical implementation of sodium-ion batteries (SIBs)
and potassium-ion batteries (KIBs) in energy storage is
greatly challenged and hindered by undesirable corrosion
[304-307]. Due to their weaker Lewis acidity, greater ionic
radii, and unique solvation structures, Na* and K* exhibit
different interfacial chemistries compared to Li*, despite
sharing numerous electrochemical properties. The litera-
ture inspection shows that the cycling instability of SIBs
and KIBs is mainly caused by interfacial corrosion of the
hard carbon anodes and layered oxide cathodes [308, 309].
Unlike Li-ion batteries, Na/K systems reveal more aggres-
sive electrolyte-mediated decomposition due to narrower
electrochemical stability windows [310, 311]. This makes
corrosion mitigation an essential design requirement in SIBs
and KIBs. In layered potassium transition metal oxides,
including P'3- and P3-type K,MnO,, they represent a beau-
tiful class of materials owing to their favorable K + diffusion
kinetics, cost-effectivity, electrochemical reversibility, and
exceedingly high theoretical capacity [312]. Nevertheless,
their electrochemical stability and reversibility were greatly
hindered in conventional ester-based electrolytes, especially
in the presence of KPF, due to adverse interfacial reactions.

PF¢~ ions induce oxidative instability and hydroly-
sis by producing HF and several other corrosive species
that aggressively attack Mn—O frameworks, causing lat-
tice distortion, Mn disintegration and dissolution, rapid
voltage decay, and structural stress [313]. More so, in

© The authors

carbonate-based electrolytes, the solvent molecules can
intercalate into the layered oxide galleries and destabilize
the structure by producing thick resistive cathode—electrolyte
interface (CEI) layers [314]. The combined action of solvent
diffusion and HF-mediated dissolution constitutes a severe,
irreversible corrosion pathway that undermines the elec-
trode’s integrity and exacerbates its losses. In F-modified
KMOF-7 and related systems, the incomplete replacement of
0”~ by F~ ions enhances interfacial stability and retards HF
attacks by minimizing CEI overgrowth and solvent ingress.
This represents a practical, cost-effective cathode-side cor-
rosion mitigation that is highly compatible with the high-
voltage K-ion battery. Hard carbon (HC) has emerged and
established itself as one of the most viable anode materials
for Na/K batteries due to its low cost, tunable porous struc-
ture, and compatibility with the larger ions [315-318]. How-
ever, as HC surfaces are highly reactive, their performance
is significantly influenced by the nature and stability of the
solid-electrolyte interphase (SEI).

In KPF6/carbonate-based electrolyte systems, at low
potential, electrolyte decomposition produces highly unsta-
ble SEI layers that fracture and lead to continuous consump-
tion of electrolyte and battery capacity fading [318]. KPF6/
DME and other ester-based electrolytes form unstable SEIs,
leading to interfacial corrosion. Conversely, KFSI-based
electrolytes form KF-rich, inorganic SEI films, enhancing
anode stability by reducing solvent reduction and thereby
maintaining cycle life and coulombic efficiency. The solvent-
mediated corrosion in these battery systems can be mini-
mized by implementing synergistic mitigation approaches,
including anion-engineered salts [318], surface fluorination
[313], polyanionic frameworks [309], nitrate stabilizers
[319], aqueous gels [320], solid-state designs [321], and
optimized hard carbon [308]. The literature studies show
that electrolyte engineering provides an effective pathway
for corrosion mitigation [322-325]. A shift from conven-
tional KPF6/carbonate-based electrolytes to advanced elec-
trolytes can reduce solvent decomposition, stabilize the SEI/
CEI layer, and enhance current-collector passivation [326].
The use of binary salt electrolytes offers an effective method
for corrosion control in KIBs. In KPF/KFSA carbonate
electrolytes, a co-salt, KFSA (K[N(SO,F),]), is introduced,
and its anion decomposes more rapidly than PF6-, producing
F- and S-containing species that precipitate in SEI forma-
tion [323].

https://doi.org/10.1007/s40820-026-02178-9
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The mismatch in electrochemical potential, mechanical
properties, and electronic structures between electrodes
and solid electrolytes leads to electrochemical corrosion
in sustainable solid-state batteries [327-330]. Unlike lig-
uid electrolyte-based systems, which are associated with
wet surfaces and maintain dynamic contact, solid inter-
faces generally accumulate stress, space-charge layers, and
micropores/microcracks that accelerate corrosive reactions
and increase interfacial resistance. In solid-state battery sys-
tems, high-voltage cathodes can oxidize halide, polymer, or
sulfide-derived electrolytes. At the same time, alkali metal
anodes can reduce hybrid or oxide electrolytes, forming
brittle byproducts that can promote electrode degradation
[331, 332]. These undesirable reactions are particularly
problematic in sustainable solid-state battery systems that
utilize bio-derived polymers, recyclable materials, or low-
toxic ceramics, as these materials possess reactive surface
groups and exhibit narrower stability windows [333-335].
Interfacial corrosion in solid-state batteries has been identi-
fied as a primary failure mechanism that adversely affects
their safety, integrity, and cycle life in next-generation
alkali-ion battery systems [336, 337]. Corrosion mitigation
of electrodes in solid-state batteries has been significantly
advanced by engineering the ion-conductive interfaces. One
of the most effective approaches to corrosion mitigation
in such systems is the use of thin anticorrosive coatings,
including metal oxides, fluorides, and phosphates. The coat-
ings shield the electrolyte from attacks and minimize the
corrosion reactions [338-340]. Polymeric buffer layers and
artificial interphases can be used to accommodate strain,
maintain continuous contact, and mitigate crack propa-
gation by retarding the formation of interfacial voids and
fragmentation, thereby slowing corrosion reactions [341].
Simultaneously, electrolyte-centered approaches, such as
anion substitution, aliovalent doping, and polymer blending,
offer alternative pathways to mitigate electrode degradation
and enhance electrochemical stability by reducing corrosive
interactions [342-344].

In Li-ion batteries (LIBs), electrochemical corrosion
initiates from the destructive reactions at the electrode
(Li)—electrolyte interfaces [345, 346]. These reactions
include reduction of electrolyte, oxidation of electrolyte at
the cathode, and current-collector attacks, transition metal
dissolution, and destabilization of SEI and CEI [45]. These
corrosion mechanisms are greatly accelerated and intensified
by moisture-induced LiPF6 hydrolysis, thermal stress, and
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high voltage, as these processes accelerate the formation
of HF and interphase breakdown [347-349]. Continuous
corrosion leads to lithium loss, cracking, and thickening of
the SEI and CEI, resulting in successive capacity decay and
increased cell impedance. The cathodic corrosion can be
directly linked to anodic instability [89, 350]. These chal-
lenges can be effectively addressed by implementing appro-
priate corrosion-mitigating strategies that minimize elec-
trode—electrolyte interactions. External additives, including
vinylene carbonate (VC), lithium difluoro(oxalato)borate
(LiDFOB), and fluoroethylene carbonate (FEC), accelerate
the formation of mechanically stable SEI/CEI layers that
minimize the metal dissolution from high-voltage cathodes
[351-353]. Similarly, protective coatings of metal oxides,
such as ZrO, and Al,O;, niobate, and phosphates, provide
physical barriers for electrolyte attacks and mitigate dissolu-
tion [354, 355]. Highly concentrated electrolytes, especially
fluorinated ones, are associated with reduced HF production,
promoting uniform interphase, cycle life, and anodic stabil-
ity [356, 357]. The corrosion mitigation in recyclable Li-ion
batteries is significant as it not only enhances the lifetime for
operation but also reduces contamination, enhances struc-
tural retention, and enables effective materials recovery in
second-life uses [358, 359].

In organic batteries, corrosion originates from redox and
chemical reactions that attack metallic current collectors and
organic electrode frameworks [360-362]. Organic electrodes,
including Schiff base polymers, imides, conjugated redox poly-
mers, and quinones, are susceptible to radical fragmentation,
degradation from continuous charge/discharge cycling, proto-
nation, and nucleophilic attack [363]. These reactions trigger
the formation of anion radicals, enhanced electrolyte decom-
position, and destabilization of the SEI and CEI, particularly
when less stable salts or reactive solvents are employed [364].
For example, carbonyl (>C=0)-rich organic cathodes may
undergo ring-opening or enolization reactions, while dissolved
radical intermediates can diffuse into the electrolyte, resulting
in rapid capacity fading and material degradation [365, 366].
The breakdown of organic electrodes, especially at high volt-
ages, can produce aggressive species, such as HF, which can
attack the current collectors and compromise their structural
and interfacial integrity [45, 367]. These degradation processes
lead to increased polarization, reduced cycle life, destruction
of structural and interfacial stability, and decreased coulombic
efficiency, despite their eco-friendly behavior [368]. Owing to
these adverse effects and processes, corrosion mitigation has

@ Springer
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Fig. 23 Diagram showing pathways of corrosion-related degradation in organic battery systems and various corrosion prevention strategies. The
upper panel shows the central corrosion mechanisms, and the lower panel shows the prevention strategies in such systems to suppress corrosion-

mediated degradation and improve electrochemical stability

been essential in sustainable organic batteries (Fig. 23). Unlike
corrosion in metal-anode systems, degradation in organic bat-
teries mainly manifests through electrochemical reactions and
chemical instability of redox-active molecules. Figure 23 sche-
matically illustrates the major degradation pathways, including
interfacial side reactions, active metal dissolution, electrolyte
instability, and radical decomposition. These processes are
directly involved in several adverse effects, including impedance
growth, capacity fading, limited cycling stability, and reduced

© The authors

Coulombic efficiency. Therefore, different corrosion prevention
strategies focus on electrolyte engineering, suppression of active
metal corrosion, molecular-level stabilization, and the design of
artificial interphases to enhance chemical and electrochemical
stability. Molecular designing, especially hydrogen-bond stabili-
zation, m-extension, adding of electron-withdrawing substituents,
and polymer backbone cross-linking, minimizes the solubility
of the materials and retard degradation [369-371]. Meanwhile,
the implementation of corrosion-resistant salts, such as FSI- and

https://doi.org/10.1007/s40820-026-02178-9
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TFSI-, localized high-concentration and highly concentrated
electrolytes, water-in-salt formulations, and ionic liquids, can
improve corrosion and degradation resistance [372-374]. The
diffusion of electrolytes and subsequent corrosive attacks can
be further minimized by using anticorrosive protective coatings
[375, 376].

3 Next-Generation Corrosion Resistance
Materials and Strategies: Self-Healing,
Smart, and Nanostructured Materials

Corrosion in batteries is a complex and broader process
that not only includes metal rusting but also electrode
(anode/cathode)—electrolyte interactions and degradation,
reactions between electrode and current collectors, binder
and polymer degradation, degradation of cooling plates,
tabs, and cell casing, and high voltage/temperature corro-
sion [49]. Corrosion challenges are particularly severe in
modern energy storage systems that operate at relatively
high voltages and use aggressive electrolytes [377, 378].
The modern energy storage systems also include replac-
ing traditional Fe, Cu, Al, Zn, and Ni-based electrodes
and chemistries that are reaching their limits. Recently,
several attempts have been made to develop and imple-
ment next-generation corrosion-resistant materials for
battery applications (Fig. 24). One of the major attempts
involves alloying Cu and Al current collectors with differ-
ent elements [379, 380]. The literature shows that Al-Zr,
Al-Mn, or Al-Mg-Si alloys exhibit superior passive film
stability and enhanced pitting resistance in LiPF6 elec-
trolytes [381-383]. The presence of alloying elements
enhances the stability and adherence of fluoride or oxide
films. Similarly, micro-alloyed steels, such as Cu—Ni and
Cu—Cr, possess better corrosion resistance and mechani-
cal stability. The tailored microstructures and presence of
alloying elements enhance passivity, facilitating the repair
of local breakdowns.

Carbon coatings on current collectors (Cu or Al) are
emerging attempts to enhance their corrosion resistance
[384, 385]. The carbon coatings, including graphene (G),
carbon nanotubes (CNTs), and amorphous carbon on Al
or Cu, enhance their chemical inertness, electrical con-
ductivity, and serve as a physical barrier against oxidative
and HF attacks [386-388]. Metal carbide (MC) and metal
nitride (MN) coatings, such as TiC, CrN, TiN, and NbN,
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improve the hardness and corrosion resistance of the cur-
rent collectors [389, 390]. These coatings can be applied
by atomic layer deposition (ALD) or physical vapor depo-
sition (PVD). Coatings with conductive polymers, such
as poly(3,4-ethylenedioxythiophene) (PEDOT) or related
polymers, improve flexibility, adhesion, and corrosion
resistance [391, 392]. The presence of metal oxides such
as TiO, and Al,O; provides additional pitting resistance,
especially at high potentials. Instead of traditional tabs,
busbars, and cell casings that utilize aluminum, copper,
and nickel-plated steel cans, high-performance steels such
as super-austenitic or duplex steels can be used [393].
These next-generation materials exhibit high resistance
to HF, chloride, and pitting attacks.

Ceramic coatings improve the chemical resistance and
mechanical properties of Al alloys [394, 395]. Alloying
also improves the corrosion resistance of tabs and busbars.
Artificial interphases and protective interfaces enhance
material stability by modifying interfaces rather than bulk
material. These phases and faces retard the direct contact
of metals with aggressive electrolytes and allow the ion
transport to occur freely. These include cathode-electrolyte
interphases (CEI), solid-electrolyte interphases (SEI), or
polymer-ceramic hybrids [396, 397]. They are nanometer-
thin and significantly improve interfacial stability and cor-
rosion resistance. In solid-state batteries, corrosion prob-
lems arise from oxide- and sulfide-based electrolytes that
react with Li metal and with oxygen in air. Recently, the
use of Li-phosphate protective layers, doped garnet, and
stable Li-ion conductors has emerged as non-corrosive and
safe electrolytes [398]. They improve interfacial resist-
ance, reduce electrochemical decomposition, and enhance
chemical stability.

Pristine metal anodes are highly susceptible to corrosion,
particularly through passivation, oxygen evolution, and
hydrogen evolution. The next-generation approach involves
allowing suitable elements to pass through. For exam-
ple, Al-, In-, Mg-, and Bi-based alloying of the Zn anode
minimizes H, evolution and dendrite growth and increases
corrosion resistance [238, 399]. The corrosion resistance
of Zn anodes can also be improved by applying inorganic,
organic, or polymer coatings. Allowing Mg with Al and
Zn (Mg—Al-Zn) improves corrosion resistance without
decreasing the electrochemical activities. Polymer compo-
nents, such as separators, binders, adhesives, and gaskets,
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also undergo severe degradation, although attention has been  pitting attack at high-voltage cathodes [400, 401]. Likewise,
focused on metallic corrosion. Therefore, suitable tailoring  ceramic-coated separators reveal resistance against oxidative
of these components can improve the lifespan of batteries by =~ degradation and improved thermal and mechanical stability
retarding the risks of corrosion. For example, cross-linked  [402].

or fluorinated binders exhibit remarkable resistance to
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Fig. 25 Schematic illustration showing next-generation corrosion protection strategies in modern-day battery systems

The ongoing discussion reveals that corrosion has been
a significant challenge and a notable barrier to the develop-
ment of sustainable batteries. As corrosion adversely affects
the safety, cycle life, and performance of the battery, several
strategies have been developed to mitigate the consequences
[403]. Conventional strategies, such as electrolyte additives,
coatings, corrosion inhibitors, and alloying, are largely inad-
equate in modern-day battery systems that operate under
relatively extreme conditions, including fast charging,
high voltage, and wide temperature ranges. These demand
next-generation corrosion protection strategies, including
self-healing materials and coatings, innovative or stimuli-
responsive systems, and nanostructured architectures in
modern-day battery systems (Fig. 25). Self-healing materi-
als are characterized by their ability to restore functional and
structural integrity after chemical degradation or mechanical
loss at the battery interfaces [404—406]. Self-healing can be
of two types: intrinsic and extrinsic. Intrinsic self-healing

SHANGHAI JIAO TONG UNIVERSITY PRESS

reversible chemical bonds, including supramolecular inter-
actions, dynamic covalent bonds, and ionic cross-linking,
reform spontaneously at the damaged or corroded sites. On
the other hand, in extrinsic self-healing, healing agents are
encapsulated in micro- or nanocapsules or in polymer net-
works to become effective at the damage site in response to
external stimuli.

Self-healing coatings incorporating suitable healing
agents have been used for corrosion protection. In these
coatings, corrosion inhibitors such as organic species,
cerium salts, and monomers are encapsulated in microcap-
sules. These microcapsules are stimuli-responsive, i.e., they
rupture in response to external stimuli, such as pH and tem-
perature changes, at damaged sites and release active cor-
rosion inhibitors/healing agents to provide self-healing pro-
tection [404—406]. In polymer-based self-healing coatings,
external stimuli trigger dynamic network changes, including
hydrogen and disulfide bonding, to provide instantaneous,
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automatic healing at damaged sites [407—-410]. In tradi-
tional batteries, SEI layers are highly unstable and expe-
rience electrolyte decomposition and corrosion. However,
the next-generation dynamic polymer components automati-
cally repair seal cracks and pores generated during cycling.
Hybrid (inorganic-polymer) SEI interfaces, incorporating
borate, Li;N, or LiF, reorganize under electrochemical stress
[411-413]. Recently, the use of nanostructured materials in
sustainable corrosion protection in battery environments has
been significantly enhanced. Due to their ability to mini-
mize localized reaction sites, enhance surface uniformity,
control electron and ion transport, offer tunable surface
chemistry, and possess a high surface area, their use in pro-
tecting against battery corrosion is gaining particular atten-
tion. 2D material-based, including MXenes, graphene, and
h-BN, are effectively employed in nanostructured coatings
[39,414-416]. Polymers and ceramic nanocomposites offer
synergistic effects that enhance both corrosion protection
and flexibility [417-419].

The literature investigation shows that several strate-
gies and corrosion-resistant materials, including surface
coatings, corrosion inhibitors, ionic liquids (ILs), bio-
based corrosion inhibitors, and alloying, have been exten-
sively employed to provide significant enhancements in
corrosion resistance and cycling stability; several inherent
shortcomings remain. Most ILs, surfactants, and organic
corrosion inhibitors become effective by adsorbing onto
the anode surface and forming hydrophobic protective
films. Their adsorption and effectiveness may be compro-
mised by competitive adsorption with aggressive ions or
by instability under high-voltage, high-temperature con-
ditions. Likewise, though alloying improves corrosion
resistance, it may also adversely affect electrochemical
potential, increase the risk of galvanic corrosion due to
coupling effects, or increase cost. Oxide- and polymer-
based protective coatings improve interfacial stability;
however, excessive coating thickness may adversely affect
ion transport and increase internal resistance. Moreover,
though advanced materials such as ILs and MOFs are
highly effective at the laboratory scale, they may face
challenges in commercial-scale production, long-term sta-
bility, economic feasibility, and environmental compat-
ibility. Though next-generation protection strategies, such
as nanostructured interphases, self-healing coatings, and
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multifunctional hybrid systems, offer performance advan-
tages, they still face numerous challenges. These chal-
lenges include economic feasibility, synthetic scalability,
recyclability, and interfacial stability in real working con-
ditions. Moreso, their complex structure may introduce
additional mechanical instability, undesirable complexity,
or interfacial resistance over prolonged use.

4 Challenges and Future Directions

The ongoing discussion shows that corrosion imposes
numerous challenges in the development of sustainable
battery systems. These challenges arise from the inherent
susceptibility of metallic anodes and current collectors
to corrosion via electrochemical reactions. Battery cor-
rosion manifests as galvanic reactions, hydrogen evolu-
tion, localized pitting corrosion, and surface passivation.
These undesirable processes accelerate the loss of active
metal (anode), increase impedance, and reduce the cou-
lombic efficiency of batteries. These processes become
particularly destructive in aqueous batteries, where oxygen
reduction and water spitting generate extremely corrosive
environments. Another serious challenge arises from den-
drite formation and growth, which concentrates current
at microscopic tips, produces regions of local alkalinity
or acidity, and ruptures protective (passive) films. Cor-
rosion also produces recycling and environmental chal-
lenges to sustainable battery systems. As the battery ages,
mixed-metal deposits, oxides, and hydroxides migrate to
the separator membranes and active materials. The con-
tamination reduces battery efficiency by lowering the
purity of recovered metals, including Mg, Co, Mn, Al,
Fe, Ni, and Li. These impurities also diminish recycling
efficiency, increase the amount of spent electrolyte, and
increase chemical complexity. Moreover, oxygen-rich
electrolytes are associated with high swelling risk, acceler-
ated mechanical damage, and cracking of cell components.

In view of the above, recent studies have focused on
addressing the challenges associated with traditional bat-
tery systems, offering substantial prospects. Future studies
should concentrate substantially on interface engineering
to optimize ion-surface interactions, thereby suppressing
the corrosion pathway and stabilizing metallic electrodes.
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Recent reports suggest that the presence of functional addi-
tives can positively impact solvation structures, enhance the
density and uniformity of passive films, and displace pre-
adsorbed water molecules. Numerous bio-based molecules
(such as triglycine, chitosan, fucoidan, and carboxymethyl
cellulose), multidentate heterocycles (e.g., imidazoles), and
chelating ligands (such as sodium gluconate and nitrilo-
triacetic acid) have been reported as relatively non-toxic
inhibitors of hydrogen evolution and dendrite growth.
These species provide significant corrosion protection and
enhance metal-ion transport kinetics, which are essential for
improved battery performance and sustainability. Nonethe-
less, the available reports on these aspects are limited and
warrant further exploration in future studies.

Recently, the research direction in sustainable battery
systems is transitioning toward solid-state and hybrid elec-
trolyte systems, which utilize deep eutectic solvents (DESs),
ionic liquids (ILs), metal-organic frameworks (MOFs), and
polymer-inorganic composites as multifunctional stabiliz-
ers. With the rapid progress of artificial intelligence for sci-
ence (AI4S), data-driven modeling and Al are emerging as
powerful tools for understanding corrosion mechanisms and
developing subsequent mitigation strategies in battery sys-
tems [420-422]. Machine learning (ML) has already been
employed to assess stability windows and corrosion rates
as a function of pH, anode (alloy) composition, electrolyte
chemistry, and temperature, enabling accelerated screen-
ing of suitable corrosion inhibitors and corrosion resist-
ance materials [423, 424]. In battery systems, Al-assisted
analysis of surface characterization (e.g., SEM, EDS, AFM,
XPS, ICP-MS) and electrochemical data (e.g., R, Rp, E

corr?
i.orp) €an help identify hidden correlations among interfacial
properties, long-term degradation, and dendrite formation.
In battery systems, data-driven approaches can also be used
to optimize the design of corrosion-protective coatings,
molecular-level corrosion inhibitors, and electrolyte fabri-
cation [421, 425]. However, as corrosion-related Al datasets
are often heterogeneous, small, and generated under non-
standardized (unrealistic) testing conditions, models can
face challenges when used across different materials and
real operating environments.

Several currently used ML models work like black boxes,
i.e., they provide the results without providing significant
insight into the mechanistic aspects. This makes it hard
to fully trust and rely on the models, particularly when
they are used in new environments or situations that differ
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significantly from the data on which they were trained.
Therefore, in future investigations, a better approach could
be to combine basic scientific principles, such as transport
and electrochemical principles, with Al. These models are
generally known as hybrid or physics-informed models
[426]. The other practical methods include active learn-
ing, where developed models are used to determine which
experiments to run next, and digital twins, which link real-
time experimental data with predictive tools to identify and
diagnose corrosion. These electrolytes are well-known for
their ability to alter solvation energetics, produce self-heal-
ing interfaces, and minimize free water acidity. Thin anti-
corrosive coatings provide physical shielding and corrosion
protection, enabling prolonged cycling stability. The cor-
rosion prevention strategies should be further explored due
to the increasing demand for grid storage, seawater-based
energy systems, and the use of EV batteries in a second life.
Cost-effective production, recycling, and corrosion protec-
tion, primarily using green inhibitors, enhance performance
and align with global NZE goals.

Several inorganic, organic, and bio-derived corrosion
inhibitors have been used in corrosion protection in battery
systems, and they manifest remarkable performance at the
laboratory scale. However, their large-scale use in battery
systems depends on several other factors beyond their pro-
tection (electrochemical) performance. Availability of raw
materials, complexity in synthesis, cost-feasibility, compat-
ibility with electrolyte composition, influence on ionic con-
ductivity, and long-term chemical stability must be carefully
considered. Several functionalized organic corrosion inhibi-
tors, mainly heterocycles, while they exhibit remarkable
effectiveness, may involve tedious multi-step syntheses or
expensive starting materials associated with several workups
and purification steps. These factors not only make synthesis
tedious and costly but also adversely affect the environment
and industrial scalability. Likewise, though bio-based alter-
natives can be considered eco-friendly and promising cor-
rosion inhibitors due to their excellent interfacial properties,
they may face challenges with long-term stability, especially
in highly alkaline or acidic battery conditions and during
extended cycling. Moreover, these external additives added
as corrosion inhibitors can adversely affect ion transport
kinetics, electrolyte viscosity and composition, downstream
recycling processes, and separator compatibility.

Synergistic formulations, i.e., combining two or more
active species in a single formulation, represent a promising
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strategy for achieving multifunctional protection in battery
systems. Nevertheless, whether their combination has a
synergetic or antagonistic effect should be systematically
tested. The literature outcomes suggest that synergistic pro-
tection is provided by a proper combination of corrosion
inhibitors capable of retarding both anodic metal dissolu-
tion and cathodic hydrogen evolution or oxygen reduction,
resulting in overall mixed-type protection. Hybrid formu-
lations of polymers and chelating organic molecules with
inorganic (metal) ions are typical examples of synergistic
formulations. On the other hand, antagonistic effects may
result from competitive adsorption, excessive surface hydra-
tion, complex formation, or destabilization of the inhibitor
(passive) film. Therefore, for the practical uses, the priority
design principles for effective corrosion inhibitor selection
should include: (i) the inhibitor should form effective and
strong inhibitive films, (ii) the inhibitor must be stable in
the operating pH window, (iii) the inhibitor synthesis should
be cost-effective and scalable, (iv) the inhibitor should pro-
vide minimum interference with kinetics of ion (Zn**/ AI*Y,
Mg?*) transport and (v) the inhibitor should be compatible
with environmental and recycling rules and regulations.
Therefore, effective formulation should be balanced by
electrochemical efficiency, economic feasibility, interfacial
stability, and synthesis to enable industry-scale production.

5 Conclusions

Corrosion remains one of the most persistent problems,
adversely affecting the longevity, safety, efficiency, and sus-
tainability of battery systems. Although sustainable batter-
ies, such as Mg-, Al-, Na-, Zn-, and bio-based systems, offer
some advantages in terms of availability, recyclability, and
environmental performance, their real-world practical use
is strictly hindered by complex corrosion pathways. These
corrosion pathways promote degradation reactions, desta-
bilize interfaces, enhance self-discharge, and compromise
structural integrity, performance, and cycle life. Corrosion
adversely affects energy efficiency, shortens service life, and
reduces recycling processes, while also increasing safety
risks by contaminating systems with corrosion products and
impurities. Recent advancements show that corrosion mitiga-
tion strategies can significantly increase sustainable battery
performance. These strategies include surface passivating
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coatings, alloy engineering (alloying), electrolyte optimiza-
tion and tailoring, and use of multifunctional organic, inor-
ganic, polymeric, ILs, DESs, and bio-based corrosion inhibi-
tors. The corrosion protection strategies reduced hydrogen
evolution, oxygen spitting, and electrode dissolution.

Many inhibitors, including PEG, gluconates, CMC, het-
erocycles, MOFs, and advanced surface-active (amphiphilic)
molecules, manifested reasonably high protection efficiency,
exceeding 90%. These species align with the principles of
green chemistry, exhibiting high biodegradability, comput-
ability, and low toxicity, enabling dendrite-free cycling and
extending the cycle life of metallic anodes. However, given
the demands for high-performance, fully recyclable batteries
and corrosion resistance, the current progress appears insuf-
ficient. Therefore, research and development on dynamic
passivation behavior, electrode—electrolyte interactions, and
interface chemistry across various battery environments
need to be thoroughly studied and established. Future studies
should also integrate rational molecular design, in situ test-
ing, and predictive modeling with experimental approaches
to develop and demonstrate practical, eco-friendly corrosion
protection strategies.
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