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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.

Pengyun Liu is currently an Asso-
ciate Professor in the Department
of Materials Chemistry at the
China University of Petroleum
(East China). She received her
PhD degree from the Curtin Univer-
sity under the co-supervision of
Prof. Zongping Shao and Prof.
Moses Tade. Her current research
interests mainly focus on perovskite
materials and devices, including
perovskite  photovoltaic  devices
and  photo-rechargeable  energy
storage devices.

Pengyun Liu

Chunyi Zhi is currently a Professor
in the Department of Materials
Science and Engineering at the
City University of Hong Kong. He
received his PhD degree in Physics
from the Institute of Physics,
Chinese Academy of Sciences. He
then moved to the National
Institute for Materials Science
(NIMS) in Japan as a Postdoctoral
fellow, and he later became an
ICYS Research Fellow, Researcher
(faculty) and Senior Researcher
(permanent). His research focuses
on wearable/flexible energy storage devices and aqueous electrolyte
batteries.

Chunyi Zhi

Energy Environ. Sci., 2025, 18, 2050-2094 | 2051


https://doi.org/10.1039/d5ee00075k

Published on 06 Februari 2025. Downloaded on 14/02/2026 10:20:38 PTG.

Energy & Environmental Science

X+neo o nX

M-ne” & M"t
Separator

Anode
c) 3] E(d) Pits < ;

 Electrolytes | | /\

Metallic anode (5 |

Aqueous electrolyte Cathode

View Article Online

Review

(b) Y?‘ Electron transfer

g - Ions diffusion = YEEENY L

- a ~ Y+e —Y
[} iy
3 ,_a ol 2H" +2e—H,
5§ & | 0y+2H,0+4e—40H
= 24 3 Q,? 2H»0+2e"—20H +H)
z il
= = ] W o
% . %? j QO H*
3 2 O
= g
_“ — .l @ :Oxidizing anions
Anode/electrolyte interface i Bulk electrolyte

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,

2052 | Energy Environ. Sci., 2025, 18, 2050-2094

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

View Article Online

Energy & Environmental Science

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)

Energy Environ. Sci., 2025, 18, 2050-2094 | 2057


https://doi.org/10.1039/d5ee00075k

Published on 06 Februari 2025. Downloaded on 14/02/2026 10:20:38 PTG.

Energy & Environmental Science

(a)’

SHE

Potential/ V vs SHE
Potential/ V vs

View Article Online

Review

Electrolytes
MgO film
Mg
Impurities
Mg(OH),

Current from impurities
Current from Current from
corrosion products intermetallic phases

Fig. 4 Pourbaix diagrams of Mg—H,O at 25 °C (a) without Mg* and MgH,, (b) in the presence of MgH,, and (c) in the presence of Mg*. Corrosion
mechanism of Mg (d) in neutral electrolytes, and (e) in acidic and alkaline electrolytes. (f) Galvanic corrosion mechanism of Mg.

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

View Article Online

Energy & Environmental Science

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.

2060 | Energy Environ. Sci., 2025, 18, 2050-2094

View Article Online

Review

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

Adv. Funct. Mater. 2020,
30, 2000599

Adv. Funct. Mater. 2021, i
31,2104361

i Adv. Funct. Mater. 2022, i
32,2207751
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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, !
34,2301912
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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 water and dissolved oxygen, corrosive species such as iodine
species in the electrolytes can also be restrained by an organic
layer (Fig. 11c and d).** Combining a physically protective poly-
mer and chemically inactive metal oxides would be more efficient
in corrosion inhibition.?*1?>146:149,1647166 Ay artificial protective
layer containing a polyvinylidene fluoride (PVDF) matrix and
decorated TiO, nanoparticles was proposed, which protected
Zn from corrosion in long-term cycling and exhibited superior
performance than pristine PVDF layers (Fig. 11e and f)."** Other

Energy Environ. Sci., 2025, 18, 2050-2094 | 2065
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(a) Schematic of the stripping/plating behaviors of bare Zn and Zn/In anodes. (b) Thickness change of the symmetric cells. (c) Gas evolution

characterizations of bare Zn and Zn/In anodes in ZnSO,4 electrolytes. (d) XRD patterns of the bare Zn and Zn/In anodes before and after cycling.
Reproduced from ref. 143 with permission from John Wiley & Sons, copyright 2020. (e) Digital images and SEM images of Zn anodes with/without an
indium layer before and after plating. Reproduced from ref. 120 with permission from Elsevier, copyright 2020.

organic layers that have been previously employed to suppress
dendrite growth such as poly(ethylene glycol),"®” polyacrylo-
nitrile,"®® polyanthraquinone,'®" and in situ formed quasi-solid
electrolyte interface®*'%*1%170 are anticipated to behave well in
corrosion inhibition as well. Despite the advantages, the organic
coating layer generally presents a large thickness in the range of
30-500 um, which would reduce the whole volume energy density
of the batteries.

3.2 Alloying engineering

Alloying is an exceedingly employed strategy to tune the physi-
cochemical properties such as mechanical strength and corro-
sion resistance. A multitude of Zn-, Al-, and Mg-based alloys
have been reported and great advancements in corrosion
inhibition have already been achieved."'*'*%'7'"'8% The corro-
sion inhibition effect significantly depends on the type and
doping amount of alloying elements. This section will summar-
ize and discuss the corrosion inhibition effects and mechan-
isms of various alloying elements.

2066 | Energy Environ. Sci., 2025, 18, 2050-2094

Generally, the HER is suppressed on metals such as Pb, Cd,
In, Hg, Bi, and Sn. It is anticipated that introducing these metallic
elements into the base metal may give rise to increased HER
overpotentials, thereby reducing the corrosion rates (Fig. 12a). For
instance, Zn-Bi alloys were proven to present a much lower corro-
sion rate than pure Zn anode in KOH electrolytes."®"'® It is also
reported that Al-Zn, Al-In, and Al-Sn alloys exhibit a lower corrosion
potential than the pure Al anode in alkaline electrolytes due to their
higher HER overpotentials."””'**'8* Nonetheless, the superfluous
addition of these alloying elements will accelerate the corrosion
reactions of the matrix metals. Once the content of alloying
elements exceeds its solubility in parent metals, the segregative
phases will be formed, which may act as the cathodic sides and
accelerate the corrosion reactions at the grain boundaries.'®®

Some more chemically reactive elements were also employed
as sacrificial agents to protect parent metals from corrosion
(Fig. 12b). In this aspect, a galvanic cell will be assembled with
an alloying agent as the anode, by which the base metals are
protected.'”” Take Mg as an example: a small amount of Mg can
protect the Al matrix from corrosion due to both the increased

This journal is © The Royal Society of Chemistry 2025
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Fig. 11 (a) Schematic of a PA layer for corrosion inhibition, and optical images of Zn electrodes with/without the PA layer. Reproduced from ref. 123 with
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permission from John Wiley & Sons, copyright 2020.

HER overpotential and sacrificial anodic protection.'””> How-

ever, this strategy is not suitable for Mg metals due to its
relatively reactive nature and low equilibrium potential.

In addition, the alloying elements may influence the corro-
sion products and affect the formation of passivation films
(Fig. 12c). According to reports, the Zn addition to Al anode
promoted the formation of two-type Zn oxidation films, includ-
ing a porous Zn(OH), layer and a protective ZnO layer."** These
layers were more protective than the Al(OH); layer in alkaline
electrolytes and suppressed the Al corrosion. However, this
protective layer will also reduce the charge/discharge efficiency
due to its passivation effect. Adding Al into the Mg anode led to
the formation of Mg,Al(OH),,.,Cl in the NaCl electrolyte,
promoting the peel-off of Mg(OH), products and thereby redu-
cing the NDE."**> A low concentration of alloying agents cannot

This journal is © The Royal Society of Chemistry 2025

affect the passivation film. In contrast, a large amount of
alloying agents will promote the formation of the secondary
phase and accelerate the corrosion reactions.

Fig. 12d exhibits the most reported single-atom catalysts for
HERs, suggesting that these elements have lower HER over-
potentials. Therefore, the other metallic elements such as Bi,
Hg, and In in the periodic table can potentially suppress the
HER and can be alloyed into metallic anodes for corrosion
inhibition. Although these elements have already been con-
firmed to be effective in corrosion inhibitions (Fig. 12¢), there is
no criterion for the amount of alloying elements. The effects of
alloying elements vary a lot in different research studies. A
standard evaluation methodology should be established to
examine the corrosion inhibition efficiency of various alloying
elements accurately.
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from ref. 8, 171, 172, 185 and 187-189. (f) Schematic of the electrochemical impacts of alloying elements in Mg alloys; Cs refers to solid solubility.

Reproduced from ref. 190 with permission from Elsevier, copyright 2017. (
alloy, and SEM-EDS mapping of Zn-Ti alloy. Reproduced from ref. 177 wi

Notably, the alloying engineering in Mg anodes is more
complicated due to the reactive nature of Mg. Most of the
elements manifest limited solubility in crystalline Mg and give
rather minimal changes to the corrosion potential of Mg alloys.
On the one hand, alloying elements with a higher HER over-
potential may be beneficial in slowing down Mg corrosion. On
the other hand, the presence of a secondary phase will accel-
erate the dissolution of neighboring Mg. Nearly all intermetal-
lic particles, except Mg,Ca, are thought to have more noble
corrosive potentials than pure Mg, suggesting that they will act
as cathodic sides of the galvanic cells and promote Mg
dissolution.'®® The effect of alloying engineering on Mg anode
is the net result of the above-mentioned aspects, which the
polarization curves can illustrate. From the dynamic polariza-
tion curves of various binary Mg-alloys, the E..,, value shifts to
more positive values and the cathodic current densities

2068 | Energy Environ. Sci., 2025, 18, 2050-2094

g) Schematic of the grain boundary engineering, EBSD IPF mapping of Zn-Ti
th permission from Nature Publishing Group, copyright 2023.

increase for all alloys."®* The electrochemical impacts of alloy-
ing elements in Mg have been summarized in a previous report
(Fig. 12f)."°° Alloying metal impurities will enrich the surface of
the Mg matrix during the corrosion process, acting as a local
cathode and enhancing the cathodic HER kinetics. Though
some reports state that alloying elements such as Al, Zn, Ca,
and In positively affect Mg corrosion inhibition, the improve-
ments should be ascribed to the refined grain or secondary
phase morphologies rather than to the chemistry effect,®*9%9>
Fig. 12f also demonstrates that only specific elements such as
As, Sb, and Ge from groups 14 and 15 can reduce the cathodic
reaction kinetics due to their electrocatalytic poisoning effect
toward the HER.'9®'%”

The secondary phase formed by alloying elements and base
metals plays a vital role in corrosion inhibition. Grain bound-
aries (GBs) are important structural elements that link grains in

This journal is © The Royal Society of Chemistry 2025
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polycrystalline metals and are more reactive than crystallo-
graphic planes respectively. As a result, significant intergranu-
lar corrosion sometimes results from localized corrosion that
starts at GBs with high corrosion susceptibility and subse-
quently spreads to the deep or inside grains. Take Mg—Ca alloy
as an example: corrosion preferentially occurred along the GBs
due to the presence of Mg,Ca.’® As the secondary Mg,Ca is not
continuous, the dissolution of Mg developed to the interiors of
the Mg matrix, leading to shallow but spacious cracks. Once the
cracks connect, the Mg grains detach from the bulk anode,
resulting in low utilization. Tuning the grain boundary property
or the bulk phase structure is an effective strategy to reduce
corrosion.”””'%%2% For example, constructing a Zn-Ti dual-
phase alloy can alter the GBs of metallic Zn by forming Ti-
containing intermetallic compounds that are thermodynamically
stabilized at GBs (Fig. 12g). The HER-induced corrosion was effi-
ciently suppressed regardless of aging or extended cycling. Larger
grain sizes and fewer grain boundaries in the metallic electrode
typically present better corrosion resistance.””® Through aging
treatment or rolling processing, the separated phase distribution,
grain boundary, and grain size can be modified.”®**"'77'%°

Alloying engineering has been proven to be an effective
strategy for suppressing the corrosion of metals, and recent
achievements in alloying engineering of metallic anodes are
summarized in Table 2. The proportion of alloying elements is
determinative of the corrosion inhibition efficiency. Though
great advances have been achieved, insights into the mecha-
nistic aspect of corrosion inhibition require more research,
especially in the presence of multiple alloying elements. A
standard evolution methodology should be established to exam-
ine the corrosion inhibition efficiency of various alloying ele-
ments accurately.

Table 2 Corrosion inhibition performances of various alloying elements
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3.3 Electrolyte engineering

Electrolyte engineering refers to employing additives, designing
gel or solid-state electrolytes, and developing hybrid electrolytes,
which aim to suppress the cathodic HER. These approaches give
rise to reduced HER active centers or sluggish HER kinetics,
thereby decreasing the self-corrosion of metallic anodes.

3.3.1 Corrosion inhibitor. Corrosion inhibitors are widely
used to prevent the metallic anode from corrosion in aqueous
electrolytes. Broadly speaking, corrosion inhibitors can be divided
into interface and inter-phase types. Interface-type corrosion inhi-
bitors refer to those that can be absorbed on the metal surface to
suppress the corrosion reactions. Inter-phase-type corrosion inhi-
bitors can react with metal ions or corrosion products on the
surface and generate a protective layer."* For instance, NaF or
Na,SiO; additives can react with Mg®* and produce passive MgF,
and MgSiO; layers on the Mg surface.'?°® Upon formation, the
passivation layer will serve as a protective layer, preventing corro-
sion of the anode. The battery kinetics would be constrained,
however, if this passivation layer were not a good ionic conductor.
Pitting corrosion may also occur when the passivation film is not
intact. Interface-type corrosion inhibitors are more frequently
employed in AMBs. This kind of corrosion inhibitor is typically
an organic compound that can be absorbed onto the metal
surface. The effectiveness of the organic inhibitors depends on
their adsorption rates and covering capabilities on metal surfaces.
Consequently, a lot of organic compounds with suitable structures
containing heteroatoms such as P, S, N, or O have been widely
used as corrosion inhibitors (Fig. 13a),>°*?'° which are absorbed
onto the surface by a lone pair of electrons from the
>'1 Together with the heteroatoms, aromatic rings,
heterocyclic rings, or alkyl groups in the compounds may also

heteroatoms.

Anode Electrolyte Alloying elements Corrosion inhibition efficiency Battery performance Ref.
1 Zn 7 M KOH 2% Bi 91.5% Slightly reduced capacity 187
2 Zn 6 M KOH 1.5% Bi 53.8% Lower cut-off voltage, enhanced capacity 171
3 Zn 3 M ZnSO,/ Cu 83.7% Prolonged cycling life 8

0.3 M MnSO,
4 Zn 7 M KOH 3% Bi 33.2% — 201
5 Zn 7 M KOH 5% Ni 86.3% — 202
6 Al 4 M KOH 1% Mg 89.2% Enhanced Al utilization and capacity 172
7 Al 4 M KOH 1% Mg/0.9% Sn 82.7% Enhanced Al utilization and capacity 172
8 Al 7 M KOH 1% Mg/1% Zn/ 37.3% Higher cell potential and Al utilization 203
0.1% Bi/0.1% In
9 Al 4 M NaOH 0.05% In 29.2% Enhanced capacity and anodic efficiency 204
10 Al 0.6 M NacCl 0.6% Sn 62.7% — 188
11 Al 1 M NaOH Cu Higher corrosion resistance Higher discharge potential and Al efficiency 205
12 Mg 3.5% NacCl 9% Al/2.5% Pb Higher E.o,, and lower I.oy Enhanced discharge potential and Al 192
utilization efficiency
13 Mg 0.1 M NaCl 1% Zn More serve corrosion — 112
14 Mg 0.1 M NacCl 0.3% Ge Suppress HER — 112
15 Mg 0.1 M NacCl Bi, Ge, Pb, Sb, Sn Improved corrosion resistance — 196
16 Mg 3.5% NacCl 0.1% Ca 25.1% Higher cell voltage and energy density 185
17 Mg 0.6 M NacCl 3-9% Al Decreased self-corrosion Higher operating voltage and capacity 206
18 Mg 0.6 M NaCl 3-9% Al Lower I.opr Higher Mg utilization 195
19 Mg 0.1 M NacCl 0.37% As An order of magnitude lower — 197
H, evolution

20 Mg 3.5% NaCl 1-3% Sn Reduced I, and H, evolution — 207
21 Mg 0.6 M NaCl 1%, 5%, 10% Sn 77%, 85%, 95% — 189

This journal is © The Royal Society of Chemistry 2025
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enhance the adsorption.”*>*'! The standard free energy of adsorp-
tion (AG,gs) can be calculated as follows:

AGads = —RTID(55.5KadS) (3.1)

where 55.5 mol L' is the molar concentration of water, R is the
universal gas constant, T'is the absolute temperature, and Kyq is
the equilibrium constant for the adsorption process. If the AG,qs
value is in the range from 0 to —20 k] mol ™, the inhibitor can be
spontaneously adsorbed onto the metal surface by physisorption.
A value more negative than —40 k] mol ' implies the chemi-
sorption of inhibitors. By adhering to metal surfaces, inhibitor

2070 | Energy Environ. Sci., 2025, 18, 2050-2094

molecules occupy the active sites, suppressing the cathodic HER,
thus providing corrosion protection (Fig. 13b).

Organic inhibitors may either dynamically generate an
absorption layer on the surface or produce a protective layer
with metal ions (Fig. 13b).>**?'> Take SDBS as an example: it is
mainly composed of hydrophilic groups and hydrophobic alkyl
chains.?*® The highest occupied molecular orbital exclusively
distributes in the sulfonate anion region, which exhibits a
negative electrostatic potential and helps to interact with the
metal surface (Fig. 13c).”">*'” While the polar groups help
inhibitors to adsorb onto the metal surface, the non-polar part

This journal is © The Royal Society of Chemistry 2025
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(such as the hydrocarbon chain) is forced towards the aqueous
solution side due to its electrophilic reactivity. These tails repel
the water and aggressive molecules away from the surface and
thus decrease their corrosion effects.

Efficiency in inhibiting corrosion is primarily dependent on
the completeness of the protective or absorption layer, which is
closely tied to inhibitor concentrations and intrinsic character-
istics. Increasing the inhibitor concentration to the critical
micelle concentration value gradually increases, and full cover-
age can finally be achieved.”'® The adsorption of inhibitors on
the metal surface typically obeys either Langmuir isotherm or

Freundlich isotherm,**®*'® which can be expressed as follows:
C 1
— = +C 3.2
n Kads ( )
1
log(n) = log K¢ + Zlog C (3.3)

where C is the inhibitor concentration, # is the surface coverage
degree, K is the Freundlich equilibrium constant, and 7 is the
empirical constant. # can be calculated from the corrosion
current density or charge transfer resistance using the follow-
ing equations:**°

Rer — R,
n =L €T 100% (3.4)
Rer
Low — I
g = o Zeor o 100% (3.5)

corr

where R, and R are the charge transfer resistances of the
metallic anodes in electrolytes with and without inhibitors, respec-
tively. Lo and I/, are the corrosion current densities of the metallic
anodes in electrolytes with and without inhibitors. Besides, the
molecules containing the carbonyl group, carboxyl group, amino
group, benzene rings, heterocyclic ring, or more heteroatoms should
present higher corrosion inhibition efficiency due to the improved
absorption interaction (Fig. 13a).***'***° Moreover, the alkyl chain
length significantly influences the corrosion efficiency. Too short an
alkyl chain may make it hard to form an intact film, while a too-long
alkyl chain might result in a loose adsorbed layer.”*" The film
formed by a longer alkyl chain presents a smaller channel size
and higher water molecular/Zn>* ion insertion energies (Fig. 13d).”"*
Lastly, the effectiveness of corrosion inhibition also depends on the
inhibitor’s capacity to participate in the solvation shell. Solvated
water rather than free water is more likely to be the origin of H,
evolution and “parasitic” side reactions.>** By substituting solvated
water molecules, certain organic compounds can participate in the
solvation structure of Zn ions, lowering the possibility of corrosion at
the Zn electrode/electrolyte interface,*****2>

Combining different inhibitors gives rise to a higher corrosion
inhibition efficiency, thanks to their synergistic effect.?>*?° On the
one hand, the branched and linear structures in organic inhibitors
result in a more integrated protective layer. Inhibitors with a
benzene ring or a heterocyclic ring exhibit strong adhesion on
the metal surface (Fig. 14a). However, the as-formed absorption
layer or protective layer may be loose and incomplete due to the

This journal is © The Royal Society of Chemistry 2025
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steric effect of a highly branched structure. Introducing linear
organic inhibitors such as PEG into an imidazole-containing
system contributed to an intact protection film, improving the
corrosion inhibition efficiency.>*° On the other hand, organic and
inorganic composite inhibitors may present better corrosion pro-
tection performance. Some inorganic corrosion inhibitors such as
ZnO and K,SnO; endow in situ deposition of Zn or Sn layers on the
anode surface.>®*?**?*! Together with physical barrier actions, the
increased HER overpotential by this kind of in situ formed metallic
layers contributes to an enhanced corrosion inhibition efficiency.
The inhibitors may also have significant influences on the solva-
tion shell structure. For example, the radius of the hydrated zinc
complex (4.30 A) is approximately five times as large as that of the
bare zinc cation itself (0.83 A) (Fig. 14b). The hydration shells are
mainly occupied by the coordinating water molecules. By selecting
redox-inactive cations with appropriate coulombic repulsion
energy and solvation rigidity (Fig. 14c), the solvation shell structure
has been modified, leading to markedly improved cyclability.***

Recent advances in corrosion inhibitors for AMBs are sum-
marized in Fig. 14d and Table 3. Though various inhibitors have
already achieved remarkable corrosion inhibitions, further
efforts need to be made to clarify their mechanisms. Especially
for inorganic inhibitors, it is yet unknown how to restrict active
centers for cathodic HERs or anodic dissolution, which impedes
the development of effective corrosion inhibitors in the future.
More emphasis should be paid to the adsorption characteristics
of inorganic inhibitors, which impact the corrosion inhibitor
efficiency. Since corrosion inhibitors may alter metallic anodes’
reversible stripping/plating behaviors, their impact on battery
kinetics should also attract greater attention.

3.3.2 Quasi-solid electrolyte design. Compared with aqueous
electrolytes, hydrogel electrolytes are widely accepted owing to their
high ionic conductivity and less free water, which may reduce the
parasitic HER on metal surfaces.”® >”® They are typically hydro-
philic crosslinked polymers and can immobilize water molecules
due to the polymer’s strong interaction between water and func-
tional groups. In the illustration of sodium polyacrylate (PANa),
OH™ and H,O connected with PANa and cellulose chains, respec-
tively, via hydrogen bonds confined their diffusion towards the
metal surface (Fig. 15a).>”* A polyacrylamide (PAM)-based electrolyte
was also developed, in which strong hydrogen-bonding interactions
were formed among water, ethylene glycol (EG), and PAM chains
(Fig. 15b). In addition, the carboxyl and hydroxyl side groups in
alginate could also form hydrogen bonding interactions with the
molecules of EG and water, which potentially greatly affected the
immobilization of free water.>”> Other hydrogel electrolytes such as
polyacrylic acid-based alkaline gel electrolytes,>”® polyvinyl
alcohol-based electrolytes,'® poly[2-(methacryloyloxy)ethyl]di-
methyl-(3-sulfopropyl)-based hydrogel electrolytes®”” have also
been proven to be beneficial for the corrosion inhibition of
metallic anodes. It is anticipated that the polymer hydrogels
applied in dendrite suppression, including Zn-alginate/PAM,>”5728°
sulfobetaine,®®' Pluronic,”®* gelatin,***?** and xanthan,”®® should
perform well in corrosion inhibition as well.

Gel electrolytes prepared by direct gelatinization of aqueous
electrolytes were also reported, which can be doped with
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corrosion inhibitors such as lignin, pyrazole, Pb**, and poly-
ethylene glycol.>®*”**° The combination of water immobiliza-
tion and corrosion inhibitors gives rise to good corrosion
inhibition efficiency.

Water-in-salt (WIS) electrolytes contain more excellent dis-
solved salt than water, in which all water molecules are a part of
ion solvation shells and no free water is present. This type of
super-concentrated electrolyte has been applied in various
aqueous batteries due to its expanded electrochemical stability
window.?°°2°% As the water molecules are all immobilized by
an electrolyte salt, the corrosion reaction of metallic anode and
cathodic HERs in WIS electrolytes is suppressed. For example, a
WIS electrolyte containing 16 M potassium acetate (KOAc) and
4 M KOH was developed to suppress Al corrosion in Al-air
batteries.>®*® With the gradual increase in the amount of KOAc,
acetate anions cooperated with the sheaths of K, and more
water molecules were involved in binding interactions in solva-
tion sheaths (Fig. 15c). Fewer water molecules adsorbed onto
the Al anode surface due to the greatly reduced free water.

2072 | Energy Environ. Sci., 2025, 18, 2050-2094

Therefore, the HER was significantly inhibited and Al anode
corrosion was obviously reduced.

3.4 Other strategies

Some other promising strategies, ranging from tuning the expo-
sure crystal plane to rationally designing the battery configura-
tions, have also been developed to address the corrosion issue of
metallic anode. Recently, some researchers have proposed that
the corrosion behavior of metallic anodes is highly related to
their crystallographic planes. Zn corrosion is mainly prone to
occur in the (100) plane, while it is not likely to happen on the
(002) plane.>">*?%*?** Electrodeposition of Zn in the presence of
various additives, such as indium sulfate, tin oxide, and boric
acid, will give rise to different surface textures and crystallo-
graphic orientations. Among different additives, boric acid helps
to produce Zn with the dominance of the (002) surface, which has
a higher resistance to dendrite formation and corrosion. Similar
phenomena were also detected in the Al anode, which suggested
that the (001) plane has good corrosion resistance and the (110)

This journal is © The Royal Society of Chemistry 2025
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Table 3 Corrosion inhibition efficiency of various inhibitors
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Corrosion inhibition

Anode Electrolyte Corrosion inhibitor efficiency Battery performance Ref.
1 Zn 7 M KOH DTAB 80.2% — 232
2 ZIn 6 M KOH OED 85.5% Both improved capacity and stability 233
3 Zn 1 M Li,SO,/ PEG200 72.4% 32% improvement in capacity 167

2 M ZnSO,
4 Zn 9.5 M KOH PEG 88.9% — 218
5 Zn 8.5 M KOH PEG600 82% — 234
6 Zn 26% NH,Cl SDBS 89.7% — 217
7 In 3 M KOH PEG 600 and Tween 20 89% 33% improvement in capacity 235
8 Zn 6 M KOH PEI 55.2% Improved stability 236
9 Zn 7 M KOH PNE 98.1% Improved capacity 211
10 Zn 3 M KOH IMZ and PEG600 79.9% — 220
11 Zn 26% NH,CI HEC 92.07% — 209
12 Zn 7 M KOH SDS 77.5% 24% improvement in capacity 237
13 Zn ZnCl,/NH,Cl AE 60-80% — 219
14 Zn 6 M KOH BAT 76.9% 31.9% improvement in capacity 238
15 Zn 6 M KOH BTA and SDBS 88.5% 34.3% improvement of capacity 238
16 Zn 2 M ZnSO, Sodium anthraquinone-2-sulfonate Reduced corrosion Longer cycle life 239
17 Zn 1M ZnSO, 1,2-Butanediol Lower I.or 5-20 fold zinc cyclability enhancement 240
18 Zn 6 M KOH CMC 43.5% — 241
19 Zn 2 M ZnSO, Trehalose Lower I o and higher E.,,, two times enhancement in cycle stability 242
20 Zn 2 M ZnSO, Zinc pyrrolidone carboxylate More positive Eqopy Enhanced cycle stability 243
21 Zn 2 M ZnSO, Nitrilotriacetic acid Much lower I o regulate the Zn deposition 244
22 Zn 2 M ZnSO, Imidazo[1,2-b]pyridazine lower I.opr Better reversibility 245
23 Zn 2 M ZnSO, Pyrimidine lower .o Accelerating the desolvation process 246
24 Zn 1 M Zn(OAc), Ethylene glycol 15 times lower corrosion rate Higher capacity retention 247
25 Zn 3 M Zn(OTf), Urea/LiOAc Far less Ioorr highly reversible plating/stripping 229
26 Zn 2 M ZnSO, Zinc acetylacetonate Lower I.o; and higher E.,,, 10 times longer cyclability 248
27 Zn 2 M ZnSO, Ammonium hydroxide Lower HER potential much better cyclic stability 249
28 Zn 2 M ZnSO, Sc** additive Higher corrosion resistance  5-8 fold cycle life 250
29 Zn 2 M ZnSO, Sodium 3,3’-dithiodipropane Lower I.or and higher E.,,,  Extended cycle life 251
sulfonate
30 Zn 2 M ZnSO, C5SeCN Reduced I.opr Improved Zn utilization 252
31 Zn 2 M ZnSO, Protonated triglycine Increased E.qpr Prolonged operation life 253
32 Al 4 M NaOH 6-thioguanine 36.56% Enhanced Al utilization: from 38.5% to 74.6% 254
33 Al 4 M NaOH N-9 92.8% 15-25% improvement of capacity 255
34 Al 4 M NaOH [Allmim][NTf2] 95.1% 48.5% improvements in capacity 256
35 Al 4 M KOH APG and K,SnO; 94.1% 250% improvements in capacity 56
36 Al 4 M NaOH Na,SnO; and casein 83.1% 89.3% improvements in capacity 230
37 Al 4 M NaOH 1-Cysteine/ZnO 85% Enhanced Al utilization: from 7.4% to 19.9% 257
38 Al 5 M KOH PEG di-acid and ZnO 66% 57.3% improvements in capacity 258
39 Al 5 M KOH Flax straw extract 62% 23.5% improvements in capacity 259
40 Al 4 M NaOH C1,BBr 56.3% 96% improvements in capacity 260
41 Al 4 M NaOH L-Aspartic/CaO 74.5% — 261
42 Al 4 M NaOH 8-HQ/ZnO 71.5% Enhanced Al utilization: from 56.2% to 70.3% 262
43 Mg 3.5% NaCl DG 94% Enhanced Mg utilization: from 39.4% to 89.7% 263
44 Mg 3.5% NaCl Na;PO, and SDBS 95.2% Enhanced Mg utilization: from 44.1% to 49.1% 264
45 Mg 2 M MgSO,/ NaF-NazPO, 98.8% 57% improvement in capacity 208
2 M Mg(NOy),
46 Mg 0.6 M NacCl Naz;PO,-12H,0 95.6% 25% decrease of capacity 265
47 Mg 0.6 M NaCl NavO,; 72.2% 6.7% improvement in capacity 265
58 Al 10 M LiTFSI  Hydrolyzation type-anodic Three orders lower Icorr Improved cycling stability and initial efficiency 266
additive

plane is more sensitive.”*>**® Experimental results confirmed
that the hydrogen evolution rate and corrosion current density
follow the order of (001) single crystal < (111) single crystal <
(110) single crystal < polycrystalline. Therefore, tuning the
crystallographic planes might be an effective way to suppress
both dendrite formation and corrosion.

Rational battery configuration may also help to remit the
corrosion issue of metallic anodes. Displacing electrolytes from
the electrode with a non-conductive oil during battery standby was
developed in a primary Al-air battery to suppress the open-circuit
corrosion.””” However, this battery design still has self-corrosion
during the discharging process. A magnesium-moisture battery

This journal is © The Royal Society of Chemistry 2025

without additional electrolytes was proposed, in which metallic Mg
served as the anode and a semi-conducting polyaniline (PANI)
foam served as the cathode (Fig. 16a). Trace-absorbed water causes
Mg corrosion, which generates Mg”* ions and electrons. Because
of the much lower electronic conductivity than the ionic conduc-
tivity of PANI, the electrons have to run into an external circuit due
to the depolarization process.>*® Although the discharge current is
not high, this battery configuration prevented the energy loss
caused by corrosion.

Another approach to raising the efficiency of the metallic
anode is collecting the hydrogen produced by the parasitic
cathodic reactions during corrosion. Devices combined with

Energy Environ. Sci., 2025, 18, 2050-2094 | 2073
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electrical energy and chemical energy (H, storage) storage
systems were developed (Fig. 16b and c).>***°" Apart from the
normal function of the battery, the hydrogen produced during
the corrosion can be stored. To effectively collect hydrogen, it
should be mentioned that the anode compartment needs to be
deoxygenated. A recently reported Zn/Al-CO, system may also
provide insights into this tactic, which adopted HER as the
cathodic reaction to achieve both electrons and H, collection.>*°
Similarly, the hydrogen produced in the corrosion process was
also anticipated to be utilized by this battery system. Although
this strategy reduces the side effects caused by corrosion, it is
unsuitable for practical battery systems due to their complicated
configurations.

The aforementioned review and discussion lead us to the
conclusion that the anti-corrosion strategy of the metal anode
can be macroscopically divided into two parts: electrode design
and electrolyte design. The interfacial protective coating, which
has multifunctional characteristics and is customizable, gener-
ally prevents the electrolyte from corroding to the metal anode
through the physical barrier effect. However, the corrosion
inhibition performance of the electrode is heavily dependent
on the microstructural characteristics and inherent physico-
chemical properties of the coating layer, which undoubtedly
increases the difficulty and cost of preparation. The alloy anode

2074 | Energy Environ. Sci., 2025, 18, 2050-2094

is easy to prepare on a large scale and has good stability, but
alloying engineering requires strict control of the alloy ratio and
process to ensure the anode’s electrochemical performance.
There are still issues with alloy element compatibility and precise
phase composition management. Moreover, the introduced
inactive competent inevitably decreases the energy density of
the battery. The most popular approach in electrolyte design is
the introduction of corrosion inhibitors. This approach offers
special benefits such easy large-scale preparation, cheapness,
and simple operation. However, while choosing additives, it is
important to consider if they might cause problems with other
battery parts (such as the separator and cathode), which could
impact the battery’s overall charge/discharge performance. Spe-
cial attention must be paid to how corrosion inhibitors affect the
battery’s charge/discharge kinetics in order to prevent lowering
the power characteristics.

4. Characterization techniques

Advanced techniques to characterize metallic anode corrosion
and the as-proposed protective approaches play a vital role in
understanding the corrosion processes and evaluating the corro-
sion inhibition performance. Electrochemical characterizations,

This journal is © The Royal Society of Chemistry 2025
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exchange membrane; and 6-cathode); Reproduced from ref. 299 with permission from Elsevier, copyright 2016. (c) Schematic of the aqueous Zn/Al-
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including polarization curve method, electrochemical impedance
spectroscopy (EIS), electrochemical noise (EN), and scanning
electrochemical microscopy (SECM), make prominent contribu-
tions to corrosion mechanism determination. The formation of
byproducts and passivation layers, which have huge impacts on
further corrosion and battery performance, can be assessed by
various spectroscopic techniques including X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), and Raman
spectroscopy. A series of microscopy techniques can visually
monitor the morphological evolution of the metallic anode during
the corrosion process and long-term battery running.

4.1 Electrochemical techniques

4.1.1 Polarization curves. The polarization curve can be
recorded by controlling the voltage or current as independent
variables, which is an effective method for analyzing the

This journal is © The Royal Society of Chemistry 2025

corrosion reaction kinetics. A series of fundamental parameters
including corrosion potential, corrosion current, passivation/
pitting potentials, and rate-controlling step can be achieved.
The potential for anodic dissolution and cathodic reaction to
reach equilibrium is corrosion potential. Currents at the corro-
sion potential are defined as corrosion currents, which can be
directly worked out from the Tafel polarization plot. Relation-
ships between total current density (ix,,) and corrosion current
density (icorr) can be expressed as follows:**>

. . . . E— Ecorr E— Ecorr
liot = Iy + Ic = lcorr |€XP T — exp T (4.1)
a c

where i, and i, are the anodic and cathodic current densities,
respectively. f, and f. are the Tafel constants of anodic and
cathodic branches, respectively.
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However, the Tafel plots are easily affected by the passiva-
tion process or other redox reactions on the electrode surface,
thereby increasing the difficulty of corrosion current measure-
ment. Under this circumstance, linear polarization near E.o.
provides more accurate information. Corrosion current can be
calculated by the slope of the linear polarization curve accord-
ing to the Stern-Geary equation as follows:*®

B
lcorr = R_p (4.2)
where B is a constant and R, is the linear polarization resis-
tance or slope of the linear polarization curve near E ;.

The metal dissolution rate increases during the anodic
polarization and the as-produced byproducts may cause elec-
trode passivation. Then, the corrosion current reduces due to
the protection of the passivation film until the occurrence of
pitting corrosion (Fig. 17a). Therefore, polarization curves can
reveal the overall corrosion process and play a significant role
in the mechanism study.'»***3*%*3% Corrosion protection per-
formance can also be easily evaluated by polarization curves.
For instance, more positive corrosion potential and smaller
corrosion current were observed for a Cu alloyed Zn anode,
demonstrating good corrosion inhibition efficiency.® Another

View Article Online
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example is that the N9 surfactant caused a marked decrease in
cathodic current and slightly impeded the anodic curve, infer-
ring that this corrosion inhibitor is a cathodic inhibitor.>*®

In summary, the polarization curve method is a fundamen-
tal technique to obtain corrosion reaction kinetics and describe
the overall corrosion behaviors. However, one thing that should
be particularly noted is that E.,,, cannot estimate the corrosion
tendency individually. The positive shift of corrosion potential
does not always suggest corrosion inhibition behavior, which
should be evaluated together with corrosion current.

4.1.2 Electrochemical impedance spectroscopy. EIS is
another technique shared in corrosion studies, and it is instan-
taneous and non-destructive. The EIS can obtain faradic resis-
tance, ion diffusion resistance, and possible capacitance, which
provides more information related to the reaction kinetics and
the electrode surface.'¢>?%4396:3083% Nyquist plots obtained by
EIS data help to estimate the corrosion mechanism. An in situ
EIS measurement has been previously performed to illustrate
Mg’s corrosion behavior and mechanism.**® In the initial stage,
a single capacitive loop observed at a high frequency corre-
sponds to the faradic resistance. With further corrosion, the
increase in the first loop and the appearance of the second loop
(Fig. 17b) demonstrate the onset of mass transfer limitations
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caused by the porous byproducts. The low-frequency inductive
loop is ascribed to the relaxation of adsorbed intermediates.
Coating protection performance can also be assessed using the
EIS method. Typically, the more negative phase at lower fre-
quencies in the Bode phase plot and increased |Z| in the Bode
impedance modulus plot indicate the formation of a protective
layer on the samples (Fig. 17d).

To better understand and quantify the EIS plots, the data are
typically fitted using corresponding equivalent electrical circuits,
which ordinarily include the components of resistance, capaci-
tance, and constant phase element (CPE). In the equivalent
electrical circuit (Fig. 17d), Ro, R, and R;, are the solution resis-
tance, combined resistance of migration along the porous layer,
and inductor resistance, respectively. CPE is described by its
parameter Q and its exponent o, to account for the heterogeneities
presented on the surfaces. The corrosion tendency, protective
coating efficiency, and electrolyte/electrode interface modification
can be evaluated by the variations of these parameters.*' %"

4.1.3 Electrochemical noise technique. EN signals, corres-
ponding to fluctuations in potential and current during the
electrochemical process, can provide valuable information
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about the corrosion process. EN analysis is an outstanding
in situ technique for corrosion detection due to its non-
destructive and non-intrusive nature.*'**'® In time domains,
EN signal analysis begins with removing DC drift, followed by
statistical processing to obtain the key parameters including
standard deviation, noise resistance, skewness, and kurtosis
(Fig. 18a). Higher standard deviation and lower noise resistance
suggest a higher corrosion rate. Besides, the Localization Index
(LI) is an important statistical parameter that can signify the
corrosion type. An LI value near zero indicates general corro-
sion or passivation, while a value close to 1 demonstrates
localized corrosion behavior. For instance, the LI values for Al
alloy in DI water were within the range of 0-1, displaying a
mixed corrosion behavior (Fig. 18b).>"

The power spectral density (PSD) of the EN signals can be
obtained by fast Fourier transform or maximum entropy
method, which provides characteristic information on corro-
sion behaviors in the frequency domain (Fig. 18¢c). If the PSD
spectrum presents a white noise feature, the electrode is
inferred to be dominated by uniform corrosion. It is reported
that the average value of the PSD in a certain frequency range of
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Fig. 18 (a) Typical EN signals of Q235 steel including potential noise, current noise, noise resistance, and standard deviation. Reproduced from ref. 315

with permission from Maney Publishing, copyright 2017. (b) Localization Index of EN signals in different electrolytes. Reproduced from ref. 314 with
permission from Elsevier, copyright 2019. (c) PSD curves for the electrochemical potential noise and electrochemical current noise signals obtained from
the AL6061-T6 alloy in a NaCl electrolyte. (d) Schematic of the information that may be obtained from an EDP. Reproduced from ref. 316 with permission
from Taylor & Francis, copyright 2019. (e) ST analysis from the electrochemical current noise signals. (f) Comparison between the ST and wavelet
transform using the current signal. Reproduced from ref. 317 with permission from Elsevier, copyright 2019.
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10-250 MHz corresponds well with the uniform corrosion
rate.*’® A roll-off slope of —20 dB per decade or less demon-
strates the localized corrosion.*"’

Another method to analyze EN signals is wavelet transform,
which can decompose the EN into wavelet coefficients of
different scales. Events in the time domain, such as diffusion,
activation, or mixed controlled processes, are converted into
wavelet crystals with respective crystal energy. The energy
distribution plot (EDP), referring to the plot of accumulated
energy vs. the crystal name, provides detailed information
about corrosion mechanisms. The position of the maximum
relative energy in the EDP corresponds to the dominant corro-
sion type. Typically, short-time-scale crystals (D2 and D3 crys-
tals) are associated with activation-controlled pitting corrosion.
In contrast, medium-time-scale crystals (D4, D5, and D6) and
long-time-scale crystals (D7 and D8) should be related to mixed-
controlled localized corrosion and diffusion-controlled general
corrosion, respectively (Fig. 18d).>¢319:320

Furthermore, the Stockwell transform (ST) and Shannon
Energy have also been presented as effective proposals to identify
the corrosion type at different temperatures (Fig. 18e and f). ST
analyses give rise to a series of amplitude scales and establish the
relationship between EN signals and the corrosion types. Typi-
cally, the amplitude values from potential signals of 1 x 10 °-1 x
1077 represent the material passivation, while the values of 1 x
107°-1 x 10~ * are considered mixed corrosion. In the range of
1 x 107*-1 x 1077, the corrosion type is suggested as localized
corrosion and uniform corrosion exhibits higher amplitudes. As
to ST analyses from current signals, the amplitudes of 1 x 10™°-
1x107%1x 10781 x 1077, and 1 x 10771 x 10~ ® imply the
types of passivation, mixed corrosion, and localized corrosion,
respectively.’’” With this promising technique, it is possible to
obtain corrosion information at any temperature in terms of
corrosion type, corrosion rate, and occurrence time.

4.1.4 Scanning electrochemical microscopy. SECM is a
technique that probes the local surface reactivity and chemistry
with both high spatial and temporal resolution, by which
corrosion behaviors can be expressed in the form of current
signals. This kind of visualization for the corrosion behaviors is
beneficial for the mechanistic study. It has been widely
employed in corrosion studies, including pitting initiation
and propagation, surface microstructure, electron transfer
kinetics, and corrosion inhibition effectiveness.'>”*217323 First,
pitting corrosion initiation on the metal surface can be
detected by the conductivity variation that the feedback mode
of SECM will visualize.*** Current density distribution on the
Mg surface exposed to 2 M NacCl electrolytes was collected in
real time and revealed the passivation film breakdown regions,
as illustrated by the higher current densities at the initial stage
of corrosion (Fig. 19a). The transition from anodic regions to
localized cathodes was also observed by the variation in current
(Fig. 19a), which provides evidence for the NDE.*® Second, local
galvanic corrosion or passivation film breakdown can also be
monitored due to the enhanced surface reactivity.*>® For exam-
ple, an SECM measurement of the NiO film breakdown was
conducted by using a nanopipette as the probe, which is
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controlled to contact the Ni/NiO substrate electrode.’*® The
Epreak map indicates that film breakdown susceptibility is
spatially grouped and may be categorized into several regions
associated with various Ni grains. As an illustration, grains 5
and 6 exhibited reduced Epcqx ON average, while grains 3 and 7
showed mostly no breakdown (Fig. 19b). Third, benefitting
from the good association between corrosion behavior and
detection current, SECM is good at assessing the protection
efficiency of the coating layer or corrosion inhibitors.??”*® The
ability of the solid electrolyte interface (SEI) to prevent electron
transfer at the electrode surface was investigated using the
feedback mode of SECM (FB-SECM).**® Fig. 19c shows the
electrochemical cell’s layout as well as a magnified view of
the model battery sample with the two separate SEI-covered and
SEI-free areas. Regarding the electrical characteristics, the bare
Cu and the SEI-covered portions were different, according to
the obtained SECM pictures (Fig. 19¢c). As would be anticipated
for a bare metal surface, the normalized tip current is greater
than 1 (positive feedback) on the left side of the SECM maps
over the SEI-free region. Conversely, over the SEI-covered area
on the right, the normalized current is less than 1 (negative
feedback).

The tip collection mode of SECM provides opportunities to
detect electrochemical hydrogen evolution.*?****33! It is reported
that a platinum electrode enables the oxidation of hydrogen
evolved from the metallic surface and can be used to identify the
corrosion sites.**>*** The hydrogen evolution rate is related to the
detection current and gives rise to a visualized corrosion distribu-
tion on the surface (Fig. 20a). In addition, the local pH distribu-
tions in the corroded region can be monitored in the
potentiometric mode with a pH-sensitive antimony microelectrode
tip (Fig. 20b and c),>**?* thereby leading to a better understanding
of corrosion mechanisms. Through SECM equipped with a pH-
sensitive microelectrode, the pH distribution and variation with
time in the vicinity of a corroding surface can be visualized, which
is of interest to understanding the corrosion behaviors on a
microscale. For example, the pH distribution above an iron sample
was presented.**® The spatial distribution of pH values from the
surface into the bulk electrolyte can be observed from the inspec-
tion of this image. A relatively homogeneous pH distribution was
observed over the Zn sample, suggesting its different corrosion
mechanism from that of the iron sample. Moreover, the dissolved
oxygen concentration near the metallic surface can be revealed. As
shown in Fig. 20d, the oxygen can be intercepted by the SECM tip,
which can be reduced at special potentials and give rise to
corresponding current signals. In summary, SECM is a powerful
tool for detecting the spatial distribution of corrosion reactions in
real time, leading to a better understanding of the complicated
corrosion mechanisms.

4.2 Spectroscopy characterization

Understanding the crystal and chemical structures of corrosion
products on the metallic anode surface is crucial to interpreting
the corrosion mechanism and evaluating its influence on the
battery performance. Generally, the insoluble corrosion pro-
ducts will lead to the passivation of the metallic anode, which

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5ee00075k

Published on 06 Februari 2025. Downloaded on 14/02/2026 10:20:38 PTG.

Review

Film “breakdown”/

anodic regions Filmed region

(a) e (Am?)
'y
3
N (
> ©
o (Am?) ) .
-200 % '\ >
180 AR RS
- 160 o
- 140 SO
120 Anodic regions

- 100 transition to cathodes

View Article Online

Energy & Environmental Science

(b) - E < Ebreak
1 Tt €=~ .
€= N; (] 11 islow$Ni
reference / 4 N ¥
Icounter i i N -
electrode ' i L E =Epeq
1 i
] 0 !
. 1 e-
nanopipette—* Rl LT
.Ei'Ebreak

Ebreak v
vs. Ag/AgCl

20 \
0 (A
o (Am?)
A
'y
8
L
%, ® '
LY
fa; N \ 2 Q\\Q‘“\
0‘ NI .
o
10 um
(c) Capacitor bridge i Copper & SEI|Copper
""" I""". sunmuy, LiCIO, and EC:PC, protocol i, E_,,: 0 mV
o H ." T * h
- : . .
5 § o semup oG
£ EieY & . 24
g 2 Iz - aScanned | < .2.0
S 3llw /3 ¢ “egioh 3 " 16
S Sl fee e g
ko o o 2 1.0
- " ' Io.a

Fig. 19 (a) Current density distributions on Mg surface exposed to 2 M NaCl electrolyte at different time points. Reproduced from ref. 80 with permission
from Elsevier, copyright 2015. (b) Schematic showing the mapping of NiO film breakdown on Ni at individual locations via SECM and map of breakdown
potential (Eprear) ON different grains. Reproduced from ref. 326 with permission from the American Chemical Society, copyright 2022. (c) Schematic of the
coaxial electrochemical cell and Non-interpolated SECM image of the scanned area covering the SEl-free (left) and SEl-covered (right) areas.

Reproduced from ref. 329 with permission from Wiley, copyright 2022.

will suppress further corrosion and simultaneously hinder the
battery kinetics. In this section, applications of advanced
spectroscopic techniques in the field of corrosion inhibition,
including XRD, Fourier transform infrared (FTIR) spectroscopy,
Raman spectroscopy, and XPS, will be discussed.

4.2.1 X-ray diffraction. XRD is frequently applied in phase
structure analysis, which provides direct information on the
production products. In the first place, the corrosion product
on the metal surface can be determined by XRD analysis,
through which the possible mechanism and passivation of
the metal anode can be evaluated.**°**° Besides, the successful
coating on metallic anode, such as Al,O;, TiO,, and Kaolin
layer, can be proved by XRD.'!*121:3417343 Corrosion protection
by coating layers can be assessed by the weakened XRD patterns
of corrosion products.'"® In situ XRD analysis was also reported
to investigate the corrosion process of Zn in saline solutions,
which demonstrated the gradual appearance of Zn;(OH)sCl,:

This journal is © The Royal Society of Chemistry 2025

H,O0 and Zn(OH), after different periods.*** In brief, XRD helps
to distinguish the possible solid species on the metal surface
during the corrosion process, which provides a reference for
understanding the corrosion process.

4.2.2 Fourier transform infrared spectroscopy. FTIR spectro-
scopy analysis reveals chemical properties based on the absorp-
tion of infrared signals by various covalent bonds at specific
wavenumbers. In the field of metal corrosion, FTIR spectro-
scopy is typically employed to evaluate the surface modification
of metallic surfaces. Interaction between metallic anode and
organic corrosion inhibitors, such as PEG, PNE, and HEC, can
be characterized.'®”2°%?11:2%2 The adsorption/desorption of
organic corrosion inhibitors during the charge/discharge pro-
cess is monitored by observing the intensity variations of
characteristic bands.*** Additionally, the organic polymer coat-
ing of the metallic anode can be investigated by FTIR spectro-
scopy analysis.''®1?!
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current distribution caused by H, fluxes. Reproduced from ref. 337 with

permission from Wiley, copyright 2022. (b) pH distribution in a plane perpendicular to the surface of iron after immersion in 0.1 M NaCl for 22 h. (c) pH

distribution in a plane parallel to the surface of Zn after immersion in 0.1

M NaCl for 7 h. Reproduced from ref. 336 with permission from Elsevier,

copyright 2011. (d) Illustration of the processes occurring at the electrode-electrolyte interface during SECM measurement; Reproduced from ref. 338

with permission from the American Chemical Society, copyright 2024.

In situ FTIR spectroscopy analysis is a powerful tool to assess
the gradual formation of corrosion products. The evolution of
Zn surface chemistry in a NaCl solution was detected from the
in situ FTIR spectra.*** With the increasing soaking time, the
Zn—-Cl peak intensity was enhanced, inferring that chloride
species were gradually formed on the Zn surface during the
corrosion process. In another case, the gradual appearance of
AP"-complexation was demonstrated by increasing the expo-
sure time of the Al electrode in electrolytes containing a humic
acid inhibitor, which would serve as a protective film on the Al
anode.>® The characteristic absorption of hydroxy groups in
metal hydroxides can also be detected to indicate the corrosion
behavior. For instance, shallow Zn(OH), was formed on the
surface of the MOF-protected Zn anode, demonstrating the
inferior corrosion behavior of MOF-based Zn than that of bare
Zn (Fig. 21a).*° From the above description, it can be inferred
that FTIR spectroscopy plays a crucial role in the research

2080 | Energy Environ. Sci., 2025, 18, 2050-2094

related to the surface/interface modification engineering of
metallic anodes.

4.2.3 X-ray photoelectron spectroscopy. XPS analysis pro-
vides information on elements related to valence states and
coordination environments on the electrode surface, thereby
revealing the elemental composition and surface chemistry. Parti-
cularly in alloying engineering, XPS analysis efficiently indicates
the valence state evolution of alloying elements and helps to
estimate the possible corrosion inhibition mechanisms.”*'”*
Matrix metal variation in valance states and coordination environ-
ments can also be detected to assess the anodic dissolution
process. The appearance of corrosion products and their relative
content on the metal surface, such as ZnO, Zn(OH),, Al(OH);,
Al(OH)SO,, and Al,(SO,4);-18H,0, can be distinguished and calcu-
lated by high-resolution XPS analysis.®>'®” Besides, XPS analysis is
a promising approach to demonstrate the appearance of protective
coating layers and to reveal the possible interactions between the

This journal is © The Royal Society of Chemistry 2025
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copyright 2020. (b) Raman mapping of the Mg electrode after immersion in 0.1 M NaCl electrolytes. Reproduced from ref. 345 with permission from the
Institute of Physics, copyright 2017. (c) Raman spectra ZnSO4 electrolytes (with different concentrations and electrolytes in MOF-based film channels)
and (d) Raman spectroscopy of separator harvested from Zn-I, batteries after 1 h aging for GF separator and Zn-BTC membrane.

metal surface and coating layers."*>'"” In future studies, we believe

that XPS analysis will play a more critical role in clarifying
corrosion inhibitors’ adsorption/desorption process and the for-
mation process of corrosion products.

4.2.4 Raman spectroscopy. Raman spectroscopy is another
powerful tool for studying the chemical composition of corroded
electrode surfaces and interactions at the electrode/electrolyte
interface or electrode/coating layer interface.”'***>*1%3%8 On the
one hand, the corrosion product formation on the metal surface
can be detected by the Raman spectrum. It was reported that Zn
electrodes under various degrees of passivation displayed spectral
Raman bands corresponding to ZnO. Typically, by in situ observing
the variation in bands centered at 440 and 550 cm™*, the gradual
passivation film formation of the Zn anode in alkaline electrolytes
can be illustrated.>® In another case, E(h-l), Aliro), and E,(h)
modes of ZnO were observed on the Zn surface. Together with ion
sputtering equipment, the perpendicular distribution of ZnO in
the passivation film was achieved (Fig. 21a). Interestingly, Raman
mapping analysis provides more visualized information about the

This journal is © The Royal Society of Chemistry 2025

corrosion distribution. Mg(OH), distribution across the Mg surface
was demonstrated by Raman mapping (Fig. 21b), which can
precisely estimate the corrosion tendency of Mg with different
surface features.**®

On the other hand, Raman can probe the electrolyte composi-
tion at the electrode/electrolyte interface to evaluate its influence
on the corrosion behaviors.*®® Raman spectra of the electrolytes
suggested that the hydroxy stretching feature corresponding to
free water molecules was suppressed at higher electrolyte concen-
tration levels.®® With the increase in salt concentration, the free
water was transformed into solvating water, leading to corrosion
inhibition. Another work also proposed this observation that
evaluated the variation in Zn-OH,, Zn~0SO;>~, SO,>”, and
HOH-OH, stretching vibrations by Raman analysis.* The results
indicated that the electrolyte solvation sheath was enhanced and
free water molecule was minimized in the protective film
(Fig. 21c). Besides, the corrosive species in the electrode/electro-
Iyte interface can be monitored as well. For instance, with the
assistance of Raman analysis, the shuttling of corrosive I3~ ions
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toward the Zn surface was confirmed (Fig. 21d) and the protec-
tion of MOF-based film is proposed.*’

4.3 Morphology characterization

The morphology evolution of metallic anode surfaces, such as
passivation film formation and corrosion pits, provides direct
evidence for corrosion behaviors. The validity of corrosion
inhibition strategies can be visually characterized by morpho-
logical information. In this section, four typical techniques,
namely atomic force microscopy (AFM), optical microscopy,
scanning electron microscopy (SEM), and X-ray computed
tomography (CT) will be discussed.

4.3.1 Atomic force microscopy. AFM exhibits a high lateral
resolution and is sensitive to morphological change, which
endows a precise study of the morphology evolution during
the corrosion process. AFM is advantageous in researching the
initial stage of corrosion reaction or very localized corrosion
behaviors due to its ultrahigh resolution at the nanoscale level.
Take pitting corrosion as an example: pit onset locations of
stainless steel and metallic Cu have been detected using AFM
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techniques. Together with other characterizations, the initiation
mechanisms of pitting corrosion are achieved.*****" During the
pitting corrosion, the formation of a pit cap, collapse of the cap,
and development in depth of the pit have also been revealed in
detail by the in situ AFM, giving rise to a comprehensive under-
standing of the pitting corrosion process.>** Besides, the galva-
nic corrosion process at the metal/impurity interface can also be
in situ characterized by AFM, which exhibits a gradual evolution
of topography around impurities. Taking AA2024-T3 aluminum
alloy as an example, the Fe-containing (B) and Mg-containing
(A) intermetallic particles can be distinguished from the Al
matrix due to their different height features, which also present
various Volta potentials (Fig. 22a and b).>*® Thus, the galvanic
corrosion occurred, leading to a preferential dissolution of Mg.
In another case, the Volta potential of the FCC phase was 15 mV
higher than that of the BCC phase in the AICoCrFeNi, ; eutectic
high-entropy alloy (EHEA) (Fig. 22¢).*>* A micro-galvanic corro-
sion cell was established between FCC and BCC phases after
EHEA was immersed in an acidic electrolyte, resulting in the
selective dissolution of BCC phase at the FCC/BCC interface

/Ca{t\ode

131 mv (d) M
i Micro-galvanic corrosion
_ Anodic reaction

T1mv H" 0, H 0, H* H*

132 mv

63 mV Dissolution of BCC
mFCC =2 % Film on FCC
mBCC Film on BCC

after immersing
for 32 min

150.0 nm

-150.0 nm

Height 80um

Height 80um

Fig. 22 AFM topography (left) image and Volta potential map (right) of a bare AA2024-T3 sample (a) before and (b) after the corrosion experiment in a
0.1 M NaClOy electrolyte solution. Reproduced from ref. 353 with permission from Wiley, copyright 2022. (c) Surface topography and Volta potential
maps/line profiles of EHEA in 0.5 MH,SO, after 5min of immersion. (d) Schematic of the corrosion mechanism of EHEA in a sulfuric acid solution.
Reproduced from ref. 354 with permission from Elsevier, copyright 2022. (e) Micro-topography of SAC305 alloy after immersion in 0.1 wt% FeCls;

Reproduced from ref. 356 with permission from Elsevier, copyright 2021.
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(Fig. 22d). These in situ AFM techniques have also underlined
relations between local corrosion and structural defects, sug-
gesting that pitting corrosion occurs at grain boundaries or
defects.*> For example, the micro-topography of the SAC305
alloy demonstrated that the local corrosion appears on the
eutectic phase (area 1) and B-Sn (area 2) sites (Fig. 22¢).>>°
Moreover, in situ AFM allows quantitative probing of the
local morphology variation in real space and real time at the
nanoscale level. Combining in situ AFM with other ex situ
characterizations that allow the identification of the corrosion
products, more accurate surface evolution over time can be
obtained. AFM can monitor iz situ variations in height, ampli-
tude, and phase angle on the surface and is typically employed
to assess the corrosion product formation.**” For instance,
in situ AFM was applied to monitor the initial nucleation and
dissolution of Zn in the 5.0 M ZnCl, electrolyte.**® The variation
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in height intuitively demonstrated the plating and striping
process of Zn (Fig. 23a and b).

In addition, in situ electrochemical AFM (EC-AFM) has been
developed to depict the morphological variation under electro-
chemical control directly.>®" By tuning the applied potential,
the corrosion behaviors during the charge/discharge process
may be revealed. Using in situ EC-AFM, a relationship between
the microstructure of Al alloy and localized corrosion was
elaborated, giving rise to guidance for the rational design of Al
alloys.**" This type of in situ EC-AFM analysis can also clarify
the dynamics of the corrosion process. For example, the topo-
graphy measurement of a 0.5 M NaCl electrolyte-immersed
AA2024 alloy with the application of chrono-amperometric
pluses was conducted.**® The roughness, skewness, and kurto-
sis varied regularly with the pulses (Fig. 23c), illustrating the
formation process of an amorphous oxide/oxyhydroxide layer.

Contact Mode

i
s
PE
3
2
'

Fig. 23 In situ AFM images of (a) nucleation and early growth and (b) dissolution of Zn in the 5.0 M ZnCl, electrolyte, captured during the galvanostatic
charge—discharge process. Reproduced from ref. 358 with permission from the American Chemical Society, copyright 2021. (c) In situ EC-AFM
topography measurement of immersed AA2024 with the application of chronoamperometric pulses. Reproduced from ref. 359 with permission from
Springer Nature, copyright 2021. (d) Comparison between the tapping-mode AFM and contact-mode AFM images of inhibitor films formed on mica.
Reproduced from ref. 360 with permission from NACE International, copyright 2021.
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Apart from the contact mode, tapping mode is another AFM
imaging mode that allows the detection of samples’ mechanical
properties by phase imaging. By phase image, the difference
between the amorphous matrix and o-Al can be distinguished,
which provides in-depth observation of the earliest stages of
passive film formation in Al metals.***> Tapping mode AFM has
multiple advantages in the imaging of soft surfaces or weak
adsorption of corrosion inhibitor molecules. For example,
researchers found that tapping mode topography made it easier
to distinguish the inhibitor adsorption film that formed on the
mica substrate (Fig. 23d).>*° Tapping mode AFM also provides a
phase image that can differentiate between areas with different
properties regardless of their topographical nature. Sometimes
the phase images can provide detailed surface structure, while
topography images are quite blurry.
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In summary, in situ AFM is a powerful technique to monitor
the diminutive morphological changes, which provides oppor-
tunities for resolving the early stage of the corrosion process.

4.3.2 In situ optical microscopy. Optical microscopy can
monitor electrode color and morphology evolutions at a
micrometer-scale level. Corrosion product formation, pits appear-
ance, and gas bubble generation can be observed (Fig. 24a and
b).76:93:147:363364 por instance, the corrosion behavior of Mg
electrodes was investigated by real-time microscopy, which found
that the surface appearance progressively changes from silvery to
dark as a result of the corrosion process. The ratio evolution
between the dark regions and the total electrode surface over
time was calculated to assess the degree of corrosion. It was also
found that the gas bubbles are mainly generated in the dark
regions.”® Although optical microscopy is easy and cost-effective,

Zn metal anode after
(C) 48hr aging

Cross-section Perspective view

0.5 mm
— Current collector

Aged anode after
Zn stripping

Fig. 24 (a) Operando optical microscopic images of the electrode/electrolyte interface for bare Zn and indium-protected Zn. Reproduced from ref. 120

with permission from Elsevier, copyright 2020. (b) /n situ optical images of bare Zn and protected Zn surfaces at a current density of 10 mA cm

-2

Reproduced from ref. 122 with permission from John Wiley & Sons, copyright 2020. (c) In situ CT of Zn anodes undergoing aging. Reproduced from

ref. 27 with permission from Cell Press, copyright 2023.
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it can only observe the remarkable corrosion tendency and
phenomena.

4.3.3 Scanning electron microscopy. Compared with optical
microscopy, SEM can provide information about the surface at a
smaller scale. SEM analysis is typically employed to compare the
morphological changes before and after corrosion.*******® Corro-
sion products precipitated on the surface and pits formed on the
surface are easily observed by SEM images. Corrosion inhibition
efficiencies by various protective strategies can also be assessed by
comparing the surface morphologies after corrosion.'®”'”* More-
over, the cross-section of electrodes is capable of being character-
ized by SEM, which helps to evaluate the thickness variation of
electrode and passivation layers.®>'2*'*"%¢” Together with energy-
dispersive spectroscopy, SEM is good at analyzing the elemental
distribution of the corrosion products.®**'"*

4.3.4 X-ray computed tomography. Very recently, CT, as a
non-destructive tool, has been increasingly used to access the
structural evolution of the electrode.**®"° It is an expert in
probing and quantifying valuable 3D morphological parameters,
such as porosity and particle distribution. For example, the
deposition behavior of Zn has been intuitively observed from
the 3D motion diagram generated by in situ CT measurement.’”®
Different species can be easily identified during in situ or
operando measurements, and the chemical evolution in the
electrodes will be noted. This is because the grey values in CT
scans are proportional to the X-ray attenuation of the materials.
Take the Zn-Ag battery as an example: the segmentation of Zn
particles from ZnO was realized using in situ microCT analysis.>*
Besides, as Alex W. Robertson et al. reported, electrodeposited Zn
and consequently generated H, bubbles through corrosion were
separated in the CT images.>” The H, bubble-induced screened
Zn formation process was also clearly visualized (Fig. 24c). There-
fore, CT is a potent supplement to existing morphological
characterization methods, which helps to analyze the structural
composition and evolution of the electrodes.

5. Summary and prospect

This review article introduced the corrosion behaviors of metal-
lic anodes in aqueous electrolytes. Corrosion mechanisms,
possibly generated corrosion products, and influencing factors
were discussed in depth. Various strategies to inhibit metallic
anode corrosion, including interface engineering, alloying engi-
neering, and electrolyte designing, were summarized. In addi-
tion, recent developments in advanced techniques to monitor
corrosion processes in the past few years were presented.
Research achievements in the field of corrosion inhibition for
metallic anodes can be briefly summarized as follows:

(1) The corrosion of metallic anodes results in problems
including low utilization of metallic anodes, electrolyte deple-
tion, passivation issues, and H, generation. Electrons gener-
ated by the metal corrosion are consumed by the cathodic HER
rather than run through an external circuit to the cathode of
batteries, leading to an irreversible energy loss. The cathodic
HER causes the reduction of water and H, evolution, which will

This journal is © The Royal Society of Chemistry 2025
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cause an increase in electrolyte concentration and battery
internal pressure. Besides, the corrosion products may cause
the passivation of metallic anode. Although they might be
protective for further corrosion reactions, the battery kinetics
is seriously affected.

(2) Zn anodes are thermodynamically unstable in aqueous
electrolytes, and are inclined to be corroded with parasitic
HERs or ORRs. In highly acidic electrolytes, Zn>" is the main
corrosion product accompanied by the reduction of H'. In the
pH range of 4-11, water reduction and metal hydrolysis greatly
influence the local pH values and corrosion product formation.
Non-protective ZnO or Zn(OH), fractions are formed on the
metal surface in this pH range, which is a net result of the
passive layer formation caused by OH™ and the destabilization
process promoted by H'. With the continuous increase in pH,
three types of ZnO/Zn(OH), are generated that can protect Zn
from further corrosion but limit the battery kinetics. In highly
alkaline electrolytes, zincate is the leading corrosion product.
Impurities in Zn anodes, dissolved oxygen, and anions in the
electrolytes, such as Cl~, ClO,~, SO,>", and CO,;>", can parti-
cipate in the corrosion reactions and make differences in the
corrosion behaviors.

(3) Al anode corrosion in acidic electrolytes is similar to that
of Zn. In mildly acidic or alkaline electrolytes, the compact Al,O;
layer can protect Al from corrosion and suppress the reversible
plating/stripping of Al at the same time. In highly alkaline
electrolytes, Al corrosion proceeds with the continuous for-
mation of Al(OH); in the metal/passivation layer interface and
the dissolution of Al(OH); in the passivation/electrolyte inter-
face. The passivation layer on the surface plays an important
role in the corrosion process. Similarly, impurities in Al anodes,
dissolved oxygen, and aggressive anions can accelerate the
corrosion reaction of Al, which should be mainly considered.

(4) Corrosion mechanisms of Mg are controversial and the
most convincing one demonstrates that Mg corrosion is
initiated with the local breakdown of the MgO film and the
NDE is ascribed to the formation of Mg(OH), product. In
neutral and alkaline electrolytes, Mg(OH), is the only corrosion
product, which would serve as cathodic sites to accelerate the
HER. However, when the pH value exceeds 10.5, Mg(OH),
formed on the surface will passivate Mg from dissolution. It
is worth noting that dissolved oxygen in electrolytes does not
influence Mg corrosion much due to the high HER rates. Most
of the metallic impurities are more noble than Mg and will
accelerate Mg dissolution.

(5) Artificial interfaces including carbonaceous layers, metal-
lic compounds, and organic polymers can protect metallic
anodes from direct exposure to aqueous electrolytes, thereby
reducing corrosion reactions. Apart from acting as physical
barriers, some interfaces such as indium-based compounds
also serve as chemical corrosion inhibitors, which can increase
the HER overpotential. The abundant surface chemistry of
carbon layers or organic polymers is also important in prevent-
ing aggressive anions from getting close to the metal surface.
Though effective in corrosion inhibition, the coating layer will
cause sluggish ion transport between the metal anode and
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electrolytes, resulting in inferior battery kinetics and large polariza-
tion. The corrosion inhibition efficiency and battery performance
are heavily dependent on the microstructural characteristics of the
coating layer, which undoubtedly increases the difficulty and cost of
preparation. Most of the sophisticated synthetic techniques pub-
lished in the literature are not suited for large-scale preparation,
which restricts their practical applicability.

(6) Alloying engineering is another effective strategy to
improve the corrosion resistance of metallic anodes. On the
one hand, alloying elements or as-formed intermetallic phases
with higher HER overpotentials are beneficial to reducing the
cathodic HER. On the other hand, some alloying elements help
to form protective corrosion layers (such as La(OH); and Al,0O;)
during the corrosion process. However, the formed secondary
phase will accelerate the corrosion reaction if it presents a more
noble electrochemical activity than the protected metal. Almost
all Mg intermetallic phases can enhance the dissolution of Mg
due to the formation of galvanic cells. Although the alloy anode
is easy to prepare on a large scale, alloying engineering requires
strict control of the alloy ratio and phase distribution to ensure
the anode’s electrochemical performance. There are still issues
with alloy element compatibility and precise phase composi-
tion management during large-scale preparation.

(7) Electrolyte engineering significantly impacts the electro-
chemistry at the metallic anode/electrolyte interface. Metal corro-
sion behavior in aqueous electrolytes highly depends on the pH
value, which should be considered when designing electrolytes.
Reducing the contents of free water molecules through high-
concentration electrolytes or gel electrolytes greatly diminishes
the interaction between metal and water, thus protecting metallic
anodes from corrosion. The corrosion inhibitor strategy offers
special benefits such as easy large-scale preparation, cheapness,
and simple operation. All that is required for this method is the
addition of a very small quantity of an appropriate corrosion
inhibitor to the electrolyte. Corrosion inhibitors suppress metal
corrosion in various ways, including protective layer formation,
surface chemistry modification, and adjustment of electrolyte pH.
Although the addition of corrosion inhibitors may deteriorate the
battery kinetics, it is the most facile and cost-effective strategy to
suppress metal corrosion.

(8) The change of electrochemical signals or surface mor-
phology can monitor corrosion behaviors. The polarization curve
method, EIS, and EN technique are frequently employed to
understand corrosion mechanisms and get information on cor-
rosion tendency and rate. Some advanced techniques such as
in situ SECM, in situ AFM, and operando optical microscopy allow
for observing the spatial distribution of corrosion reaction in real
time by monitoring surface currents and morphology evolutions.
Besides, conventional characterization methods such as Raman,
SEM, and FTIR can help distinguish corrosion products.

Besides these achievements discussed in this review, many
challenges remain (Fig. 25). The challenges that should be
addressed and potential further research directions are sum-
marized as follows:

1. Fundamental corrosion mechanisms of metallic anodes
in aqueous electrolytes should be further elucidated. Behaviors
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Fig. 25 Challenges and potential research directions toward the corro-
sion issue of metallic anodes.

at the initial stage of the corrosion reaction are still unclear, and
the formation of corrosion products essentially speculates on the
existing mechanism. Besides, the corrosion behavior monitoring
during the charge/discharge process of the battery deserves more
effort, which should consider the reversible stripping/plating of
the metal anode. Moreover, the corrosion mechanism of Mg is
still controversial and advanced in situ techniques should be
employed to classify the Mg corrosion behaviors.

2. Artificial interface engineering to protect metallic anodes
from corrosion suffers from the main penalty of deteriorating
battery kinetics. Although water molecules and aggressive
anions can be kept out of the anode surface efficiently, sluggish
metal ion migration across the coating layer results in large
polarization and inferior rate capability. Besides, the structural
integrity of the protective interfaces in large-scale production is
still challenging, which may lead to serious pitting corrosion.
The in situ formation of protective film or artificial solid
electrolyte interface during the charge/discharge process may
be a promising direction, which reduces the assembly cost and
maintains the durability of the protective layer. High chemical/
electrochemical stability, high integrity without fractures, high-
speed electrolyte ion conductivity, a strong capacity to bond
with the metal anode, and lightweight characteristics are all
necessary for the perfect interface protection layer.

3. In alloying engineering, there is no standard criterion for
choosing alloying elements and their corresponding amounts.
A comprehensive examination of relationships between alloy-
ing elements and their protection efficiency is urgently needed
to tackle this challenge. Meanwhile, the influences of alloying
elements on the grain size, intermetallic phase distribution,
and exposed crystalline facet should be considered in further
research.
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4. As to electrolyte engineering, developing new electrolyte
systems with mild acidity/alkalinity and less aggressive anions
is a potential direction to gain excellent corrosion inhibition.
Despite various additives’ great corrosion inhibition efficiency,
the surface chemistry variation caused by organic additives lacks
in-depth understanding. Further research on organic additives’
adsorption/desorption kinetics and corresponding surface proper-
ties evolutions is urgently needed. A rational combination of
different additives may be a potential research direction to improve
the corrosion inhibition efficiency. Besides, hydrogel electrolytes
with less free water molecules have tremendous application
potential in suppressing metallic anode corrosion. Moreover,
organic/aqueous hybrid electrolyte design is another attractive
research direction in this field, as the reduced protons in the hybrid
electrolytes may hinder the corrosion of metallic anodes.

5. Apart from the electrolyte pH values, local pH values play
a crucial role in affecting the corrosion behaviors, which are
seldom examined. Advanced microelectrochemical techniques
such as scanning vibrating electrode techniques deserve more
investigations, which can give rise to new mechanistic insights
into the highly localized corrosion processes. Employing more
in situ techniques such as AFM, SECM, and EN to study the
metallic anode’s corrosion should be a potential research trend.
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