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Aqueous metal batteries offer high energy density and excellent compatibility with various cathode
materials, and hence, they are attracting significant attention. However, the corrosion of metallic anodes
seriously deteriorates the battery performance in terms of capacity loss, retarded reaction kinetics, and
shortened cycling life. In this review, the fundamental corrosion mechanisms of metallic anodes in
aqueous electrolytes and the key influencing factors are comprehensively discussed and summarized.
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Subsequently, recent achievements in corrosion inhibition are summarized and categorized to evaluate
the advantages and disadvantages of various strategies. Furthermore, advanced characterization
techniques used in corrosion mechanism analyses and protection assessments are elucidated. Finally,
the current challenges in addressing the corrosion issue and potential developments in this field are

DOI: 10.1039/d5ee00075k

rsc.li/ees presented.

Broader context

Metallic anodes, including Zn, Al, and Mg, are widely applied in aqueous batteries owing to their high energy density and excellent compatibility with various
cathode materials. However, they typically suffer from severe corrosion in aqueous electrolytes, and their corrosion behaviors are complicated. Corrosion
processes of metallic anodes are of different types owing to their various properties. Even for the same metal, the corrosion behaviors are distinct in different
environments and can be affected by pH, electrolyte ions, and dissolved oxygen concentration. Understanding the corrosion mechanisms of metallic anodes in
various electrolyte environments is crucial in achieving effective corrosion inhibition methods and obtaining the desired battery performance. Currently,
almost no review has specifically addressed, analyzed, or summarized the corrosion issue of metallic anodes in aqueous metal batteries (AMBs). Presenting a
review in this research frontier is very necessary to provide insights on recent advances and potential guidance for improving the overall performance of AMBs.
This review comprehensively introduced the corrosion behaviors of various metallic anodes, a variety of corrosion prevention tactics, and sophisticated
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characterization methods. We also discussed the challenges and future perspectives of this field to offer insights into further development of AMBs.

1. Introduction

Aqueous metal batteries (AMBs), which directly adopt metals as
anodes (such as Zn, Al, and Mg), exhibit superior advantages not
only in the field of large-scale energy storage but also in wearable
and biocompatible applications."* Electrochemistry on the ano-
dic side is based on the reversible deposition-dissolution of
metals (Fig. 1a). The employment of metallic anodes endow
AMBs with higher energy densities than ‘“rocking chair’-type
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metal-ion batteries that store metal ions in anode hosts.** In
addition, metallic anodes provide more choices for matching
cathode materials, such as air electrodes and sulfur electrodes,
that have higher theoretical capacity than intercalation-type
cathode materials.>® However, they typically suffer from serious
corrosion issues in aqueous electrolytes, which are normally
accompanied by the production of hydrogen and inert corrosion
products, resulting in capacity deterioration and unsatisfied
lifespan.”®

Electrochemical corrosion of metal is a redox reaction
(Fig. 1b) and can be expressed by the following equation:

M +nY - M* +ny~ (1.1)

where M represents the anodic metal, Y is the cathodic reac-
tant, and n is the electron transfer number during the corrosion
process. On the anodic side metals are oxidized, while cathodic
reactions vary in different battery systems. Reactants of catho-
dic reactions generally include cations (such as H*, Cu®*" or
Fe*"), anions (S,05>", NO;~, etc.), neutral molecules (O,, Cl,,
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etc.), and some organic compounds.”'® Among these cathodic
reactions, hydrogen evolution reaction (HER) and oxygen
reduction reaction (ORR) are the most common parasitic reac-
tions in AMBs. These reaction processes in different battery
systems will be introduced in the following section.

The above-mentioned redox reactions are irreversible and
result in continuous metal dissolution. Even worse, the energy
produced via these process cannot be utilized for the battery.'"'>
Another problem is that the corrosion products, such as inert
metal oxides/hydroxides and H,, are critically detrimental to
battery performance, resulting in capacity loss, retarded reaction
kinetics, and short lifespan.'®* Moreover, the HER and ORR will
fatally increase the pH of the electrolyte, which in turn may
negatively influence the battery performance.

According to the corrosion morphology, corrosion can be
divided into general corrosion and localized corrosion. General
corrosion suggests that the corrosion proceeds in a relatively
uniform manner over the entire surface of metal anodes (Fig. 1c).
Damage to metals caused by general corrosion is unitary, and the
derivative harm to metal is unlikely. However, in most cases,
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metallic anodes suffer from severe localized corrosion, which is
more intense in some specific regions than in an adjacent
area.®'*'> When active species in electrolytes, such as CI,
dissolved oxygen, or some oxidants, are selectively absorbed on
the defective area of metals, corrosion on the area is more likely
to happen and form the pitting nucleus. Under suitable potential,
pitting corrosion is accelerated due to the enrichment of active
species in the pits and develops to the inner side of metals
(Fig. 1d). Corrosions are promoted in the pits due to the
formation of oxygen-concentration cells and occluded -cells.
Corrosion may also occur along the grain boundaries because
of the uneven electrochemical properties between grain crystals
and grain boundaries (Fig. 1e). The boundaries have more defects
and aggressive anions prefer to absorb on these regions, leading
to more serious corrosion. If metallic impurities exist in the metal
anode, a galvanic-type corrosion cell will be formed, and this
results in galvanic corrosion of metals at the metal/impurities
interface (Fig. 1f). It is demonstrated that the surface potentials
between matrix metals and impurities or boundaries are different
(Fig. 1e and f),"®'” which will facilitate the corrosion at interfaces.
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Fig. 1 (a) lllustration of the metal battery configuration in aqueous electrolytes; (b) illustration of metal corrosion in aqueous electrolytes; illustrations of
(c) general corrosion, (d) pitting corrosion, (e) intergranular corrosion or crevice corrosion, and (f) galvanic corrosion with corresponding morphologies or

potential demonstrations.

Damages to the metal electrode by localized corrosion are more
serious than those that appear outwardly. Apart from the mass
loss of metals, the current distribution on the metallic anode will
be apparently affected by localized corrosion, resulting in uneven
deposition and dissolution of metal during the charge-discharge
process.’® To this end, the corrosion inhibition of metallic
anodes in aqueous electrolytes is particularly important for
improving the efficiency and lifespan of AMBs.

Metallic anodes including Zn, Al, and Mg are widely applied in
aqueous metal-air batteries, which typically select alkaline electro-
lytes. The self-corrosion issue of these anodes has recently gained
great interest from industry and researchers. Strategies such as
using corrosion inhibitors and protective coating on anodes have
been proposed to solve the corrosion issue in metal-air
batteries.'”* Compared with the process in metal-air batteries,
less information is available on corrosion issues in other types of
AMBs, which still requires great efforts in this intriguing area.
Corrosion processes of metallic anodes are different due to their
various properties. Even for the same metal, the corrosion behaviors
are distinct under different environments and can be affected by
PH, electrolyte ions, and dissolved oxygen concentration. Under-
standing the corrosion mechanisms of metallic anodes in various
electrolyte environments is crucial in achieving effective corrosion
inhibition methods and obtaining the desired battery performance.

Currently, almost no review has specifically addressed,
analyzed, or summarized the corrosion issue of metallic anodes
in AMBs. Although several reviews related to Zn anodes have
been reported, they mainly focus on Zn dendrite issues.***>° A
recent review related to Zn anode corrosion has been reported,
which briefly introduced the corrosion mechanism, corrosion
inhibition, and methods for Zn corrosion analyses.?® However,
the study and discussion of other metal anodes such as Al, Mg,
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and Fe are not included in this publication. The corrosion reaction
process of metal anodes is complicated and variable in a complex
electrochemical reaction environment, and an accurate under-
standing of the corrosion mechanism is still lacking. Presenting
a review in this research frontier is very necessary to provide recent
advances and potential guidance for improving the overall perfor-
mance of AMBs. This review article first introduces the corrosion
behaviors of various metallic anodes including Zn, Al, Mg, and Fe.
The mechanisms and corrosion products in different electrolyte
systems, as well as potential damages to the battery, will be
discussed in this review. Following that, we will detail various
strategies that inhibit corrosion, with corresponding advance-
ments highlighted. Then, the review summarizes advanced char-
acterization approaches as measurement criteria for the metallic
anode corrosion issue. The final section discusses the challenges
and perspectives of this field, so that it presents insights for further
development of AMBs.

2. Corrosion mechanism

Corrosion behaviors including corrosion product, corrosion rates,
and side reactions are different for various metal anodes such as
7,27,28 21,29,30 31 32 .
Zn, Al Mg,”" and Fe’” in aqueous electrolytes due to
their respective characteristics. Even for the same metal, its
corrosion behaviors vary with the environment it is in. This section
will summarize and discuss the corrosion mechanisms, influen-
cing factors, and corrosion products of Zn, Al, Mg, and Fe anodes.

2.1 Corrosion behavior of Zn anodes

Aqueous Zn batteries including Zn-ion, Zn-air, and alkaline
Zn-Ni are promising candidate systems for next-generation

This journal is © The Royal Society of Chemistry 2025
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energy storage.>>™” From a thermodynamic point of view, Zn
has a lower standard electrode potential (—0.763 V vs. SHE)
than HERs in all pH ranges (Fig. 2a), which can theoretically
predict that Zn is intended to be corroded in aqueous electro-
lytes. Zn’s corrosion behaviors will be discussed in this section.
2.1.1 Corrosion of Zn in acidic electrolytes. As shown in the
Pourbaix diagram (Fig. 2a), the corrosion behavior of Zn is
influenced by the pH of electrolytes. Corrosion products vary
from Zn>" to ZnO, Zn(OH),, and Zn(OH),>~ with the gradual
increase in pH value (Fig. 2b). Generally, Zn is dissolved into
various species after losing two electrons. The electrons are
consumed by H', H,0, O,, or other oxidants at the Zn/electrolyte
interface (Fig. 2c), leading to Zn self-corrosion. The corrosion
rate of Zn vs. pH plot resembles the shape of “U”, with the
corrosion rate being minimum in the pH range from 8.5 to 12.*°
In acidic electrolyte environments, the corrosion process of
Zn can be expressed by the following equations:

Anodic reaction: Zn-2e~ — Zn”>* (2.1)
Cathodic reaction: H + 2e~ — H, (2.2)

Thermodynamically, the most stable Zn species formed in
an acidic environment is Zn** (Fig. 2a). Zn corrosion proceeds

View Article Online
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under the cathodic control and the corrosion rate is deter-
mined by the cathodic HER kinetics.** The chemical kinetics of
HERs controls the overall corrosion rate of Zn, when the pH
value is smaller than 4.*> When the pH increases to the range of
3-5, the transport of H' is slow and the corrosion rate of Zn is
controlled by H" diffusion or a mixed kinetic.*> Corrosion
behaviors in acidic environments are illustrated in Fig. 2d. It
should be noted that local pH at the corrosion interface may
increase with continuous corrosion reactions and give rise to a
different corrosion mechanism.

2.1.2 Corrosion of Zn in neutral electrolytes. In mild acidic
or neutral electrolytes, the rate-limiting step of Zn corrosion
shifts from the HER to the ORR, and the cathodic reaction can
be expressed as follows:**

Cathodic reaction: 2H,0 +2e  — 20H +H, (2.3)

0, + 2H,0 + 4¢~ — 40H" (2.4)

ORR kinetics are activation controlled and are also indepen-
dent of the solution pH due to the high irreversibility of ORRs.
Dissolved oxygen plays a vital role in the cathode depolarization
process and will accelerate Zn corrosion. Anodic reactions are
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Fig. 2 (a) Pourbaix diagram of Zn—H,O at 25 °C. (b) Fraction Zn species at different pH values. (c) Dissolution process illustration of Zn. Reproduced from
ref. 38 with permission from Elsevier, copyright 2020. (d) Various Zn corrosion modes at different pH values. (e) lllustrations of cathodic reactions and
rate-determining steps of Zn corrosion. (f) Pourbaix diagram with the consideration of kinetics factors for 10~* mol L™ Zn?*. Reproduced from ref. 39

with permission from Elsevier, copyright 1991.
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relatively complicated in this pH region, which can be expressed
as follows:"!

Anodic reaction: Zn-2e~ — Zn*" (2.1)
Zn*" + 20H~ — Zn(OH), (2.5)
Zn(OH), — ZnO + H,0 (2.6)
Zn(OH), + 20H~ — Zn(OH),*~ (2.7)

It is expected that Zn®" will react with OH™ to form a
Zn(OH), precipitate (eqn (2.5)), parts of which can be dehy-
drated to form ZnO (eqn (2.6)). The local concentration of OH™
at very active corrosion sites may be high enough to form
zincate ions (eqn (2.7)). Notably, the precipitate formed at this
stage is porous and pseudo-passive, which will not reduce the
corrosion rate (Fig. 2d). Anions including SO,>~, Cl~, and ClO,~
in the electrolytes may also participate in the corrosion reac-
tion. CI~ may react with Zn>" or Zn(OH), and form zinc chloride
hydroxide according to the following reactions:**

5Zn** + 8OH™ + 2Cl~ + H,0 — Zn;(OH)sCl,-H,O
(2.8)

or

5Zn(OH) + 2Cl~ + H,0 — Zng(OH)4Cl,-H,0 + 20H ™
(2.9)

ClO, ™ ions can accelerate the dissolution of Zn due to their
adsorption on the metal surface and subsequent participation
in the active dissolution:

Zn +2Cl0,~ — Zn(ClOy)y(aq) + 2€~ (2.10)

In the presence of SO,>7, a zinc hydroxide sulfate inter-
mediate is formed and the intermediate is then hydrated
through the following reaction:*®

Zn(OH), + 3Zn** + 40H ™ + S0,>~ + 5H,0 — Zn,(OH)sS0,-5H,0
(2.11)

Compared with Zn,(OH)SO,-5H,0, Zns(OH)sCl,-H,O is more
porous due to the aggressive nature of Cl. The tendency for
these ions to be absorbed and to form ion pairs or complexes
with dissolving Zn*" ions follows the sequence of ClO,~ < S0,>~
< Cl.*® Thus, the rate of active dissolution of Zn increases in the
order of ClO,~ < SO, < CI. The electrolytes in zinc-ion
batteries are typically mild acid or neutral (such as ZnSO,, pH =
3-6), in which the corrosion of the Zn anode follows the
mechanism discussed above.

2.1.3 Corrosion of Zn in alkaline electrolytes. In alkaline
environments, the ORR is the main cathodic reaction (eqn (2.3)
and (2.4)). When the pH is in the range between 7 and 10, Zn
undergoes dissolution via two reactions as follows:

Zn + H,0 — ZnO + 2H" + 2e” (2.12)

Zn + H,0 + H — Zn(OH)" + 2H" + 2e~  (2.13)

Although ZnO is formed, it is pseudo-passive and cannot
reduce the corrosion of Zn, which is similar to the condition in
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mild electrolytes. With continuous corrosion, a passive film is
formed. However, the produced H" will simultaneously desta-
bilize the passive film dynamically. The presence of the pseudo-
passive layer is a net result of the passive layer formation and
destabilization processes. Between pH 11 and 13, zinc oxides or
zinc hydroxy complexes will be formed, and anode reaction
kinetics will control the corrosion rate in this range. At pH 11,
the metal hydrolysis reaction is limited, and as-produced H' is
getting less. Thus, small domains of passivity are formed at pH
11. At pH 12, a compact ZnO passive film can be formed by an
adsorption model or a nucleation-growth model, which can be
expressed as follows:*”*®

Zn + OH™ — ZnOHags + €~ (2.14)
ZnOH,4s — ZnO + H' + e~ (2.15)
Zn + 20H™ — ZnO + H,0 + 2e~ (2.16)

This compact film is called type III oxide. It is thin but plays
the most important role in inhibiting further corrosion. When
the pH increases to 13-14, the Zn(OH);  complex will be
generated via the following reactions:*'

ZnOH,gs + OH™ — Zn(OH), + e~ (2.17)

Zn(OH), + OH~ — Zn(OH);~ (2.18)

With continuous corrosion, local supersaturation of these
complexes will impede OH™ from transporting to the metal
interface, thereby hindering further formation of the Zn(OH);™
complex. Then, Zn(OH), can gradually build upon the surface.
Meanwhile, ZnO could also be formed by the dissolution of
Zn(OH);~ or Zn(OH),*" as follows:*"*

Zn(OH);~ + H" - ZnO + H,0 (2.19)

Zn(OH),*>~ — ZnO + H,0 + 20H (2.20)

As a result, a porous passivation film is produced and is
called type I oxide. During this process, the dissolution of
Zn(OH), is the rate-determining step, and further corrosion
reaction must occur across a porous layer. Once the local OH™
concentration drops to an extent, the dissolution of Zn(OH), to
zinc hydroxy complexes is stopped, and a well-defined passive
layer is formed between the metal surface and the type I layer,
which is described as type II oxide. Although type III oxide is
produced in much smaller quantities than type I or II, it plays a
more important role in making Zn transit to the passive state.*”
The Zn corrosion process in alkaline electrolytes is summarized
and illustrated in Fig. 2d. The alkaline zinc batteries or zinc-air
batteries typically select a high-concentration KOH solution as
an electrolyte (pH > 13), suggesting that the Zn corrosion in
these battery systems follows eqn (2.17)—(2.20).

The cathodic reactions and rate-determining steps are sum-
marized and displayed in Fig. 2e. The HER is the only cathodic
reaction in acidic electrolytes, and its chemical kinetics deter-
mine the overall corrosion rate. With the increase in pH to 4-6,
H' ion diffusion or mixed kinetics control the corrosion rate. The
ORR may also proceed due to the local drop of H' concentration.

This journal is © The Royal Society of Chemistry 2025
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In the pH range of 7-10, the ORR is the main cathodic reaction,
which is also diffusion-controlled and independent of pH. Thus,
the corrosion rates do not vary significantly in this range. With
the further increase in pH, the passive film is gradually formed,
and the corrosion rate is determined by the anode reaction
kinetics. Taking the kinetic factors into consideration, the Pour-
baix diagram can be expressed in Fig. 2f.

2.1.4 Other corrosion behaviors. In addition, some active
species from cathodes, such as I3, Br;~, and Br,, will diffuse to
the Zn anode and cause chemical corrosion of Zn. Hydrogen
and oxygen evolution exists in Zn-I, cells and will become
apparent with the accomplice of triiodide. While HER comes
from the decomposition of water on the Zn anode surface, the
oxygen evolution reaction (OER) might be ascribed to the redox
reaction of iodine species with Zn(OH),.**> However, there has
still not been a definite description of the OER process. The
cross-diffusion of Br,/Br;~ species generally exists in Zn-Br,
batteries, which will cause the chemical corrosion of the Zn
anode and result in self-discharge of the battery.>*>>

Pitting corrosion is one of the most common corrosion types
in Zn batteries. It will not occur in acidic electrolytes due to the
clear surface of Zn. One important precondition for pitting
corrosion is the presence of passivation films. Some researchers
hold the view that pitting corrosion is caused by the specific
absorption of aggressive halide ions (Cl7, Br™, and I7) on the
surface of the passivation film.>*** Once the halide ions pene-
trate the passivation film under pitting potential, corrosion pits
emerge and local corrosion occurs. Local acidification theory is
also widely accepted for interpreting the pitting behavior.>***> Zn
hydrolysis (eqn (2.12) and (2.15)) increases the H' concentration
locally and destabilizes the passivation film, paving the way for
pitting corrosion. Besides, pitting corrosion easily takes place in
the Zn/electrolyte/air triple-phase boundary due to the large
amount of dissolved oxygen. Corrosion rates and corrosion
potentials in pits and surrounding pseudo-passive regions are
different. Once there exists the corrosion potential difference, a
galvanic corrosion cell may be formed, in which Zn in pits acts as
the anode and Zn under the pseudo-passivation film as the
cathode. The formation of galvanic corrosion will accelerate the
corrosion rate in the anode side.

2.2 Corrosion behavior of the Al anode

Aqueous Al batteries mainly include primary Al-air batteries
and recently emerging aqueous Al-ion batteries, which nor-
mally employ highly alkaline or acidic electrolytes.”*™° 1t is
known that Al is amphoteric and is reactive in both acidic and
alkaline environments. As illustrated in the Pourbaix diagram
of Al-H,O0 (Fig. 3a), the stable domain of Al is far below that of
water, implying that Al strongly tends to be corroded with the
decomposition of water. Based on the pH values, the dissolving
species varies from Al** ions to Al,0; and AlO, . In this section,
Al’s corrosion mechanisms will be summarized and discussed.

2.2.1 Corrosion mechanisms in acidic electrolytes. A thin
and compact oxide layer is covered on the surface due to Al's
active nature. Without regard to the affection of anion ions, this
oxide layer is soluble in acidic environments. An induction

This journal is © The Royal Society of Chemistry 2025
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period can be observed before an apparent corrosion process,
which should be ascribed to the dissolution of the oxide film. It
is reported that the dissolution process of the Al,O; film can be
described as a chemical process or field-assisted process as

follows:®*°*

ALO; + 6H" — 2A1*" + 3H,0 (2.21)

Alox = Alyg™ + Vaox)®~ (2.22)

where Alpx refers to aluminum atoms in the oxide film, Alaq3+
refers to aluminum ions in aqueous solutions, and VAl(OX)s_
represents the formed aluminum vacancy in the oxide film. H"
ions from the electrolyte migrate into the film and combine
with O®~ remaining in the oxide lattice to form H,O. Together
with the removal of lattice O*", the ejection of AI** from the
oxide lattice into the solutions leads to a dissolution of Al,O4
film (Fig. 3b). The migration of AI** from Al metal to the
aluminum vacancies occurs simultaneously, accompanied by
hydrogen evolution at the Al metal/Al,O; interface, resulting in
the pitting corrosions on the Al metal surface. After the total
removal of the oxide film, bare Al is easily attacked by H" and
gives rise to a rapid corrosion process as follows:

Al +3H" — AI*" + 3/2H, (2.23)

In the presence of anions such as Cl~, SO,>~, and NO; ™, the
corrosion process gets more complicated due to the participa-
tion of these anions. Compared with other anions, Cl™ ions are
more aggressive and can accelerate the corrosion rate remark-
ably. On the one hand, Cl™ ions assist in the dissolution of
AL O; films initially and reduce the induction period. The
absorbed Cl~ ions react with Al,O; as follows:®!

AP**(in ALO3) + 4C1~ — AICl,~ (2.24)

On the other hand, Cl™ ions can directly participate in the
dissolution reaction of Al. In the induction period, Cl™ ions
penetrate the oxide layer and form complexes, which leads to
pitting corrosion and destroys the oxide film repair kinetics.
The reaction can be described as follows:*">

Al + nCl~ — AICI" ¥~ + 3¢~ (2.25)

After total removal of the oxide film, Cl1” ions are specifically
adsorbed onto the metal surface and replace the adsorption of
water molecules, facilitating the transfer of Al from the metallic
phase to the solutions in the form of a complex with Cl™ (as
described in eqn (2.25)). The corrosion reactions of the Al
anode in the recently developed aqueous Al-ion batteries, which
typically use AICl; as the electrolyte, can be explained by
eqn (2.23)-(2.25).

Al corrosion in the acidic electrolytes containing SO,*~ and
NO; ™ is much slower and the corrosion mechanism is some-
what uncertain. The reduced corrosion rate in SO,*-containing
solutions may be caused by the less aggressiveness of SO,>~
than that of Cl". It is also reported that the presence of SO,>~
ions in Cl -containing electrolytes can retard the corrosion
reactions due to the stronger absorptive affinity of SO,>.%>%*
However, at higher concentrations, SO,>” ions can attack the
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Fig. 3 (a) Pourbaix diagram of Al-H,O at 25 °C. Illustration of the corrosion mechanism of the Al anode in (b) acidic electrolytes, (c) neutral electrolytes,

and (d) alkaline electrolytes.

bare metal surface at the pre-existing pit bottoms. Another
point of view suggests that a passive film containing Al(OH)SO,
and Al,(SO,4);-18H,0 is formed during exposure to a sulfate-
containing environment.®® This kind of passivation film might
contribute to the low corrosion rate in electrolytes containing
SO0,>".

It is generally believed that NO; ™ ions play an inverse role with
H' and help develop and sustain a passive film, thus decreasing
the corrosion rate. However, the reaction pathways are still not
clear as numerous species have been found to be possible
products, including Al(NO;);, NO, NH;, N,, and NO, .°* Some
researchers also argue that an increase in HNO; concentration
would promote Al dissolution. The researchers stated that soluble
complex ions were formed by complexation reactions between
NO;~ ions and hydrated AP** ions and, thus, increased the Al
dissolution rate.®”® From the above discussions, it is speculated
that the Al dissolution behavior is more likely affected by the
nature of anions rather than by the pH value.

2056 | Energy Environ. Sci., 2025, 18, 2050-2094

2.2.2 Corrosion mechanisms in neutral electrolytes. Al,O;
is insoluble in a neutral environment that can protect metal Al
from rapid corrosion. Al corrosion in neutral solutions initiates
with the hydrolysis of AL,O; films, by which AI-O-Al bonds are
disrupted to form Al-OH species.”"”> With continuous hydro-
lysis, the amorphous Al,O; transforms into a porous and poorly
crystallized pseudo-boehmite (AIOOH) layer through which the
water molecules can migrate to the AI/AIOOH interface. At this
stage, the hydrolysis process controls the corrosion rate. Once the
hydration front reaches the Al substrate, the Al corrosion reaction
immediately occurs, and hydrogen evolution is accompanied.”
AI** ions generated by anodic corrosion can react with OH™ ions
that are formed by water reduction (eqn (2.3)), which can be
expressed as follows:**

A" + OH™ — Al(OH)** (2.26)

AP + 20H™ — Al(OH)," (2.27)

This journal is © The Royal Society of Chemistry 2025
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APP* + 30H™ — Al(OH); (2.28)

At this stage, the corrosion rate is determined by the nuclea-
tion and growth of aluminum hydroxide. The soluble Al(OH)**
and AI(OH)," species diffuse outward to electrolyte solutions and
water penetrates to the Al/Al(OH); interface, respectively. As the
reactions continue, the hydroxide layer thickens and densifies
gradually, playing a passivating effect on the corrosion process
and slowing down the corrosion rate. Finally, the transport of
these soluble species is the rate-determining step. Corrosion
mechanisms of Al in mild electrolytes are illustrated in Fig. 3c.

Hydrogen produced from water reduction can diffuse
through both Al and Al,O; films. Once the generation rate of
H, is higher than the diffusion rate, the hydrogen will nucleate
and grow gas bubbles at the Al/Al,O; interface. Eventually, the
bubbles can generate sufficient pressure to blow holes through
the passivation film and initiate pitting corrosion.”

2.2.3 Corrosion mechanisms in alkaline electrolytes. The
corrosion mechanism of alkaline electrolytes is depicted in
Fig. 3d. In weakly alkaline environments, the hydrolysis process
is similar to that in neutral electrolytes, leading to a phase
transformation from Al,O; to AIOOH or Al(OH);. Water mole-
cules or OH™ ions penetrate through this porous film to corrode
Al, as described in eqn (2.3) and (2.28). With the precipitation of
aluminum hydroxide at the Al/film interface, the dissolution of
film by OH™ attacking occurs simultaneously at the film/electro-
lyte interface via the following reactions:

Al(OH); + OH™ — AI(OH),~ (2.29)
The diffusion of OH™ ions and Al(OH),” to/away from the
film/electrolyte interface is the rate-controlling step.”* It should
be noted that the direct ejection of AI** ions from oxide film to
electrolyte can never occur in alkaline electrolytes due to the
thermodynamic instability of AI** ions in alkaline solutions.
Meanwhile, the dissolution of the Al,O; film occurs at the film/
electrolyte interface according to the following equation:

AlLO; + OH™ + H,0 — Al(OH),~ (2.30)

In highly alkaline electrolytes, the oxide film on the surface
of Al is totally dissolved and OH™ from electrolytes can directly
attack the bare Al surface according to the following reaction:

Al + 4OH™ — Al(OH),™ (2.31)

Meanwhile, the influences of OH™ and Al(OH),  ion diffu-
sions on the corrosion rate are not significant in highly alkaline
environments due to the high concentration of OH™ and large
solubility of Al(OH),  ions. Eqn (2.31) clearly defines the
corrosion of the Al anode in the Al-air battery as a result of
the electrolyte’s excessive alkalinity.

2.2.4 Galvanic corrosion. Impurities or alloying elements
that existed in the Al matrix would result in compositional
heterogeneities. Intermetallic particles might be formed between
alloying elements and aluminum, which presents different elec-
trochemical potentials with aluminum matrix in the electrolytes.
Galvanic cells will thus be formed between the aluminum matrix

This journal is © The Royal Society of Chemistry 2025
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and the intermetallic particles. These solid solutions (such as
Al;Fe, Mg,Si, Al;Mg,, and In-Sn inclusions®”®*7>7%) typically
present more noble electrochemical potentials than aluminum
matrix and act as cathodes, leading to the local dissolutions of
aluminum matrix adjacent to the intermetallic particles. In this
galvanic cell, galvanic current goes from intermetallic particles
with a higher corrosion potential to the aluminum matrix with a
lower corrosion potential, resulting in the anodic polarization of
the aluminum matrix and cathodic polarization of intermetallic
particles. As a result, the aluminum matrix will be corroded with
a promoted corrosion rate, leading to pitting corrosion.

2.3 Corrosion behavior of the Mg anode

Mg metal aqueous batteries mainly refer to primary Mg-MnO,
and Mg-air batteries with neutral electrolytes. Rechargeable
Mg-air batteries are still far from being practical because of the
low energy conversion efficiency and low high-rate stability of
Mg. Mg anode suffers from more severe self-corrosion than Al
and Zn due to its more reactive nature. As illustrated in the Mg-
H,0 Pourbaix diagram (Fig. 4a-c), Mg’s almost no stable
domain in aqueous electrolytes in the whole pH range due to
its much lower equilibrium potential than hydrogen evolution
potential. Compared with those of Al and Zn, the corrosion
behaviors of Mg in aqueous electrolytes are more complicated.
This section will discuss and summarize the corrosion mechan-
isms of Mg and their influencing factors.

2.3.1 Mechanisms containing MgH, or Mg". Before begin-
ning, several special and unusual phenomena in the Mg corro-
sion electrochemistry should be aware of. The first and
foremost is the negative difference effect (NDE), which repre-
sents the hydrogen evolution rate on a dissolving Mg surface
increasing during anodic polarization.”” Second, the self-
corrosion potential of Mg is much more positive than the
equilibrium potential, though Mg is very inclined to be cor-
roded in aqueous electrolytes.”®”® The last one is that a
dissolution hysteresis phenomenon generally exists under cor-
rosion potential or weak polarization in neutral and alkaline
environments.®*® The above-mentioned phenomena are experi-
mentally observed and should be interpreted by a precise
corrosion mechanism.

Until now, several corrosion mechanism hypotheses have
been proposed, including the magnesium hydride intermediate
model, univalent Mg-based model, film-based model, and
metal spalling model. However, these models are controversial
and cannot individually interpret all the corrosion behaviors.
The magnesium hydride intermediate model suggests that
MgH, exists on the Mg surface (Fig. 4b) and plays a vital role
in the corrosion process.®'®** Mg is first reduced to MgH,,
which can be further oxidized to Mg(OH), (in neutral or alka-
line environments) or Mg>" (in acidic environments). These
processes can be expressed as follows:

Mg + 2H' + 2¢~ — MgH, (2.32)
MgH, + 2H,0 — Mg(OH), + 2H, (2.33)
MgH, + 2H" — Mg** + 2H, (2.34)
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Mg can also be dissolved directly in the uncovered regions
by the following reaction:

Mg-2e~ — Mg** (2.35)
The formation of MgH, is a cathodic reaction, so the NDE

cannot be reasonably explained. The univalent Mg-based model

indicated that the dissolution of Mg initiates with the for-

mation of Mg" (Fig. 4c) as follows:**%*
Mg-e - Mg’ (2.36)

Mg" ions are not stable and will be further oxidized to Mg>*

via the following reactions:
2Mg + 2H" — 2Mg>" + H, (2.37)

2Mg" + 2H,0 — 2Mg>" + 20H ™ + H, (2.38)

The NDE can be understood via the above-mentioned oxidization
processes. However, this mechanism cannot interpret the dissolu-
tion hysteresis phenomenon in neutral or alkaline environments.

2058 | Energy Environ. Sci., 2025, 18, 2050-2094

Besides, Mg' species have never been experimentally detected,
suggesting the irrationality of this mechanism.

2.3.2 Film-based mechanism and spalling mechanisms.
The film-based model implies that the protective film composed
of MgO/Mg(OH), is easily formed due to the reactive nature of
Mg, and can be generated even under cathodic polarization.
During continuous anodic polarization, the film is gradually
broken, and the bare Mg surface increases, accelerating Mg
dissolution and hydrogen evolution.®>®® This model can explain
the dissolution hysteresis phenomenon and NDE in neutral or
alkaline environments. However, it does not explain the NDE in
acidic environments, as the film is unstable in an acidic medium.

Due to the uneven corrosion behaviors, the spalling mecha-
nism infers that Mg dissolves as minute particles or flakes to
spall off.*” Further corrosion of these metallic Mg particles would
result in the generation of H, with no current flow. Though this
mechanism can explain the NDE, Mg’s relatively positive corro-
sion potential cannot still be thoroughly explained.

2.3.3 Comprehensively phenomenological mechanism.
According to the up-to-date research results, two facts have

This journal is © The Royal Society of Chemistry 2025
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been announced: Mg" ions and deciduous Mg particles do not
participate in the corrosion process.** >' A more comprehensive
phenomenological model is then proposed. It demonstrates that
Mg corrosion is initiated with the local breakdown of MgO film,
and the NDE is ascribed to the formation of the Mg(OH),
product.®® Localized breakdown of the MgO film starts at certain
susceptible sites, even under the cathodic polarization process,
especially in the presence of aggressive ions.”> Mg is dissolved in
these breakdown regions according to eqn (2.35). The presence of
impure elements such as Fe, Cu, and Ni can enhance the dissolu-
tion of Mg around these impurities. Local alkalinization is simulta-
neously achieved in the corrosion regions due to water reduction.”®
Partial dissolved Mg”" ions diffuse to the electrolyte, while the
others precipitate with OH ™ ions to form Mg(OH), on the surface.
The formed Mg(OH), plays an acceleration role in Mg dissolution
and hydrogen evolution. The dissolution of Mg occurs at the MgO/
Mg(OH), interface with Mg(OH), as the cathode.”*®* Partial elec-
trons that occurred on Mg(OH), are consumed by HERs and
cannot be detected by the measurement system, resulting in the
NDE.** With continuous anodic polarization, Mg(OH), gradually
increases, leading to more hydrogen evolution and Mg dissolu-
tions. Meanwhile, an enrichment of impurities is observed in the
Mg(OH), matrix, which would further enhance the hydrogen evolu-
tion and Mg dissolutions.***> The above-mentioned results imply
that the NDE is determined by Mg(OH), and entrapped noble
impurities. It should be noted that the corrosion attack progresses
horizontally rather than perpendicularly until Mg(OH), is propa-
gated all over the MgO surface. With persistent local alkalinization,
the early formation of Mg(OH), passivates and cathodic activity on it
is reduced until a dynamic equilibrium is attained.”® This mecha-
nism is more rational to describe the Mg corrosion behaviors and is
summarized in Fig. 4d. The overall corrosion of Mg in a neutral
environment can be described as follows:

Mg + H,0 — Mg”" + 20H™ + H, (2.39)

Since Mg-MnO, or Mg-air batteries typically use a neutral
NacCl electrolyte, the corrosion reaction mechanism of the Mg
anode can be described by eqn (2.39).

Mg(OH), is stable in aqueous electrolytes at a pH higher
than 10.5 and serves as a protective barrier to further corrosion
(Fig. 4e). In acidic environments, the MgO/Mg(OH), film is highly

soluble, giving rise to a rapid corrosion reaction as follows:**”

MgO + 2H" — Mg*>" + H,0 (2.40)
Mg + 2H" —» Mg*>" + H, (2.41)

The Mg matrix in Mg alloys exhibits an analogous corrosion
mechanism with pure Mg. The HER is the main cathodic
reaction of Mg corrosion due to its much higher equilibrium
potential than that of Mg/Mg®". Though dissolved oxygen
influences corrosion behavior, the effect is quite weak, which
is not typically considered.

2.3.4 Galvanic corrosion mechanism. Galvanic corrosion
accounts for a large part of Mg corrosion, which is illustrated in
Fig. 4f. Impurities in Mg metal mainly include Fe, Cu, and Ni,
which all present more noble corrosion potentials than Mg.

This journal is © The Royal Society of Chemistry 2025
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Thus, galvanic cells are formed with these impurities as cath-
odes, leading to an accelerated dissolution of Mg around the
impurities. The a-Mg phase is relatively active in Mg alloys and
exhibits a higher corrosion tendency than all other phases,
implying that galvanic cells exist in all Mg alloys with o-Mg
phase as an anode.”®®° Galvanic cells can even be formed
inside the o-Mg phase due to the uneven distribution of
alloying elements. As discussed in the last section, the local
corrosion of Mg is also a type of galvanic corrosion in which the
corrosion product acts as the cathode.

2.4 Corrosion behaviors of Fe and other metallic anodes

Fe-based aqueous batteries mainly include alkaline Fe-Ni
batteries,' Fe-air batteries,'”" and recently reported Fe-S batteries,
Fe-1, batteries, as well as Fe-ion batteries with weakly acidic FeSO,
electrolytes.’®*'%* The Fe anode is prone to be corroded in acidic
electrolytes due to its lower equilibrium potential than hydrogen
evolution potentials, which can be described as follows with the
HER as a cathodic reaction:'®

Fe + 2H" — Fe** + H, (2.42)

In the presence of dissolved oxygen, the corrosion process
can also proceed through the following reaction with ORR as a
cathodic reaction:

Fe + 2H' + 0, —» Fe*' + H,0 (2.43)

When the pH value of electrolytes is higher than 6, the ORR
is the main cathodic reaction. In the absence of dissolved
oxygen, the Fe corrosion rate is relatively low. The corrosion
reaction is accompanied by water reduction and hydrogen
evolution, which can be described as follows:

Fe + 2H,0 — Fe?" + 20H™ + H, (2.44)

Fe”* ions are soluble in neutral electrolytes and Fe(OH), may
be formed on the surface locally due to the increase in OH™
concentrations in the corrosion area. In alkaline electrolytes,
the Fe®" ions generated from corrosion precipitate on the
surface with OH ™~ from electrolytes, which results in the passi-
vation of Fe and protects Fe from further corrosion. It should be
noted that the passive film is hardly formed in the presence of
aggressive ions (such as CI™ and Br™).

From the above-mentioned discussions, Fe corrosion is
mainly affected by the pH of electrolytes, dissolved oxygen,
and anions in the electrolytes. Besides, the charge/discharge
states of alkaline Fe-based batteries may influence corrosion
behaviors. Fe is known to be transformed into Fe(OH),, Fe;0,,
and Fe(OH); during the discharge process. These discharge
products have inhibition on the corrosion of Fe. However, this
passivation would also result in a decrease in battery kinetics.

Metallic Li and Na are so reactive with water that they cannot
be utilized directly as anodes in aqueous electrolytes. The

reactions are described as follows:
2Li + H,O — 2LiOH + H, (2.45)

2Na + 2H,0 — 2NaOH + H, (2.46)
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Li and Na metals must be protected with coating layers to
prevent them from corrosion by water in aqueous Li metal and
Na metal batteries.

2.5 Influencing factors and derived problems

2.5.1 Influencing factors. Generally, metallic anode corro-
sion can be affected by electrolytes, working conditions, and
the metallic anode itself (Fig. 5). As to the electrolytes, the pH
values play a crucial role in affecting the corrosion behaviors of
metallic anodes. On the one hand, the corrosion reaction
pathways at different pH values are different, as discussed in
the previous sections. On the other hand, the stabilities of
passivation film on the metal surface are different under
various pH environments, which has much influence on the
corrosion rates. Types and concentrations of anions have been
proven to significantly affect the corrosion behaviors of metallic
anodes due to the diverse properties of the as-formed com-
plexes. Typically, aggregative ions including Cl, Br~, I", and
ClO4>~ can accelerate the corrosion rate due to their high
penetrability across the passivation film, preferable absorption
on metal surface, or high oxidizability. Other anions such as
CrO,*~ and CO;*>", which can form protective complexes with
metals, play an inhibitory role in corrosion reactions.’* Taking
Al as an example, its corrosion rate in the presence of anions
increases in the order of CI~ > ClO,” > SO,%>” > NO,; .°"% 1t
is also reported that aggressive ions including Cl™, Br, and
ClO,™ can accelerate the pitting corrosion of Mg, while other
passivated ions such as F~, CrO4>~, and CO;>~ will inhibit the
Mg corrosion due to the formation of passivation films.'®” %
Besides, dissolved oxygen will accelerate the corrosion reaction
that is accompanied by the cathodic ORR. However, dissolved
oxygen has little influence on Mg corrosion due to the much
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Fig. 5 Influencing factors and derived problems of metallic anode
corrosion.
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higher HER rates. Additives in the electrolytes can also make
big differences in the corrosion behaviors, which may generate
a protective film on the metal face or competitively absorb onto
the active sites to reduce cathodic reactions.

Corrosion behaviors under various working conditions
including temperature, charge/discharge states, and charge/
discharge rates are different. For example, at low current
densities, OH™ can efficiently transport across the porous type
I ZnO passivation layer and inhibit the formation of the
compact type II ZnO layer.” Besides, the morphology and sur-
face products will change with continuous charge/discharge
process, leading to a variation in corrosion behaviors. Higher
operating temperatures are reported to promote the corrosion
rate except in the electrolytes with sulfates and nitrates.®"”

The properties of metallic anodes such as specific surface
area, porosity, and particle size also influence corrosion beha-
viors. Anodes with sufficient porosity and high specific surface
area will cause enhanced corrosion susceptibility due to the
difficult formation of a passivation layer and improved corrosion
interface.”''® Pitting corrosions or galvanic corrosions prefer to
occur at grain boundaries or cracks due to the microstructural or
compositional differences,”®*'"! suggesting that a more uniform
surface or phase structure is preferable for corrosion inhibition.
The elemental composition of metallic anodes also affects the
corrosion process. Elements with a higher HER overpotential in
the anodes, such as In, Sn, and Bi, will hinder the parasitic HER
and, thus, reduce the corrosion rates. Moreover, the intermetallic
phases in the anodes formed in the alloying process will also
influence the corrosion process. Especially for Mg alloys, the
second phase can serve as a cathode and enhance the dissolution
of Mg at the o-Mg phase/secondary phase interface due to its
more noble electrochemical activity than the Mg matrix."*> How-
ever, the continuous distribution of the second phase can sup-
press further Mg corrosion propagation. In addition, impurities
in the metallic anodes may promote metal dissolutions around
the impurities through the galvanic corrosion process.

Thus, the effects of the electrolyte composition and the
metal anode itself on the battery’s electrochemical performance
and corrosion of the metal anode must be thoroughly taken
into account when manufacturing aqueous metal batteries.
Some factors need particular consideration. The starting point
is to choose a metal anode that has a low specific surface area,
good structural uniformity, and minimal impurities. The ano-
de’s processing technology must meet strict specifications to
guarantee that there are as few defects and grain boundaries as
feasible. It is necessary to eliminate contaminants from the
metal anode, particularly those that contain metal elements
with a lower hydrogen evolution overpotential. Furthermore,
choosing the right electrolyte is crucial. On the premise of
ensuring that electrochemistry can operate, neutral or weakly
acidic and weakly alkaline electrolytes should be selected as far
as possible. In addition, electrolyte salts that include caustic
anions should be avoided when choosing electrolyte salts.
Ultimately, the oxygen content should be minimized during
battery assembly; for instance, the electrolyte’s dissolved oxy-
gen can be evacuated through an inert environment.

This journal is © The Royal Society of Chemistry 2025
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2.5.2 Derived problems. A series of problems come with
the corrosion reactions of metallic anodes (Fig. 5). In the first
place, the HER is the simultaneous reaction of corrosion and
produces rather copious hydrogen, which will not only be detri-
mental to the sealed battery structure but also cause electrolyte
depletion. Batteries would fail to work due to the leakage of
electrolytes at high internal pressures.'** Moreover, continuous
water reduction will cause electrolyte depletion and result in the
performance degradation of the batteries. Second, metallic anode
corrosion in mild or alkaline electrolytes would produce non-
conductive byproducts or passivation layers. These corrosion
products would reduce the stripping/plating efficiency of anodes
and result in non-uniform current density distribution. Besides,
high ohmic resistance aroused from the corrosion product leads
to a severe delay in the practical operating voltage and poor rate
performance of the batteries. Another problem is that metallic
anode corrosion results in serious battery self-discharge and
reduces anodes’ utilization efficiency. Lastly, the morphology of
the anode will be changed during cycling. For example, the non-
uniform current distribution and concentration gradients caused
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by localized corrosion may lead to uneven redistribution of Zn
active materials on the electrode surface, promoting the Zn
dendrite growth.>'"* In summary, corrosion of metallic anodes
is deleterious to the battery performance in terms of kinetics,
capacity, and cycling stability. While extensive efforts have been
made in the design of cathode materials, researchers should also
pay more attention to the corrosion issue of anodes.

3. Corrosion inhibition
3.1 Artificial interface engineering

The artificial interface on the metallic anode surface plays an
essential role in corrosion inhibition by protecting the metallic
anode from direct exposure to the aqueous electrolytes. A stable
metal/electrolyte interface can be established, thereby increas-
ing the cycling stability of metallic anodes. Typically, this
interface serves as a physical barrier and confines the transport
of OH™, H', H,0, and other aggressive anions to metal surfaces
(Fig. 6a). Surface chemistry at the interface such as charge
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property and hydrophobicity may also be changed and prohibit
the accessibility of specific ions and water molecules
(Fig. 6b)."** Besides, introducing metallic-based interfaces with
higher HER overpotentials would suppress the HER at the
interface (Fig. 6¢). According to the above-discussed corrosion
mechanism, five crucial factors, namely reactivity, structural
stability, electrical conductivity, ionic conductivity, and hydro-
philicity, should be taken into consideration to construct
robust interfaces (Fig. 6d). A more reactive property than the
metallic anode is preferred for reactivity if the protective layer is
conductive. Otherwise, a galvanic cell will be formed with the
layer as a cathode, accelerating metallic anode corrosion. As for
the structural stability, the coating layer should be robust in the
electrolytes and keep working during the battery cycling pro-
cess. From the aspect of electrical conductivity, a semiconduc-
tor or insulator is desirable because it will not form a galvanic
cell with the sheltered metal anode. Besides, the metal ions will
not plate on the outer protective film surface.® For ionic
conductivity and hydrophilicity, a good metal ion conductor
with superior hydrophilicity is beneficial for the metal ion
transport during the charge/discharge process, which enhances
the reaction kinetics.*® In conclusion, there are several require-
ments that the perfect artificial interface layer should fulfill
(Fig. 6e). It should be light and not drastically lower the energy
density of the battery. Excellent chemical and electrochemical
stability is another requirement for the perfect interface coating
to guarantee its continued functionality throughout the bat-
tery’s extended charge and discharge cycles. To guarantee that
the electrolyte ions may penetrate the interface layer and
uniformly deposit on the metal negative electrode’s surface, it
should also possess superior ion conductivity and insulation.

Table 1 Corrosion inhibition performances of various coating layers
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Furthermore, it must have strong mechanical properties to
prevent breaking or falling off while the battery is operating.
Recent advancements in corrosion inhibition by various artifi-
cial interfaces are summarized in Fig. 6f and Table 1.

3.1.1 Carbonaceous interface. The carbonaceous layer is
advantageous as it is lightweight, easy to assemble, and hydro-
phobic with diverse properties (Fig. 6d). Its lightweight nature
endows the batteries with high energy density, which is super-
ior to metallic compound coating layers. The carbon layer can
be coated onto a metallic powder anode or plate with tunable
morphology and porosity. It is reported that a Zn@C core-shell
structure can protect the Zn particles present inside from
electrolyte leaching (Fig. 7a), giving rise to a relatively homo-
geneous electric field distribution and less amounts of
byproducts.'*® The layers’ uniformity, thickness, and porosity
play a vital role in the corrosion protection effect."*® A nonuni-
form or heavily porous coating layer cannot effectively restrain
the water molecules from passing through. Though a thicker
layer provides better corrosion resistance, it would suppress the
ion transport, resulting in more sluggish kinetics of the bat-
teries. In this aspect, a uniform ion-sieving carbon shell with a
controllable thickness and pore size was proposed, through
which the Zn passivation problem was well resolved in alkaline
electrolytes."®” A hydrogen-substituted graphdiyne (HsGDY),
with sub-&ngstrom level ion tunnels and robust chemical
stability, was also designed (Fig. 7b). By tailoring the pore size,
Zn ions with smaller sizes could freely pass through the layer
and Zn>" reached a uniform distribution along the rough
surface of the Zn electrode.”®”**® As a result, the protected
anode outperformed bare ZnO and Zn foils with a much-
improved cycling life.

Corrosion inhibition

Anode Electrolyte Coating layer efficiency Battery performance Ref.
1 Zn 3 M Zn(SOsCF;), TiO, Suppressed HER Enhanced cycling stability 115
2 Zn 9 M KOH Al 05 78.6% Enhanced cycling stability 116
3 Zn 6 M KOH Porous carbon — Reduced capacity but enhanced stability 117
4 Zn 7 M KOH Polyaniline 85% Enhanced stability 118
5 Zn 6 M KOH Sio, 40% — 125
6 Zn 2 M ZnSO, MOF — Enhanced cycling stability 49
7 Zn 2 M ZnSO, ZrO, Higher E.or Enhanced cycling stability 119
8 Zn 2 M ZnSO, Indium-based interface layer Lower I.opr Enhanced cycling stability 120
9 Zn 2 M ZnSO,/ Al,Si,05(0OH),, 56% Enhanced cycling stability 121

0.1 M MnSO,
10 Zn 2 M ZnSO, PVDF@TiO, Reduced corrosion reaction Reduced capacity but enhanced stability 122
11 Zn 2 M ZnSO,/ Polyamide Higher E ., and lower I,  60-fold enhancement in running lifetime 123
0.1 M MnSO,
12 Zn 3 M Zn(SO;3CF;), Al,O3 40% Enhanced cycling stability 124
13 Zn 6 M KOH Neodymium film 90.9% — 126
14 Zn 2 M ZnSO, 7Zn,Si0,/CNT lower I..,r and more Extended lifespan 127
positive E.orr
15 Zn 2 M ZnSO, ZnSn alloy interphase Lower Ioopr 250% improvement in cycling life 128
16 Zn 2 M ZnSO, Graphene acid/carbon nanofiber Lower I.opy Ultra-low self-discharge behavior 129
17 Zn 2 M ZnSO, Hydroxyapatite Higher E ., and lower I, 10 times longer lifespan 130
18 Zn 2 M ZnSO, Cellulose 61.9% Improved ICE and cycling stability 131
19 Zn 2 M ZnSO, Dopamine-functionalized Higher corrosion voltage and 5 and 2.5 times higher capacity retentions 132
polypyrrole reduced H, generation

20 Zn 2 M ZnSO, ZnNb,0° Lower .o, Longer-term stable cycling 133
21 Al PAA-KOH Prussian blue 81.2% Increased anode efficiency and energy density 134
22 Al 4 M KOH LDH-PVA-acetal 81.0% Improved capacity and cycling stability 30
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Fig. 7 (a) Diagram of the modification route and the electric field distributions of zinc and Zn—-G anodes. Reproduced from ref. 135 with permission from
John Wiley & Sons, copyright 2021. (b) Schematic of the synthesis of HsGDY and concentration field simulation after a constant diffusion duration of 5 s
for Zn@HsGDY symmetric cell. Reproduced from ref. 138 with permission from John Wiley & Sons, copyright 2020. (c) Preparation diagram of zinc anode
coated with a surface functional graphene layer. Reproduced from ref. 139 with permission from Elsevier, copyright 2023.

The hydrophobicity of the carbon layer should be taken into
consideration. Carbon is advantageous in blocking water mole-
cules due to its inherent hydrophobicity. Superhydrophobic
surfaces have been proven to be qualified for corrosion inhibi-
tion of metals.’*”'*" A superhydrophobic carbon black film
prepared by electrospray is reported to protect stainless steel
from corrosion in a sulfuric acid solution, exhibiting positive
corrosion inhibition.*** This work suggests that the hydropho-
bicity depends on the thickness of the carbon layer, and the
porous carbon layers gradually lose the hydrophobicity in
aqueous electrolytes because of the distant interaction of water
vapor with the metal surface. Notwithstanding the effective
protectivity, the hydrophobic surface would suppress the ion
transport across the electrode/electrolyte interface, resulting in
an inferior battery performance.

This journal is © The Royal Society of Chemistry 2025

Apart from the role of the carbon layer as a physical barrier,
the chemical properties of carbon influence corrosion protection.
Functional groups decorated on the carbon can tune the acces-
sibility of ions from electrolytes. A graphene film with abundant
oxygen-containing groups was selected to protect Zn from corro-
sion (Fig. 7c), by which the aggressive anionic species were
prohibited from accessing the metal surface."** Chemical mod-
ification of the carbon layer should have advantages in inhibiting
specific ions from electrolytes, but related research is still limited.

Although the carbon layer has been proven effective in
corrosion inhibition, several drawbacks remain. Carbon is
typically electrically conductive and may cause metal ion plat-
ing or hydrogen evolution outside the layer. Moreover, the
hydrophobic nature of carbon will enlarge the ion interface
transport resistance and thus increase the overpotential or
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voltage polarization of the metallic anode. A trade-off between
corrosion protection and battery kinetic should be taken into
account under this condition.

3.1.2 Metallic compound-based interfaces. Metallic com-
pounds including Al,O3, TiO,, Zn,Si0O,, SizN,, indium-based com-
pounds, SiO,, ZrO,, CaCOj3, and kaolin layer manifest the merits of
high mechanical strength and the variety of types,''%7'21,125:1437145
They can serve as physical barriers to prevent the matrix metal
anode from strong contact with aqueous electrolytes, thereby redu-
cing the corrosion reactions (Fig. 8). In this sense, the corrosion
inhibition depends on the uniformity and thickness of the coating
layer. An increase in coating thickness leads to more complete
coverage and a better prohibition of water penetration."**"'® How-
ever, thick coating layers would cause inferior ions to transport
kinetics over the electrode/electrolyte interface, thereby increasing
the overpotential or voltage polarization.

Preparing thin and compact layers with good protectivity
and ion conductivity may help break the confrontation. In
contrast with the conventional doctor blade coating method,
sol-gel method, and other solution methods, atomic layer
deposition (ALD) is a promising thin-film deposition techni-
que, which enables precise control of the thickness of the film
with good protectivity. For instance, an ultrathin ALD TiO, layer
(Fig. 9a) has been reported to suppress the corrosion of the Al
current collector.> The ALD TiO, thickness can be precisely
controlled (from a deposition rate of ~0.02-0.04 nm cycle )
and the Ti-oxidation state was easily tuned by adjusting the
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Adv. Funct. Mater. 2021, i
31,2104361

i Adv. Funct. Mater. 2022, i
32,2207751

View Article Online

Review

TiCl, and H,O precursor pulse lengths. As a result, the corrosion
resistance of Al was improved by orders of magnitude. ALD Al,O;
was also reported to increase the corrosion resistance of the Zn
anode.'™>'1%124 Although the ALD Al,Os-protected Zn anode
exhibited a higher overpotential initially due to the insulating
nature of Al,Oj3, it outperformed bare Zn during the long-term
cycling process in terms of lower resistance and smoother sur-
face. Moreover, ALD Al,O; layers gave rise to improved surface
wettability, suggesting that this strategy enables both promising
corrosion inhibition and fast reaction kinetics.

Beyond the ALD method, the in situ formation of the artificial
interface on the metal surface is another effective strategy to
control surface chemistry. A precisely controllable ZnS interface
can be formed by treating Zn anodes with sulfur vapor (Fig. 9c),
which serves as a physical barrier to inhibit corrosion and modifies
the charge distribution at the interface. The unbalanced charge
distribution improved Zn>" diffusion at the interface and adhesion
of the ZnS layer to the metal surface, leading to both superior
corrosion inhibition and fast ion transport kinetics. An “etching-
nucleation-growth” strategy was also developed to generate a
tightly arranged ultrathin ZnSiO; nanosheet array. The ZnSiO; is
nucleated in the holes generated by the initial etching of Zn>* ions,
which gives the in situ-formed ZnSiO; strong adhesion to the Zn
anode. The porosity and morphology of the protective layer can be
regulated effectively by the pH and reaction time.

Some specific metal compounds such as indium-based
species, Al,0;, and Bi,O; serve as not merely physical barriers

i Adv. Energy Mater.
2024,14,2302493

Adv. Funct. Mater. 2023, !
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Fig. 8 Timeline of metallic compound-based interfacial layer strategies for metallic anode protection from 2020 to 2024. All insets were obtained from

the literature 119127:146-153
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Fig. 9 (a) Illustration of a single ALD cycle with a TiO, coating of thickness of ~0.04 nm. Reproduced from ref. 154 with permission from the American
Chemical Society, copyright 2024. (b) Schematic of the artificial ZnS layer preparation. Reproduced from ref. 155 with permission from John Wiley &
Sons, copyright 2020. (c) Schematic of the procedure for fabricating the Zn@ZSO composite foil. Reproduced from ref. 156 with permission from John

Wiley & Sons, copyright 2022.

but also chemical corrosion inhibitors owing to their higher
hydrogen evolution overpotential. Among various metal com-
pounds, indium-based species such as In, In,Os;, and In(OH);
manifest the best effect on suppressing hydrogen evolution
because of the good chemical inactivity of indium,?812%:143:157:158
A metallic indium layer will suppress HERs and by-product
formation, give rise to uniform nucleation of Zn, and reduce Zn
dendrites (Fig. 10). Benefiting from the promising corrosion
inhibition effect, the cell performed well in long-term cycling
without swelling."*® Even in alkaline electrolytes, this strategy is
proven to be effective. In,0; and In(OH); may be formed in
alkaline electrolytes, which are insulative and can promote metal
plating underneath the coating film."*°

As to metallic compound-based protective layers, lower
thickness, compact structure, and good ionic conductivity are
preferred to provide desirable protection and avoid sacrificing
the battery performance. While they are advantageous in
mechanical strength and insulation (Fig. 6d), cracks may be
formed during long-term cycling. Besides, their chemical sta-
bility in various electrolytes should be taken into consideration.

3.1.3 Organic polymer-based interfaces. The organic poly-
mer coating layer is typically an all-in-one film originating from
the robust covalent cross-linking network, which demonstrates
outstanding structural stability and mechanical flexibility
(Fig. 6d). Besides, interfacial ion transport can be regulated

This journal is © The Royal Society of Chemistry 2025

by sophisticated surface chemistry. Various organic layers have
been employed to protect metal anodes from corrosion in aqu-
eous electrolytes.">*** For example, an artificial polyamide (PA)
layer was reported to protect Zn from corrosion in ZnSO,. The
interaction between Zn>" and the PA chains enhances the adhe-
sion of PA films on the Zn surface. The layer exhibited relatively
low permeabilities towards water and oxygen even with a thick-
ness of 40 um, implying that the corrosion reactions on the Zn
surface were effectively hindered (Fig. 11a).'** An ethylenedia-
mine tetramethylenephosphonic acid-Zn complex layer
(EDTMP15-Zn) was also constructed on a Zn foil to suppress its
corrosion (Fig. 11b)."® The phosphate groups exhibited desirable
zincophilicity and hydrophobicity, while the 3D network struc-
ture acts as smooth ion migration channels. The unique physi-
cochemical properties of the EDTMP15-Zn film induce uniform
Zn deposition and ensure good corrosion resistance. In addition
to