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Research on aqueous zinc-ion batteries (AZIBs) has expanded significantly over the last decade due to
their promising performance, cost, and safety as well as environmentally friendly features. The use of
aqueous electrolytes enables promising AZIB properties while simultaneously introducing undesired
reactions and processes. This review focuses on fundamental and critical considerations of water-
related equilibria and reactions in zinc-ion batteries. First, we examine Zn?*/water ionic equilibria and
their consequences for the chemistry of electrodes. Then, we focus on the mechanisms and kinetics of
Received 29th October 2024 proton and Zn?* insertion in host frameworks. Next, special attention is given to the water-related
DOI: 10.1039/d4cs00810¢ dissolution, deposition, and amorphization phenomena of transition-metal-based cathode materials.
Finally, we highlight the role of water- and proton-assisted reactions through a systematic comparison
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1. Introduction

Rechargeable batteries are an essential part of modern society
due to their applications in diverse areas, such as portable
electronic devices, grid applications, and electric vehicles,
which particularly require safety enhancement.”” One of the
core technologies is lithium-ion batteries (LIBs) as they offer
high volumetric and gravimetric capacity and acceptable
cyclability, although unexpected thermal runaway can lead to
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of aqueous and nonaqueous zinc-ion batteries.

serious safety concerns. The limited reserves of resources such as
lithium, nickel, and cobalt and the refining of these ores have
raised several concerns in terms of sustainability and environmen-
tal issues. These difficulties have motivated researchers to explore
alternative energy storage devices beyond lithium-based systems.*”

Several post-lithium batteries have been introduced by adopting
monovalent Na-ion,* ® K-ion,”*® or multivalent charge carriers,”"***
such as Mg-ion,"* Ca-ion,"> Alion,'® and Zn-ion batteries.
Monovalent systems may be paired with high-capacity carbon-
based anode materials, typically hard carbon anodes.”>*" Notably,
multivalent metal-ion batteries mostly use metal anodes, which
theoretically offer high volumetric capacities of the corresponding
metals, providing an additional merit over safety (Fig. 1a).
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Fig. 1 Comparison of several ion storage systems. (a) Volumetric and gravimetric specific capacities of lithium, sodium, and some multivalent metals. (b)
Standard reduction potentials of ions to corresponding metals. (c) Number of articles mentioning multivalent-ion battery in title, and (d) operation voltage

vs. specific capacity for Zn-ion batteries 182223

When comparing divalent metals, the standard potentials
for Ca*/Ca and Mg /Mg are relatively low (—2.84 V and
—2.36 V vs. SHE respectively), indicating the viability of these
systems for high-voltage applications (Fig. 1b). The standard
potential of Zn®>" reduction is comparatively much higher
(—0.76 V); hence, zinc-ion batteries (ZIBs) cannot compete with
Ca-ion and Mg-ion batteries for high-voltage applications. In
addition, these divalent ion reactions have sluggish kinetics in
nonaqueous batteries.

However, the use of water-based electrolytes can mitigate
these drawbacks for Zn batteries. Namely, the sluggish reaction
becomes faster, and the Zn-metal electrode can be operated near
the stability window of the electrolyte, where the pH values of
electrolytes range from neutral to slightly acidic. This environ-
ment is not available for highly reactive calcium and magnesium
metals. Thus, the chemical stability of zinc metals in aqueous
solution allows the use of inexpensive water-soluble salts for the
investigation of aqueous ZIBs (AZIBs). This explains the recent
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surge in research on AZIBs compared to the mentioned Ca-ion
and Mg-ion systems (Fig. 1c). The achievement of high capacity
is thought to be another reason that attracts interest in AZIBs
(Fig. 1d). Therefore, AZIBs have a significant advantage over
other divalent systems in aqueous solutions due to the participa-
tion of water in the electrochemical process.

The history of Zn-ion and Zn-metal batteries dates back to the
19th century with the invention of the Leclanché cell, a primary
Zn|MnO, cell utilizing an ammonium chloride electrolyte (Fig. 2).
This work and the subsequent development of alkaline-electrolyte-
based cells have met the primary battery demand over the last
century. The desire to design a system with similar affordable
electrodes in a secondary, rechargeable manner is unsurprising.
The first publication on MnO,-based Zn-metal rechargeable non-
alkaline batteries was the 1986 work by Yamamoto and Shoji
which reported cyclability of up to 30 cycles in an aqueous ZnSO,
solution.>® A year later, in a pioneering work by Gocke and
colleagues, the intercalation of Zn>* was demonstrated in Chevrel
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Fig. 2 History of research on zinc-ion batteries, including aqueous and non-aqueous systems.
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phases from a nonaqueous electrolyte.>® Since then, only a few
articles on ZIBs or Zn-intercalation were published until the
2010s, when research on ZIBs boomed, with the dominance of
aqueous systems (Fig. 2).2°”> Besides pure aqueous and nonaqu-
eous ZIBs, mixed electrolytes have been used in recent years to
achieve an appropriate balance between the fast kinetics and
stability issues caused by water-related reactions. In addition,
research on the redox reactions of organic compounds in Zn>'
electrolytes has been conducted since at least 1972, when the
voltammetry of tetrachloro-1,4-benzoquinone (chloranil) was eval-
uated in aqueous ZnCl, along with calculations of theoretical
energy density of the corresponding secondary battery.***° After
some time, studies on polyaniline®® and nitroxide-containing
polymers®>** emerged. As interest in zinc batteries grew, the
search for new stable organic electrodes gained momentum.
Notable examples include calix[4]quinone (C4Q)** and pyrene-
4,5,9,10-tetraone (PTO),>* along with many other oxygen- and
nitrogen-based compounds, which offer promising properties for
both stationary and miniaturized energy storage solutions.>> >’ As
the number of ZIB studies has reached the thousands, it is difficult
to discuss all achievements in a brief history note; other historical
perspectives can be found in ZIB-related reviews elsewhere.'®>*

The associated chemistry of AZIBs has often been considered
as the classical rocking chair transport of Zn>" ions between the
anode (negative electrode) and cathode (positive host), often
underestimating the role of water and its protolytic reactions,
which can completely change the mechanism in comparison with
non-aqueous batteries.>"'”**® The paradigm has changed over
the last few years. It is now clear that water-based electrochemical
reactions are involved in the main process for charge compensa-
tion in various materials in AZIBs.”>° Recent literature and
reviews explain the ambiguous role of H' in mildly acidic aqueous
electrolytes during electrochemical reactions. Under certain con-
ditions, the formation of H" is not favorable because the active
material can be locally damaged by the generation and propaga-
tion of H", which results in a local acidic environment at the
interface between the cathode and electrolyte.”® Water reduction
at Zn results in H, gas formation, which can in turn cause an
explosion in the hermetically sealed cell, threatening the safety of
AZIBs.®** Nevertheless, the insertion of H" provided from Zn>*
aqueous equilibria boosts the capacity and kinetics of aqueous
zinc cells.*’ This implies that the charge carrier Zn>" is often not
the main species contributing to the charge-compensation pro-
cess in cathodes.’*°>%* Additionally, Zn>" participates in reactions
leading to the production of layered basic zinc salts (hydroxide
salts) on the surface of both electrodes, which eventually increases
the cell impedance,” thereby degrading the electrode perfor-
mance, and hence considered unfavorable or parasitic.’® In
addition, dendritic growth of metallic zinc is unavoidable,*"*®
and the process is facilitated by the consumption of H'" ions and
Zn>" on the surface of the Zn anode.®” Alkalization of the surface
results in the propagation of Zn dendrites accompanied by
passivation through the formation of Zn(OH),, ZnO, and Zn°
moieties, reducing the cycle life of cells.®®

In this review, we highlight the electrochemical reactions in
aqueous Zn cells: (I) ionic equilibria that facilitate proton-

This journal is © The Royal Society of Chemistry 2025
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coupled reactions, including basic salt formation; (II) the effect
on kinetics for charge storage; (III) material transformation and
“activation” by hydrogen ions (H'(aq)) and water in both catho-
dic and anodic reactions; and IV) the suggested role of water and
protons in AZIBs. Therefore, we first address ionic and electro-
chemical equilibria in aqueous zinc electrolytes and at the zinc |
electrolyte interface; the discussion then expands to consider
water-related reactions for cathodes, including intercalation and
conversion reactions in aqueous and non-aqueous ZIBs.

2. Zn-H,O chemistry in aqueous Zn**
solutions

When the study of mildly acidic rechargeable zinc aqueous
batteries first began, investigation of the reaction chemistry
progressed mainly on the cathode materials using manganese
and vanadium oxides to improve their electrode performance
and examine the related phase transitions during charge
storage.® In these studies, the mechanism of ion intercalation
or compound conversion was studied in cells with a considerable
excess of metallic Zn, masking the zinc electrode problems. In
addition, the research on the properties of water as a solvent often
did not advance beyond its high polarity and solvation ability,
leaving behind its protolytic properties. As a result, the main-
stream research studies underestimated the role of pH and H' in
defining cell performance and the behavior of electrodes. In this
section, we consider aqueous Zn(u) electrolytes and their ionic
equilibria, whose consequences affect the use of Zn-metal anodes.

2.1. Aqueous Zn*" ionic equilibria and the formation of basic
zinc salts

Aqueous solutions of zinc salts were used for zinc plating before
their introduction for AZIBs.”°”® Water-based electrolytes are
generally cost-effective and highly ionic conductive, with the
resulting conductivity being similar to or better than that of
nonaqueous electrolytes (Fig. 3a). In addition, the high conductiv-
ity beneficial for mass transport in aqueous solutions is achieved
because of the large solubility of zinc salts. Moreover, aqueous
electrolytes often exhibit more facile kinetics of zinc deposition/
dissolution than their nonaqueous counterparts. Kundu et al.**
showed that the activation energy for charge transfer at the
Zn|Zn** interface was almost 10 times lower for an aqueous
solution than that for an acetonitrile-based one (Fig. 3b).

Water is a highly polar solvent that can dissolve many inorganic
salts and provide unique solvation structures. It is also a very
attractive solvent due to its low cost and versatility, making aqueous
batteries more competitive than nonaqueous systems. Notwith-
standing, its intrinsic high polarity and hydration character are not
the only distinguishing features of aqueous electrolytes. Water is a
protic solvent with a high autoprotolysis constant:

2H,0 == H;O0'+OH™ (Kw=1 x 107" )

H;0'(aq) - protonated form of water (hydronium ion,
hydrated proton, H'(aq)). In general, water molecules can easily
donate, accept, or exchange protons.

Chem. Soc. Rev,, 2025, 54, 4531-4566 | 4533
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Fig. 3 Electrolytes for Zn-ion batteries. (a) Comparison of conductivity for some aqueous and nonaqueous electrolytes.

(b) Charge transfer

activation energy at Zn metal interface in nonaqueous vs. aqueous zinc electrolyte. Reproduced from ref. 32 with permission from the Royal Society of
Chemistry. Copyright 2018. (c) Distribution of Zn(i) hydroxo-complexes at infinite dilution at 298 K.””

Some of the most popular electrolytes in AZIB research are
zinc sulfate (ZnSO,) and zinc trifluoromethanesulfonate (zinc
triflate, Zn(CF3S03),, and Zn(OTf),), whereas zinc perchlorate,
zinc nitrate, and zinc acetate are less often studied in the
literature.”® Many of these electrolytes are salts of strong acids,
which negates anion protonation. However, the hydrated zinc
ion, Znaq2+, is a weak Brgnsted acid that interacts with water,
leading to mild acidity of the Zn>*-related electrolyte:””

Zn** + 2H,0 = ZnOH" + H,0" (2)

The reported equilibrium constant for this process is =
1075-107°,"” resulting in pH values of ~3.5-5 for commonly
used zinc salt concentrations of 0.1 M to 3 M. Here, Zn*"
denotes the hexacoordinated aqua cation Zn(H,O)e>", which
corresponds to the most stable ligand configuration in a water
environment, whereas ZnOH" is also a simplified notation for
the coordinated aqua cation (Zn(H,0);O0H").”® Hereafter, Zn**
and H' notation will be used to represent the aquacations
throughout the work. The acidity of the zinc ion according to
reaction (2) is crucial for AZIBs. Despite the equilibrium
concentration of H;O" (H') being 4-5 orders of magnitude
lower than that of Zn>" and the equilibrium ZnOH" concen-
tration being low (Fig. 3c), the fast equilibrium can support the
generation of protons if they are consumed in chemical or
electrochemical reaction, e.g., during intercalation of H' into
cathode materials. Furthermore, the fast H" diffusion coeffi-
cient in water (9.3 x 10> em”s™ ' for H' vs. 0.7 x 10 > em® s~ "
for Zn**)®® makes H' an important electroactive species in
AZIBs and an active cation for charge storage in the cathode
host along with or instead of zn**.**'”

The hydrolysis of the Zn*" cation has another effect at higher
pH values. Traditionally, a Pourbaix diagram for the Zn-H,O
system depicts the formation of Zn(OH), around neutral or slightly
basic pH depending on the Zn>* concentration (Fig. 4a). However,
in the presence of anions, the formation of basic zinc salts (BZSs)
becomes favorable as the pH of the zinc salt solution increases
(Fig. 4b);**® converting Zn(NO3), to Zns(OH)g(NO;),-2H,0,%*%
ZnS0, to Zny(OH)eS04-xH,0,** ZnCl, to Zns(OH)sCl,-H,0,*” and
Zn(OAc), to Zn5(OH)g(CH;CO,),-nH,0.%" The other anions, such as

4534 | Chem. Soc. Rev., 2025, 54, 4531-4566

triflate, can also form such basic salts.”>*® Traditionally, many

reviews and papers on ZIBs provide a Pourbaix diagram similar to
that presented in Fig. 4a, whereas the basic salt area diagram more
reasonably represents the actual behavior of the system.

The structure of most basic zinc salts is layered, with anions
and water occupying the interlayer space (Fig. 4c). The amount of
interlayer water can differ and is usually easily reduced, even
upon mild drying. The chemistry of BZSs has been extensively
studied aside from the field of batteries, particularly due to their
ion exchange abilities.”>® Some of these basic salts can be used
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Fig. 4 Pourbaix diagrams and formation of basic salts in zinc electrolytes.
(a) Pourbaix diagram for the Zn-H,O system without consideration of
anions, plotted using data from ref. 87 (b) Pourbaix diagram for the Zn—
H,0-5042" system calculated with respect to basic salt formation, plotted
using data from ref. 87 and 88. (c) Typical layered zinc basic salts with their
crystal structure and XRD patterns.®972# (d) Solution pH and transmittance
upon NaOH and H,SO4 addition to ZnSO,4 solution. Reproduced with
permission from ref. 38. Copyright 2016, John Wiley & Sons.
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as catalysts” and for the synthesis of nano-sized oxide
particles,5"-8>84

The formation of these hydroxy salts is reversible—they can
be obtained via direct precipitation by hydroxide addition to
Zn>" solution and, conversely, dissolved by acid treatment
(Fig. 4d), as indicated in the equations below:*®

47n** + S0,>” + 60H ™ + nH,0 = Zn,(OH)sS0,nH,0 |  (3)
Zn,(OH)¢S0,nH,0 + 6H" = 4Zn*" + SO,>~ + (n + 6)H,0
(4)

As the precipitation of the BZS is initiated below pH 7, it can
also be rewritten in another form:

47n*" + S0, + (n + 6)H,0 = Zn4(OH)eS0,-nH,0 + 6H"

(5)

The reversible chemistry of BZSs is also observed in AZIBs,
where they form and dissolve at the electrode surface during
discharge (reduction) and charge (oxidation) of the cathodes,
respectively.’®*®®> This phenomenon occurs when cathode
materials store a significant amount of protons upon discharge
and release them while charging, which is typical for many
compounds used in ZIBs.’®°° That is, the electrode serves as a
source/sink of protons.

Fig. 5a presents a schematic diagram of the formation of
BZSs at the interface between a cathode and an electrolyte. As
mentioned above, BZS formation is preferred over Zn(OH),
deposition; therefore, the Pourbaix diagram should be con-
structed to account for this. Upon discharge (reduction) of the
cathode, protons are consumed. A decrease in the aqueous
proton concentration shifts the local pH to a higher value
(Fig. 5b and c¢). When the surface pH of the electrode reaches
that of BZS formation, the layered hydroxide salt begins to
precipitate on the surface of the cathode depending on the

View Article Online

Review Article

solubility product of the corresponding basic zinc salt in the
electrolyte (e.g., reaction (3) for sulfate, K, = 2.5 x 10~°°). Note
that this reaction consumes hydroxide ions; thus, it acts as a
buffer, and the pH near the electrode is stabilized at the pH of
precipitation (Fig. 5d). Further reduction leads to the growth
of the BZS and propagation of the pH gradient further into
the solution bulk. Upon charging, the generation of protons
(e.g., by framework deprotonation) drives the dissolution of
BZS. As long as the salt deposit is present, the pH change is
delayed due to the buffering effect of the dissolution reaction
(Fig. 5e and eqn (4)). After the complete dissolution of BZS, the
pH decreases locally because no hydroxide deposit remains to
neutralize protons (Fig. 5f).

The described reversible scenario refers to an isolated
electrode without the effect of the zinc anode, such as when
recording pH changes in a beaker cell. However, depending on
the experimental conditions, various scenarios can be observed,
including an extreme pH drop due to BZS delamination.”®"%* In
addition, for small electrolyte volume cells, e.g., coin and pouch
configurations, the continuous Zn-metal corrosion would
increase the pH and result in pH changes near the cathode,
especially after long conditioning. Thus, a scheme such as that
depicted in Fig. 5 aids in understanding the changes on a
qualitative level. For a full understanding of a particular system,
rigorous calculations should be performed as demonstrated, for
instance, for the Zn-MnO, system.'®

The precipitation of BZS on the electrode surface impacts the
kinetics (Fig. 52). The investigation of NaV;Og in aqueous zinc
triflate electrolyte indicated an increase in the interfacial charge-
transfer resistance of 10-100 times upon the formation and
growth of a basic triflate deposit.®® The corresponding activation
energy for charge transfer associated with the grown interphase
was measured to be 48 kJ mol™ ', which is three times higher
than that for charge transfer on the BZS “free” surface.®
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Fig. 5 A schematic diagram of pH variation at the interface between the cathode and Zn?* electrolyte. (a) Pourbaix diagram for Zn-water system built
taking into consideration formation of basic zinc sulfate for c(ZnSO,4) = 1 M. Blue and red arrows indicate potential-pH coordinates at a cathode while
moving through the diagram upon discharge and charge for an H*-intercalating electrode; (b—f) represent pH variation at electrode | electrolyte
interface at various states of discharge and formation/dissolution of BZS schematically plotted using systematization and observations of pH
(9) Arrhenius plot for charge transfer resistance before (0.8 V) and after (0.7 V) precipitation of basic triflate on the NaVzOg
cathode. Reproduced with permission from ref. 65. Copyright 2020, John Wiley & Sons.
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Table 1 Precipitation of basic zinc salts
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Precipitation pH in 1 M Zn(u) salt

Basic salt K, Calculated”

Experimental

Examples of BZS precipitates on cathodes in zinc batteries

Zn,(OH)¢S0,-xH,0 2.5 x 107°° (ref. 88) 5.31

(ref. 102)
Zn5(OH)sCly-xH,0 8.2 x 10~ 7° (ref. 115) 5.04 —
Zns(OH)s(NO;),xH,0  1.11 x 107 7° (ref. 83) 4.93 —
Zn;5(OH)s(CH3CO,),xH,0 — —
Zn hydroxy triflate — —

¢ Calculated in this review using K; values and activity coefficients.

The pH of precipitation depends on the solubility product
constant and usually lies between 5 and 6 (Table 1). An exception
is zinc acetate electrolyte, which deviates from the trend due to
the basic properties of the acetate anion (hydrolysis).

Most reports on basic salt precipitation cover the formation
of Zn,(OH)sSO,-xH,0 and basic triflate, and the different types
of BZSs are summarized in Table 1. Most of the examples
correspond to cathodes composed of vanadium and manga-
nese oxides, which tend to accept H" upon reduction. Thus, a
question arises regarding the extent to which such materials
can accommodate Zn** (and not H*) in the structure. This issue
will be discussed in Section 3.

In summary, aqueous solutions of Zn(u) salts provide unique
ionic equilibria. The acidity of Zn(H,0)s>" and the formation of
BZSs correspond to a mildly acidic pH range, neither too low to
cause strong acid etching of the materials nor too high to
quickly passivate Zn, as occurs in alkaline electrolytes. More
importantly, the formation of BZSs is fast and reversible. The
hydrolysis of Zn** provides a stable supply of protons at the
cathode during battery discharge while the deposited BZS
neutralizes the protons during the charging process. At the
same time, its deposition causes an increase in the surface
impedance of both electrodes, which should always be consid-
ered whether studying the anode or cathode host.

2.2. Corrosion and deposition in Zn>* aqueous solutions

According to the Zn-H,0-X"" (X": anion) Pourbaix diagram
(Fig. 4b), zinc metal (Zn°) is thermodynamically unstable in
contact with aqueous electrolyte at any pH. Depending on the
pH, the products of the Zn reaction would be Zn**, zinc basic
salts, or zinc hydroxide:

Zn +2H" —» Zn*" + H, (6)

3Zn + Zn,g®" + SO4(aq)’” + (6 + N)H,0 — Zn,(OH)sSO,-nH,0 +
3H, (7)
Zn + 2H,0 — Zn(OH), + H, (8)

At a longer timescale, the formation of zinc oxide is possible
as a result of Zn(OH), aging:

Zn(OH), — ZnO + H,O0 (9)

As a result, three important consequences for the use of zinc
in Zn-metal batteries arise. First, prolonged contact of Zn with
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the electrolyte leads to a rise in pH from the initial value of 3-4
to 5-6, which is the pH of BZS precipitation (Table 1 and Fig. 4
and 6a). This finding implies that extended aging increases the
pH of the electrolyte, which is higher than that of the fresh Zn>*
electrolyte, which spontaneously affects the surface state of the
metallic Zn anode. Second, the abovementioned reactions
(6)-(8) produce H, gas, threatening the safety of cells (Fig. 6b).
Unfortunately, the formed H, bubbles adhere to the surface of the
Zn anode, which in turn deteriorates cell performance caused by
the uneven deposition of metallic Zn® during reduction. Further
accumulation of the H, gas induces swelling or explosion of the
cell. Third, the basic zinc salts and zinc hydroxide deposit as an
inhomogeneous and loose film, inducing the formation of corro-
sion pits on the surface of the Zn anode.”®'?® A loose hydroxide
deposit does not prevent corrosion, and its inhomogeneous
formation predisposes zinc to unequal deposition. Thus, the zinc
surface gradually corrodes, increasing the surface impedance
(Fig. 6¢) while simultaneously leading to the accumulation of
BZS deposits on the surface.'®

Reversible and homogeneous metal deposition is a key
requirement for any battery with a metal electrode. Achieving
these conditions has been a long-standing problem for zinc-
metal batteries and the main obstacle to realizing commercial
zinc-metal batteries. The main issue here is the formation of
zinc dendrites, which can grow through a separator, causing an
inner short-circuit and cell failure (Fig. 6d and e).

Although the dendrite problem is well known for non-
aqueous batteries such as Li-metal batteries"*"""** or Na-metal
batteries,"***** the presence of water significantly accelerates
Zn dendrite formation through the aforementioned corrosion
processes (reactions (6)-(9)). Corrosion during conditioning or a
rest period creates an inhomogeneous surface. As a result, zinc is
deposited at preferable sites, leading to inhomogeneous current
distribution and a rough distribution of the grown metal (Fig. 6d
and e). Upon subsequent oxidation, some of the grown zinc tips
do not dissolve and act as new preferable sites for zinc deposi-
tion in the following cycles. The preferable deposition on tips,
where the local potential stimulates faster metal growth, leads to
dendrite growth and, after some time, to an inner short circuit.
Furthermore, the freshly deposited zinc surface is also exposed
to corrosion, which accelerates the rate of hydrogen evolution,
dendrite formation, and, eventually, cell failure. These side
reactions are sometimes referred to in the literature as the
net *.%% Investigation of zinc

“vicious cycle””" or ‘“‘domino effect”.

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Zn corrosion and deposition in aqueous Zn-electrolyte. (a) Pourbaix diagram for Zn-water system built considering formation of Zn4(OH)eSO4-
nH,O. (b) Hydrogen evolution during rest time in a pouch cell (3 M ZnSO,). Reproduced with permission from ref. 128. Copyright 2020, Elsevier. (c)
Impedance spectra of Zn|Zn symmetrical cell by aging (3 M ZnSO,). Reproduced with permission from ref. 128. Copyright 2020, Elsevier. (d) Scanning
electrochemical microscopy feedback images of local current upon Zn deposition. Reproduced with permission from ref. 129. Copyright 2023, John
Wiley & Sons. (e) Dendrite formation upon Zn electrodeposition on bare Zn surface and moderate deposition (f) on the gold sputtered surface.

Reproduced with permission from ref. 130. Copyright 2023, John Wiley & Sons.

metal is interrelated with precise hydrogen quantification and
understanding of pH changes, the hydrogen evolution reaction
rate, and zinc deposition/dissolution. Therefore, further work is
needed to minimize or eliminate hydrogen evolution and sup-
press dendrite growth.

The effect of pH and H, evolution on zinc-metal electro-
chemistry and zinc-battery performance was considered in
recent studies.”®"*>'*! Yang et al.'** investigated the relation-
ship between hydrogen evolution and the current efficiency for
Zn deposition. Fig. 7a shows the improvement in the average
current efficiency (ACE) from 76% to 99% by increasing the
current density from 0.033 to 20 mA em™ > at a limited areal
capacity of 1.0 mA h em™ > Correspondingly, the hydrogen
evolution reaction (HER) efficiency was reduced at higher
current densities, resulting in a smooth Zn surface after zinc
deposition.'**

In a recent study, Roy et al.**° utilized in situ electrochemical
mass spectrometry (ECMS) for tracking hydrogen flux. As
shown in Fig. 7b and c, an increase in the current density
magnitude facilitates H, evolution. In the set of experiments,
current densities of —0.5 mA cm %, —1.0 mA cm 2, and
—1.5 mA cm 2 lead to the generation of 2.05, 2.38, and
2.84 nmol H, over 600 s. At the same time, the HER efficiency
dropped from 0.62% to 0.31%, indicating that zinc deposition
intensifies faster than the HER rate under negative polariza-
tion. This finding agrees with the results of Yang et al.'*> who
reported a low CE at low rates (Fig. 7a). Additionally, the
hydrogen evolution for 3 h of resting period resulted in

This journal is © The Royal Society of Chemistry 2025

5.16 nmol H,, which cannot be neglected when compared with
the gas generated during deposition.

The abovementioned studies strongly highlight the impor-
tance of zinc stability during long resting periods and its deposi-
tion efficiency under slow-charge conditions. One way to address
the HER problem and control zinc deposition is to add pH buffer
to the electrolyte, shifting and stabilizing the pH at more basic
values than a pristine electrolyte. Such an approach has been used
in various studies,**'3*'*71%> often by adding amines to Zn>*
aqueous electrolyte. Fig. 7d shows the effect of pyridine and
imidazole additives on pH stabilization during zinc deposition
and the HER rate by pH upshifting."*® As a result, the corres-
ponding coulombic efficiency (CE) and the cyclability of zinc were
significantly enhanced by the effect of additives (Fig. 7e). It is
worth mentioning that the ability of external buffers to upshift the
pH is limited by the zinc salt used; namely, the resulting pH can
be stabilized by forming BZS (Table 1) as the pH increases to the
precipitation condition of BZS during the reaction. In addition,
some functional molecule additives can suppress the HER
through adsorption on the Zn surface or by altering the solvation
structure."*" Hence, a critical and comprehensive evaluation of
how strongly adsorption, solvation, or buffering can inhibit the
HER is critical in designing additives for AZIB electrolytes. Tribbia
et al.'® used an indium-based substrate to achieve dendrite-free
zinc deposition. The measured hydrogen flux was found to be
much lower for the indium substrate compared to that for the
bare zinc, suggesting a correlation among hydrogen evolution, Zn
deposition efficiency, and cyclability.

Chem. Soc. Rev., 2025, 54, 4531-4566 | 4537
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Fig. 7 Efficiency of Zn deposition and HER. (a) Zn plating/stripping efficiency depending on current density. Reproduced from ref. 142 with permission
from the Royal Society of Chemistry. Copyright 2024. (b) Galvanostatic Zn deposition and (c), corresponding hydrogen evolution reaction (HER) rate.
Reproduced with permission from ref. 140. Copyright 2024, John Wiley & Sons. (d) pH in Zn anode proximity by time in buffered and blank 2 M ZnSO,4
and (e), CE for Zn/Cu in 2 M buffered and blank 2 M ZnSO4 Reproduced with permission from ref. 139. Copyright 2023, John Wiley & Sons. (f) Schematic
ratio of Zn deposition and HER partial currents. (g) Highlighted problems and issues of the Zn anode.

Although buffering, adsorptive additives, and alloying show
promising results in enhancing Zn-metal performance,">%*3>13%141
the slow H, evolution and Zn corrosion appear to be inevitable in
common water-based electrolytes."**"****! These findings imply
that additives or surface-modification approaches can kinetically
delay the HER, whereas, more importantly, the thermodynamic
instability remains unresolved. Overcoming this issue is critical
for practical-scale applications if AZIBs with high areal capacities
(>2 mA h cm™?) are subjected to long resting periods (hours, days,
and weeks).>® Switching the electrolyte to a nonaqueous system
may be a solution to the problem; however, it is challenging to
adopt nonaqueous Zn electrolytes due to their inferior salt solubi-
lities, conductivities, and reaction kinetics, as considered in Fig. 3.
More importantly, it should be considered that there are much
fewer opportunities to find suitable cathode materials that warrant
stable electrode performance in nonaqueous electrolyte.

Taking advantage of the benefits of both aqueous and
nonaqueous systems, recent studies have explored the mixing
of water and organic solvents over the last few years,?>?¢146:147

4538 | Chem. Soc. Rev,, 2025, 54, 4531-4566

In such systems, the water activity is suppressed by interaction
with an organic co-solvent. The water hence cannot cause con-
siderable corrosion and HER, but there is a sufficient amount of
water to enable fast interfacial charge transfer for zinc ions. For
example, a mixture of dimethyl carbonate, zinc triflate, and water
enhances the current efficiency and cyclability, which eventually
prevents the formation of BZSs during cycling.*® Nazar and
colleagues®® demonstrated efficient Zn plating/stripping in
water-sulfolane electrolytes at an areal capacity of 4 mA h cm™?
and long-term full-cell performance in combination with vana-
dium oxide and iodine-based positive electrodes. In addition,
highly concentrated solutions or even water-in-salt electrolytes
are suitable for enhancing the current efficiency for zinc deposi-
tion/stripping.’**>° Besides directly controlling water or proton
activity, zinc deposition/stripping can be improved using various
coatings, functional separators, and other approaches.®*%¢”
Thus, there is no doubt that various approaches allow to
manage the HER problem in zinc batteries in a certain way.
Let’'s now consider how these approaches work on the micro

This journal is © The Royal Society of Chemistry 2025
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level; for this, we need to consider kinetics, interfacial, and
solvation structures.

As the HER on Zn is thermodynamically barely avoidable,
even at low water content, most methods focus on slowing down
the reaction kinetics to inhibit the process. The HER usually
proceeds via Volmer-Heyrovsky or Volmer-Tafel mechanisms. In
both mechanisms, the first step involves the reduction of a
solvated proton, which generates a hydrogen adatom on the
active surface site. In the Volmer-Heyrovsky mechanism, this is
followed by the reduction of the second H' at the same site. In
contrast, the Volmer-Tafel mechanism involves the recombina-
tion of two adsorbed hydrogen adatoms, resulting in the for-
mation of a hydrogen molecule (H,)."*" During HER, hydrogen
adsorption affects the reaction kinetics. Fig. 8a shows the
dependency of HER exchange current density on metal-hydro-
gen bond energy.'** The plot has a volcano-shape following the
Sabatier principle, which states that an intermediate in hetero-
geneous catalysis should be bound neither too weekly nor too
strongly for facile reaction. In contrast to the catalysis field, zinc
metal battery research should focus on HER inhibition. As seen
in Fig. 8a, zinc lies in a low HER activity area, which, in fact,
allows usage of mildly aqueous electrolytes. Following this

View Article Online
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principle, alloying or covering zinc electrodes with HER
inhibiting metals would slow down hydrogen evolution. For
instance, an amalgamation of zinc was shown to suppress the
HER on the zinc surface’® as mercury is historically known for
its extremely high HER overpotential. Alloys and coating with
other metals that exhibit low affinity for hydrogen have been
shown to reduce corrosion such as the indium,"** indium-
gallium-zine alloy,"* or lead coating. A recent study also
shows promising behavior of zinc-bismuth alloy, while usage
of nickel results in an opposite effect, as nickel enhances HER
catalysis (Fig. 8b).">® Thus, the application of the electro-
catalysis principles through zinc alloying appears to be promis-
ing in addressing aqueous zinc corrosion.

Even if slowed down, the prolonged contact of zinc atoms
with H,O molecules would lead to hydrogen evolution and
corrosion. Moreover, upon deposition, hydrated zinc ions,
Zn(H,0)s>", would release water molecules on fresh Zn surface
upon desolvation.'®" This, in combination with zinc ion deple-
tion and negative polarization, would result in an enhanced
HER rate. Thus, various approaches are applied to minimize
local water concentration at the zinc interface or to remove
direct Zn|H,O contact.
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Schematic representation of “pre-desolvation” layer on the zinc surface. Scheme of the double layer structure for zinc electrode in contact with (d) zinc
sulfate electrolyte and (e) zinc chloride electrolyte; based on ref. 157. (f) Various additives and modifications to electrolyte solution by their action
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One way of preventing direct contact of zinc with H,O mole-
cules is the design of a zinc-ion conductor layer, which accepts
zinc ions upon desolvation and assists in their transport to the
growing Zn interface. This process helps minimize the area of zinc
exposure to the electrolyte and, ideally, promotes a uniform zinc
ion flux across the electrode surface (see Fig. 8c). For instance,
thin layers of ZnF, have been shown to exhibit the desired ionic
conductivity and transport properties.'®*"®* The ZnF, layer, grown
through HF-gas transport reaction by decomposition of NH,F, was
demonstrated to have an interstitial diffusion mechanism allow-
ing transport to the zinc surface.'® Having an open structure,
metal hexacyanoferrates can act as suitable zinc ion transport
layers."**"*® For example, a Zn,[Fe(CN)e], (ZnHCF)-modified
separator can enhance cyclic stability.'®® It is likely, that the
ZnHCF-layer moderated the Zn®" flux by increasing the zinc
transference number. Various metal-organic frameworks and
covalent frameworks are other open-channel structures suitable
for such layer design."®® In recent work, a B-ketoenamine-
linked fluorinated covalent organic framework was used to create
a crystalline 2D layer on Zn."*® The layer contained 1D fluorinated
nanochannels, which facilitated hopping for zinc ions while
preventing water infiltration, as suggested by the observed lower
HER currents and higher Tafel slope. Various polymer-based films
were demonstrated to regulate Zn deposition.'”*""”” Interestingly,
the immobilization of anions in the polyelectrolyte membrane
allows increasing the Zn>" transference number to 0.96, making
the membrane layer almost exclusively Zn>*-conductive and
enabling uniform Zn deposition."”*

Overall, designing Zn*'-conductive layers is a viable
approach to suppress corrosion and moderate deposition of
zinc. It is crucial to analyze the mechanisms and estimate the
ionic and electronic conductivity of these layers, as well as
assess their structural integrity after prolonged cycling and
susceptibility to cracks and zinc overgrowth.

Zinc deposition and water reduction are also sensitive to
anion adsorption and double-layer structure. It is well-reported
that ZnCl, allows more stable Zn stripping-deposition than
ZnSO, or Zn(ClO,), and generates lower amount of passive
films.'” Although it can be ascribed to the solvation shell
structure as Cl™ tends to substitute H,O in the zinc coordination
environment at high concentration, chloride ions are known for
specific adsorption. In a recent study by Lai et al., measurements
of surface tension of a mercury drop in Zn(u) electrolytes and
related analysis allowed recreating surface excesses of ions in the
vicinity of the electrode."®” The chloride showed specific adsorp-
tion behavior with the potential of zero charge being negatively
shifted and dependent on electrolyte concentration compared to
ZnSO, behavior. Chloride ions tend to occupy the inner Helm-
holtz plane, causing the attraction of Zn>* (Fig. 8e). Thus, the
interfacial vicinity is enriched with both Zn** and Cl~ in 1 M
ZnCl, compared to 1 M ZnSO, (Fig. 8d and e). Thus, such double
layer structure and higher local concentration of Zn>* likely
contribute to better Zn>*/Zn kinetics.">’

The deposition efficiency of zinc, the hydrogen evolution
reaction, the double-layer structure, and the solvation shell of
zinc ions are all closely interconnected. Consequently, various

4540 | Chem. Soc. Rev,, 2025, 54, 4531-4566
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additives and electrolyte modifiers are actively being investi-
gated (Fig. 8f). An effective approach involves the use of organic
co-solvent additives. These co-solvents interact with water,
modulating the hydrogen bonding network, weakening the
bond between Zn*>* and H,O, or altering the Zn*" solvation
shell by incorporating co-solvent molecules into the coordination
sphere."””* For instance, dimethoxyethane (DME) was shown to
modify the solvation shell in a H,O-DME mixed electrolyte.'”>
Interestingly, the introduction of DME into the coordination
environment also induced coordination between Zn** and
CF3;S0; . This likely altered SEI composition and structure
creating a ZnF,-ZnS-rich layer that contributed to more reversible
behavior. Similar to DME, triethylene glycol (TEG) co-solvent acts
as a bidentate chelating agent, reducing the number of H,O in the
first coordination sphere from 6 to 3 and promoting the incorpora-
tion of triflate anion into the coordination shell.’”® The SEI derived
from this electrolyte was found to exhibit an organic-inorganic
bilayer-like structure with a ZnF,-rich inner layer. Zhao et al
demonstrated that the acetonitrile co-solvent modifies the hydro-
gen bond network and promotes the substitution of water by
triflate anion in the solvation shell (Fig. 8g)."*® Notably, co-solvent
does not necessarily participate in the first solvation shell.
2-Propanol, as a relatively weak ligand contributes to the outer
solvation shell. Nevertheless, this modification facilitates stable
zinc deposition with a preferential (101) orientation.’”” A recent
study demonstrated that the 2,2,2-trifluoroethanol (TFEA) co-
solvent weakens the tip effect of zinc deposition and effectively
suppresses the dendrite growth. While TFEA does not participate
in the inner solvation shell, it has been shown to disrupt the
hydrogen bonding network, facilitating the incorporation of tri-
flate anions into the inner coordination shell.'”® Overall, the co-
solvent strategy appears to be one of the most promising
approaches in ZIB development. In addition to its direct effects,
such as reducing water activity and decreasing the number of
water molecules in the Zn*" coordination shell, co-solvents typi-
cally influence the SEI structure and, in many cases, mitigate the
dissolution of cathode materials. Consequently, they contribute to
enhanced cycling stability, functioning as multifunctional electro-
lyte components.

Similar to how the solvent affects the solvation shell, elec-
trolyte can be modified by using different salts or anions. The
effect of chloride on adsorption and coordination has been
already mentioned above. Similarly, other halogen ions coordi-
nate with zinc ions at high concentrations forming complexes
such as ZnI(H,0)s" in a mixed zinc acetate-ammonium iodide
electrolyte (Fig. 8h).">® The addition of sodium tartrate as a
dual-functional additive for absorption and solvation shell
modification was shown to benefit (002) zinc growth and
enable long-term stability."’® The elimination of “free” water
and decrease in the amount of solvated water is often achieved
by WiS electrolytes, which at the same time becomes less
conductive and more viscous.'*®*%° To overcome this issue, a
combination of cosmotropic and chaotropic anions could be
effective in maintaining a sufficiently low water concentration
while providing better conductivity and allowing long-term Zn
deposition-stripping.’®® The use of coordinating anions like

This journal is © The Royal Society of Chemistry 2025
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acetate's?

also allows stable cycling with zinc concentrations
being relatively low compared to those of WiS electrolytes.
In addition, the combination of Zn®>' ions and acetate
(CH3COO™) ions in the electrolyte helps buffer the acidity of
Zn>" and manage the high viscosity of concentrated ZnCl,."®>

Specific adsorption of some anions opens one more way to
address Zn corrosion and side reactions. As verified by spectro-
scopic techniques and DFT calculations, the adsorption of
dodecyl benzene sulfonate leads to an H,O-poor double-layer
structure."®® It was also argued that such adsorbate contributed
to the desolvation of zinc ions, which in turn allowed a long
lifespan even in aqueous ZnSO,. The water-repelling adsorbate
layers were created in different studies by utilizing trace
amounts of perfluorooctanoic acid,'® phytic acid anions,'®’
amino acids,"®® and fatty acids such as stearic acid"® (Fig. 8i).
Thus, the adsorption of individual ions and solvated structures
such as Zn(H,0)¢>" or Zn(H,0),CF;SO; (ref. 187) as well as
local hydrogen bond dynamics®" strongly affects the electrode
kinetics of zinc deposition and HER.

Other electrolyte additives and modification strategies,
including buffer,"*™'** co-deposition/alloying ions,'**'°° and
functional species promoting in situ SEI layer formation,'** ™'
are of high importance for suppressing side reactions on zinc.

Overall, the study on additives holds much promise for
zinc-ion and zinc-metal batteries. As evident from the examples
above, rare additives affect only one parameter. More often,
simultaneous changes in various properties are observed: a co-
solvent changing both the solvation shell and the growing SEI,
along with an anion capable of adsorbing on the zinc surface and
coordinating with Zn*" ions. Such multifunctionality introduces
problems of “correlation vs. causation” in finding the key factors
responsible for performance enhancement. Therefore, careful
research of the electrolyte and interface structure must be per-
formed by using a combination of experimental (Raman, FTIR,
EXAFS, NMR, and XPS) and theoretical (molecular dynamics and
DFT-calculations) methods.

Considering all these points, mildly acidic aqueous Zn>*
electrolytes have enabled the rapid growth of ZIB research but
appear to be insufficient for long-term performance, especially
with high, commercial-related current densities and extensive
zinc utilization. Hence, further development requires the strict
suppression of the side reactions and control of water activity.
For this reason, the application of mixed electrolytes, water-in-
salt electrolytes, and functional additives and coatings is promis-
ing. At the same time, research on Zn anodes and Zn deposition
should be conducted critically, with an appropriate estimation of
the deposition/stripping CE (e.g., by using the reservoir half-cell
method'®*'?%), without avoiding low current densities and rest-
ing times, and providing valid tracking of H, evolution.

3. Protons, water, and cathodes

According to the literature survey, the main topics covered for
AZIBs are the crystal structure, polymorphs, defects, and electrode
compositions, whereas the role of water, pH, and protolytic
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reaction have often been overlooked in explaining the reaction
mechanism of AZIBs. In addition, the electrode performance and
synthesis-based studies usually do not highlight structural inves-
tigation or activation phenomena after multiple charge-discharge
cycles. Recent studies have revealed that charge compensation by
Zn”" insertion and/or extraction into/out of the host structure is
not the main reaction responsible for the reversible capacity of
many host materials, although Zn>" is the main component of the
aqueous electrolyte. That is, many materials are unable to store
Zn*" at a high extent and instead serve as hosts for protons
provided by Zn>*-H,O ionic equilibria. In addition, the high
reactivity of water and its ability to accept and donate protons
allows various dissolution, redeposition, and amorphization reac-
tions, making AZIBs distinct from nonaqueous batteries.

3.1. Scenarios of Zn>* and H" intercalation

Various types of active materials act as intercalation hosts when
(dis)charged in aqueous zinc electrolytes (Fig. 9). The reversible
X-ray diffraction (XRD) peak shift is often observed as a clear
indicator of the intercalation reaction. As the aqueous zinc electro-
lyte can donate protons (reactions (2) and (5)), many materials tend
to adopt H' ions rather than Zn*>* ions when discharged or H*/Zn>*
co-intercalation can occur.'™"® BZS precipitation usually serves as
an indicator of H' intercalation and is typically observed for
manganese-oxide- and vanadium-oxide-based materials as BZS
peaks emerge and vanish in a cyclic manner (Fig. 9b). In addition,
intercalation of Zn>" can proceed in different ways, depending on
the participation of solvated water in intercalation (Fig. 10a and b).
The domination of a particular mechanism is strongly affected by
the type and structure of the electrode materials.

3.1.1. Desolvated Zn** intercalation. Intercalation of a
charge carrier into the host structure via solid-state diffusion
(Fig. 10a), when Zn>" fully loses its solvation shell, is not a typical
scenario for AZIBs, although it is common for metal-ion batteries
such as Li-ion and Na-ion batteries. A basic explanation for this
behavior is the high charge density of the multivalent ion, which
inevitably slows down its transport in a periodic crystal structure
due to the strong coulombic interactions with the host lattice.>"?
These issues are typical for any multivalent battery and impede the
development and implementation of such power sources.” Deso-
Ivation can be a limiting factor during electrochemical reactions
with a high activation energy.** For these reasons, desolvated
metal-ion intercalation is not the major mechanism observed in
AZIBs and is mainly limited to some metal chalcogenides, oxide
spinels, and metal hexacyanoferrates (Prussian blue analogues).

Molybdenum chalcogenides MogXs (X = S, Se) known as
Chevrel phases are well-known hosts for different ions due to
their unique crystal structures. Their ability for electrochemical
intercalation of zinc ions was demonstrated long before the
resurgence of AZIB research.”” It is known that their electro-
chemistry usually includes the stepwise formation of ZnMogXg
and Zn,MogXg near 0.5 V and 0.3 V vs. Zn**/Zn, respectively for
MogSs.'°%%%” The limited specific capacity and low Zn inter-
calation potential have resulted in poor interest in practical
applications; however, their unique structure makes them
interesting materials for mechanistic studies.
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Several studies have demonstrated that spinel oxides such as
Zn-Al-Co*® and Zn-Ni-Mn-Co"*® oxides serve as Zn intercalation
cathodes in non-aqueous electrolytes. However, presumably due
to the low current efficiency and the high potential of Co**/Co®"
and Ni**/Ni*" redox, such compounds have not been examined in
an aqueous environment. For aqueous systems, a highly stable
battery based on Zn** intercalation has been reported for the
cation-deficient ZnMn,O, spinel.>"> However, good capacity was
observed in nanocomposites with carbon, indicating the impor-
tance of the material preparation method, composition, and
vacancy character for effective zinc-intercalation kinetics.

Metal hexacyanoferrates (MHCFs), often referred to as Prus-
sian blue analogues, usually have a cubic or rhombohedral
open structure with channels suitable for accepting multivalent
ions.?*®2% Unlike metal oxides, the XRD patterns of MHCFs do
not show feature of basic salt deposits (Fig. 9c-e), thus indicating
the dominant Zn”>* insertion chemistry rather than H" storage.
The specific capacity of MHCFs is usually below 100 mA h g™*,
activated by the iron redox, whereas the electrode performance is
not so attractive due to the small capacity in Zn cells.>**>%

Another class of materials with reported ability towards Zn**
(de)intercalation is transition-metal phosphates, including
NASICON-type vanadium phosphates.>** The reversible inter-
calation chemistry of Zn>* has been reported for LiV,(PO,)s,
which possesses high power density and high performance at

4542 | Chem. Soc. Rev., 2025, 54, 4531-4566

low temperature.**® The ability for Zn storage is not limited to
vanadium phosphates only; a recent study reported that
Zn,Fe(PO,4), undergoes reversible Zn*" insertion/extraction in a
nonaqueous electrolyte.>*® However, notably, such compounds,
especially V-containing ones, tend to decompose in a water
environment, resulting in H'-affinitive vanadium oxides as
decomposition products.>*” Conventional Zn**-ion intercalation
is possible for various compounds mentioned above; however, it
is not what generally allows facile kinetics, which makes research
on aqueous ZIBs so popular. Proton insertion, the interaction of
crystal water with zinc ions, and water co-intercalation are pro-
cesses that enable high-rate performance and better kinetics
in AZIBs.

3.1.2. Water co-intercalation and charge screening. The
intercalation of Zn>" ions is reported to proceed more feasibly
when supported by structural water molecules in the host material
(Fig. 10b). Such an effect is usually observed for layered com-
pounds, which accommodate water between interlayers, such as
V,05-nH,0 or similar compositions,>*****° produced by employing
metal ions***?**> or organic molecules and ions>>*>* as
interlayer-stabilizing structures sometimes referred to as “pillars”.
The interlayer water aids in charge screening and hence decreases
coulombic ion-lattice interactions. This is often called the “lubri-
cating effect” as the resulting transport kinetics within a solid is
highly enhanced. Other examples that have been reported to

This journal is © The Royal Society of Chemistry 2025
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enable zinc intercalation by H,O include interlayer-modified
transition-metal disulfides and diselenides.>**2%° Indeed,
hydrated MoS, demonstrated enhanced capacities and kinetics
in aqueous zinc electrolytes, with this performance attributed to
a water charge-screening effect or the effect of vacancies.”**>*
Another way to enlarge the MoS, layer and stimulate better
performance is to introduce polymers such as poly(3,4-
ethylenedioxythiophene) (PEDOT) or polyaniline.>**>°
However, introducing interlayer organic molecules, especially
redox-active molecules with basic functional groups such as
-NH, results in high affinity for the H'-assisted redox process,
and, hence, H' rather than Zn>" insertion for charge storage.
3.1.3. H"and H'/Zn>** co-insertion. As demonstrated earlier,
the Zn**/Zn(OH)"/BZS equilibrium explains the source of protons
for cathode active materials. Proton insertion and H*/Zn*" co-
insertion are considered as the typical charge-storage scenarios
for vanadium oxides**'*%* such as V0O,2°>*** and various vana-
dates with the common formula M,V,0, (e.g., NaV;Og and or
K,V305), as illustrated in Fig. 10¢.5%100:109:201,263-265 Hpipever, the
associated mechanism requires clarification and can vary
depending on the experimental conditions; in addition, phase
transformations and amorphization can occur during the initial
several cycles.'?®%92%5 A study on 8-Cag3,V,0s using operando
pH monitoring demonstrated co-intercalation of H" and Zn**
with an exchange behavior, for which Zn** deintercalation
progressed accompanied by via H' intercalation.'®® The fast
kinetics of various vanadium (hydro)oxides can be a result of
fast proton transport, rather than slow Zn>* diffusion into the

This journal is © The Royal Society of Chemistry 2025

host structure. The H' (and OH ) ions are known to have a much
higher diffusion coefficient than most other ions in aqueous
electrolytes due to a special Grotthuss chain-like hopping
mechanism.®® Similarly, if a sufficient amount of water mole-
cules for the solvation of protons is present in the interlayer, it is
possible that such fast kinetics could be the result of proton
transport via fast hopping.®® Generally H' insertion supports
much faster (dis)charge rates in Zn-metal batteries that Zn>*
insertion (Fig. 10d).

In addition to the vanadium oxide family, polyanionic
phosphates can accept H' instead of Zn>". For the NazV,(PO,),F
electrode, H" works as a guest ion rather that Zn**.*® Similarly,
reduction also proceeded via the co-insertion of Zn** and H*
for VPO,F.?>%* This co-insertion reaction was also available in
NazV,(P0O,),0, ¢F; 4 in a water-in-bisalt (WIBS) electrolyte.**®
These studies indicate that H' insertion occurs in V-containing
frameworks among phosphate-based compounds and appears
to be linked to the formation of V-O-H bonds.

Further understanding of the charge-storage mechanism in
AZIBs requires identification of the inserted number of active
ions and determination of how they contribute to the capacity.
In other words, what amount of Zn* and H' is inserted into the
host materials and how can these amounts be quantified? Several
groups have attempted to quantify the H" and Zn”>* insertion
contribution to the overall capacity (Fig. 10e).®*'°%20°293 The
studies were performed using vanadium-based oxide and phos-
phate materials. Usually, the Zn content is measured in dis-
charged samples after washing the byproduct, whereas the
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remaining capacity is attributed to the inserted H'. In work on
VOPO,F, in addition to conventional methods, a prompt-gamma
neutron activation analysis was used as neutrons interact directly
with a nucleus and can give the amount of inserted H'.>%*
According to the literature, the H' quantity in most of the studied
vanadium compounds is significant, exceeding that of the
inserted Zn>" ions. That allows saying that such examples are
rather hybrid-ion than Zn-ion batteries.

The reported Zn>" diffusion coefficients are distributed over
a broad range from 107> to 10”7 ecm?® s~ ' (Fig. 10f). Note that
the reported values are considerably higher than or comparable
to those of Li* in nonaqueous LIBs. The Zn>" diffusion accom-
panied by a two-electron reaction presents such an unexpect-
edly fast response in AZIBs. Taking into account the mass and
charge density of Zn*", it is not possible to properly explain the
reason for the fast diffusion of Zn>* (as high as 1077 cm® s™%).
Thus, it is most likely that such fast diffusivity can be attributed
to the fast H™ diffusion as Zn** diffusion progresses rather
slowly (~10"""~-~10""* cm” s~ ") as measured in nonaqueous
ZIBs.?®” Indeed, several studies have confirmed fast diffusion
in the case of H' intercalation, as shown in Fig. 10f. This
tendency clearly supports the charge-compensation process
by H" and H'/Zn*' co-insertion in many AZIB materials.

3.1.4. Tracking H" (de)insertion. Because hydronium ions
(aqueous protons) react with various cathode materials in
mildly acidic aqueous electrolytes, monitoring the pH of the
electrolyte can be used to trace H'-related reactions. As pH is a
function of H' activity, strong change in pH during electro-
chemical reaction represents a change in the aqueous proton
concentration in electrolytes:

pH = —Igy[H'],

where [H'] is the equilibrium concentration of hydronium ions
and y denotes the molar activity coefficient. Inversely, by setting
various pH values (e.g., using buffer) during cycling tests,
the potential of H' (de)insertion in a host material (MO,)
would vary:

(10)

MO, + H" + e~ = HMO, (11)
and
RT y[H"]a(MOy)
E=F +—ht—————Y 12
T F M L(HMO,) (12)

Here, £ and E° are the electrode potential and standard
electrode potential, respectively; a(MO,) represents the activity
of the oxide MO,; and a(HMO,) is the activity of the protonated
(reduced) form. Eqn (12) is a generalized form of the potential-
composition dependence for a solid-state electrochemical reac-
tion involving protons. This equation allows us to check that the
reaction of the electrode materials is associated with protons in
two directions: measuring changes of pH upon charge-discharge
(Fig. 11a, b and e—j) or tracking a pH-triggered shift of potential
for the redox process*®® (Fig. 11c and d). The former is suitable
for AZIBs, whereas the latter is more common for testing proton
batteries or especially for organic redox-active compounds
(Fig. 11c).”* Note that pure Zn>" intercalation does not induce
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strong pH dependence, as it does not produce H-containing
products during the electrochemical reaction.

A study on a Zn|VO,""® aqueous system demonstrated that the
redox peaks shift negatively with the solution pH in accordance
with H" participation in the reaction (eqn (13) and Fig. 11d):

VO, + aH" + ae” — H,VO, (13)

In addition, pH variation of the electrolyte proved the H'
participation in the electrochemical reaction of MnO, electro-
des in AZIBs.*>?”!

More often for AZIBs, the H' involvement is studied by
operando pH monitoring, which can be realized using various
cell designs (Fig. 11e-g). The simplest design includes a beaker
cell or other big-volume cell design'®*"%*”>>"* with an elec-
trode placed close to one of the electrodes of interest (Fig. 11e
and h). This method is quite simple and can be used in most
laboratories as pH-sensitive electrodes and pH meters are
readily available. Optionally, micro or macro electrodes can
be used, and electrolyte convection may be introduced depend-
ing on the experimental design. One example is given in
Fig. 11h, which shows the pH evolution upon charge-discharge
for a Zn|MnO, cell in a beaker-type cell.

To achieve conditions closer to those of a conventional battery
protocol (ie., a small amount of electrolyte, close-packed cell),
several groups have used T-shape cells with a pH-sensitive elec-
trode location either perpendicular to the cathode|anode (Fig. 11f
and i)*® or on the active material side (Fig. 11g and j)."*" Overall,
the various designs of pH monitoring provide valuable data when
investigating charge-storage mechanisms in AZIBs. The phase
change of the active material, associated with proton-assisted
reactions and dissolution-precipitation phenomena, can also be
monitored by measuring the pH during prolonged electrochemi-
cal cycling tests.>”*

E-QCM (Electrochemical quartz crystal microbalance) is a
powerful tool for distinguishing the charge carrier in an insertion-
type electrode. The QCM principle is based on measuring the
changes in frequency of a quartz crystal resonator, which reflects
mass changes according to the Sauerbrey equation (Af = —KAm),
where K is determined by the resonant frequency, density and
shear modulus of quartz. In this regard, monitoring Af during an
electrochemical experiment on a metalized quartz-crystal elec-
trode allows extracting mass changes (Fig. 12a). Ideally, the
derivative of mass with respect to charge, dm/dg would allow
the extraction of molar equivalent mass of the inserted ion, M/z.
Hence, various scenarios emerge for a ZIB depending on the
active material, electrolyte, and solvent used (Fig. 12b). The solo
proton and Zn*" insertion would lead to 1.0 and 32.7 g mole ™},
respectively. However, intercalation of solvated species would
result in higher values, e.g. 41.7 for Zn(H,0)**. Furthermore, the
pH-driven deposition of ZBS would lead to a severe mass increase
depending on experimental conditions. As it is not a direct
electrochemical process but rather one induced by pH change
there is no universal theoretical mass increase; the experiment
usually shows apparent M/z values ranging between a hundred
and several thousand. As we describe below, all these scenarios

This journal is © The Royal Society of Chemistry 2025
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and their simultaneous occurrence (e.g., co-insertion of two
species) were reported in the literature.

E-QCM studies were performed for various vanadium oxide-
based compounds.?”>*””*”% It was found that V,05 undergoes
H' intercalation followed by precipitation of zinc hydroxy per-
chlorate Zn,(OH),ClO, upon discharge, and presumably Zn>*
and H' co-insertion at lower potentials.>”” In a recent work on a
K-Mn-V-oxide (K; 9,Mng 54V,05-H,0), the material was tested in
both aqueous and nonaqueous Zn**-electrolytes.””> The
reduction in aqueous electrolyte led to a strong mass increase
(~100-400 g mol ', Fig. 12c). Such a significant increase,
especially at lower potentials, indicated the formation of zinc
hydroxide triflate - the event caused by H' intercalation or H'/
Zn** intercalation. What’s more interesting is that the experi-
ment performed in acetonitrile-based electrolyte demonstrated
values of 29-30 g mol " - which are quite close to the theoretical
desolvated Zn”" intercalation mass (Fig. 12d). Thus, Zn>" was
shown to intercalate into the oxide framework, but only in a
limited amount - the resulting capacity was ~60 mA h g *
compared to over 300 mA h g~' in aqueous electrolyte. Thus,

This journal is © The Royal Society of Chemistry 2025

again, the results support the limited ability of vanadium oxides
to store Zn>* ions and highlight the dominant contribution of H*
as a charge carrier when the electrolyte is an aqueous zinc salt
providing protons through Zn**/H,0 equilibria (hydrolysis).

The most popular ZIB system, Zn-MnO,, was extensively
studied using QCM over the last 4 years.>”®*”°72%2 Every work
from this list reported the formation of basic zinc salts, which
was evident from the severe mass increase, usually ranging
from 2100 g mol ' to several thousand, both during the first
and subsequent cycles. Depending on the cycle number and
type of MnO, used, the ZBS precipitation was caused by
material dissolution®”® or H'/H;0" insertion.?®**®' The ZBS
precipitation was usually observed at the lower reduction peak
at a curve inflection point (Fig. 12e). The charge led to its
dissolution and subsequent deposition of MnO,, ZnMn,0,,
and ZnMn;0;-nH,O0 as possible re-deposition products. What’s
interesting, little evidence was collected in such studies
towards Zn>* de/insertion, showing the dominant role of pro-
tonation and deposition/dissolution chemistry, at least for
fresh and slightly cycled electrodes.

Chem. Soc. Rev., 2025, 54, 4531-4566 | 4545
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electrode during the 2nd cycle. Adapted with permission from ref. 276. Copyright 2021, Royal Society of Chemistry.

Besides vanadium and manganese oxides, various inorganic
and organic compounds were studied. Investigation of Tiz;C,
MXene revealed that the inserting ion may change depending on
electrolyte concentration: 1 M aqueous ZnCl, electrolyte demon-
strated solely Zn*" behavior while using 7 M ZnCl, led to the co-
intercalation of H;0" species due to highly increased acidity of
the concentrated electrolyte.”®*® Reports on layered TiS, hosts
showed a high sensitivity of the mechanism to the surface
state.”*?*%> While TiS, was demonstrated to accept hydrated
Zn”*(H,0) species in the interlayer, the creation of a TiO,-TiS,
heterostructure promoted desolvation, leading to Zn>*
insertion.*®** Another report on TiS, demonstrated that exposing
(011) facets favors the insertion of H;O" instead of Zn(H,0)*".>*>

Organic systems, mostly quinone-based were also studied by
E-QCM techniques, highlighting Zn>* or Zn**/H" associated charge
storage mechanism.”**>® Interestingly, the poly(benzoquinonyl
sulfide) behavior indicated that the triflate anion also participates
in the reaction along with Zn>" species.”®® Such behavior should
always be taken into account for polymer electrodes, which are
much more prone to accepting anions and solvent molecules upon
contact with electrolyte solutions and exhibit mixed cationic and
anionic transport.**’

Besides mass monitoring, more information can be gained
using EQCM-D (Quartz Crystal Microbalance with Dissipation
Monitoring), which helps investigate porous electrodes and viscoe-
lastic properties.>****! Qverall, the E-QCM is a powerful technique
for studying battery electrodes, which require careful analysis.
Considering the inserting ions, the analysis should account for
the possibility of solvated species (e.g., H;O" and Zn(H,0)*"), anion
de/insertion, and water dynamics, as various molecules can be
inserted/extracted during an electrochemical process.

3.2. Water- and proton-assisted conversion reactions

Although the field of AZIB research has experienced tremen-
dous growth in recent years, especially in the search for new

4546 | Chem. Soc. Rev., 2025, 54, 4531-4566

materials and performance-oriented studies, understanding
the reaction mechanisms remains challenging in many cases.
This challenge largely stems from the numerous reactions with
water, H', and OH™, which often lead to phase changes or
unwanted dissolution of the electrode materials. In this sec-
tion, we discuss the associated structural changes of active
materials in AZIBs.

3.2.1. MnO,: an ongoing debate. Zn|MnO, systems were
studied for decades as primary and secondary batteries in
alkaline and mildly acidic media.>**°>*%® Primary alkaline
Zn|MnO, cells are well-established commercial products with
a large annual production volume. The interest in creating a
rechargeable Zn|MnO, battery is not surprising; fairly inexpen-
sive MnO, has a theoretical capacity of 308 mA h g™ * utilizing a
one-electron reaction and 616 mA h g~ ' with a two-electron
reaction. Additionally, the variety of MnO, polymorphs is
attractive for materials design (Fig. 13a).

Interest in AZIBs was retriggered by the study of «-MnO, in a
mildly acidic zinc electrolyte, for which the Zn|MnO, cell using
ZnSO, electrolyte showed stable behavior over 100 cycles,”
although similar mildly acidic Zn|MnO, cells were already
demonstrated in 1986.>* First, it was argued that the reaction
mechanism involves (de)introduction of Zn** from/into the
MnO, structure (Fig. 13e). Further studies confirmed the incor-
poration of zinc into y-MnO,, revealing various discharge pro-
ducts such as spinel ZnMn,0, or layered Zn,MnO, (Fig. 13b).*°
Other studies have proposed (de)insertion of Zn** ions as the
main mechanism for charge storage in ZnMn,0, spinels.>'>*%”

Later, many studies rationalized that the reaction mechanism
is much more complex than a simple (de)intercalation or
(de)insertion of Zn>*3844106:294,295,298.299 N any groups have
observed the formation of basic zinc salts (for example, zinc
hydroxide on discharged MnO, electrodes) and its dissolution
upon charging (Fig. 13¢).>%*4106:294,295,298.299 Notably, this obser-
vation contradicts the abovementioned simple mechanisms

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cs00810c

Open Access Article. Published on 31 March 2025. Downloaded on 12/6/2025 10:01:21 PM.

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

(cc)

Chem Soc Rev

View Article Online

Review Article

Nohkityp/
I e

a-MnO, (Hollandite) 8-MnO, (Birnessite)

¥

A-MnO, (Spinel)

-MnO2 (Pyrolusite)

%

ZnMn;0;-3H,0 (Chalcophanite)

"

$

ZnMn,0, (Spinel) a3

y-MnO, (Nsutite) R-MnO, (Ramsdellite)

Voltage / V
a

0 10 20 30 40 50 60 70 80
Time/h
e Cathodic MnO, zone f Os 0o g - »
64 2 F6 Own Ozn 20 Mn?* + 2H,0 — MnO, + 4H* + 2e
Zn’ extraction oH
44 ® -4 \Zn,ano. —_ MnO, + 4H* + 2e- — Mn?* + 2H,0
DS § 16}
NSE & MnO, + 2H,0 + 2¢
I A € + Mn?*+ 40H
v
F12v N2t '

- — g = a@OH 20 (OH):5H0
e ; onvertion) 'Mn,0, > o £ / MnO, oy O (
o H 0, %\, =08} 7\ v =3
<, n0, N P .= s A\ X
= 18 iy g
= —8 R Mn® Y C04f
& -4 ozn* |4 d >
5 B el MnOOH | ______________________________
3 n’’ insertion 0.0 L L . . . . 3 A

-6 ; , ‘ -6 on- 0 10 20 30 40 50 60 70

1.0 i 2.0 > i Time (min)
Potential / V vs. Zn*'/Zn 20,  Zn8045Zn{OH);8H,0

Fig. 13 MnO, polymorphs, their conversion products in agueous ZIBs, and proposed mechanisms. (a) Most typical MnO, polymorphs used for ZIB
studies. (b) Zn—-Mn-0O compounds often found after Zn|MnO, cycling. (c) Zinc hydroxide sulfate Zn4(OH)sSO4-xH,0, a typical discharge by-product. (d)
pH changes upon MnO (dis)charge. Reproduced with permission from ref. 294. Copyright 2022, Elsevier. (e) Proposed Zn?* (de)insertion mechanism.
Reproduced with permission from ref. 37. Copyright 2011, John Wiley & Sons. (f) Proposed mixed mechanism. Adapted with permission from ref. 295.
Copyright 2019, American Chemical Society. (g) Proposed dissolution-deposition mechanism. Reproduced with permission from ref. 296. Copyright
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because the formation of ZHS and the significant change in pH
could not occur if the insertion of Zn** is the only electroche-
mical reaction. Therefore, MnO,-based electrodes consume pro-
tons during reduction and then release them upon oxidation.
This behavior was measured directly by tracking the pH change
during cell operation (Fig. 13d).*®27%2943% various reactions
have been proposed to explain the proton consumption: the
formation of MnOOH by H*,*>?*>?°" MnO,/Mn>" deposition/
dissolution’106,294,296,299

lution mechanism.

and a mixed insertion/deposition/disso-
44,45,298,302-304

The simplest proton insertion implies the formation of a
well-known MnOOH:

MnO, + H' + e~ —» MnOOH (14)

This mechanism was verified by comprehensive studies
using HRTEM, XRD, and "H NMR analysis.***%> Other studies
have suggested that co-insertion of Zn** and H" leads to the
sequential formation of ZnMn,0, and MnOOH depending on
the depth of discharge (Fig. 13f).>*>*°' However, the formation
of MnOOH was not detected, but the H' insertion was assumed
by the presence of zinc hydroxide sulfate.'® In addition, the

This journal is © The Royal Society of Chemistry 2025

ZnMn,0, was found to be irreversibly accumulated on the
MnO, surface after prolonged cycling.'**

The fading of capacity in many works was attributed to
Mn**-producing dissolution, particularly caused by dispropor-
tionation of manganese in the (+3) state; such as in

ZnMn,0, + 4H' = Zn>" + MnO, + Mn>" + 2H,0 (15)

To suppress such disproportionation, the additive Mn>*" was
introduced to the electrolyte, which enabled stable cycling
behavior to be achieved in many works.>?*>%?3%%3%7 The effect
of the Mn>" additive appeared to be more complex: Mn>" is
oxidized to form electrodeposited MnO, on charge (which is a
well-known reaction for industrially produced electrolytic man-
ganese dioxide, EMD):

Mn*" + 2H,0 = MnO, + 4H" + 2¢" (16)

Other investigations on Zn|MnO, cells with different poly-
morphs demonstrated that the charge storage is dominated by
the dissolution-deposition reaction mechanism while (de)in-
tercalation of Zn** and H" has a minor contribution

Chem. Soc. Rev,, 2025, 54, 4531-4566 | 4547
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(Fig. 13g).>°**°° The proposed dissolution-deposition mecha-
nism included:
e Reductive dissolution of MnO, (discharge):

MnO, + 4H' + 2¢” — Mn?' + 2H,0 (17)

e Formation of a basic zinc salt due to decreased H' concen-
tration and, consequently, increased OH  concentration
(discharge):

47n>" + 4H,0 + SO, + 60H~ — Zn,(OH)S0,-4H,0 (18)
e MnO, deposition in birnessite form (charge):
Mn”>" + 2H,0 = MnO, (birnessite) + 4H" + 2e~  (19)

e Dissolution of zinc basic salt due to the generation of H" upon
MnO, electrodeposition:

Zn,(OH)sS0,4-4H,0 + 6H" = 4Zn*" + 10H,0 + SO,>~ (20)

Thus, pristine MnO, material is mainly active during the
initial cycles, whereas electrochemical oxidation of Mn** leads
to layered birnessite-type MnO,, which is spontaneously depos-
ited on the cathode surface. In principle, MnO, can be directly
electrodeposited in the cell without any initial manganese
oxide.>®® It was shown that BZS-based electrodes are available
as a precursor to facilitate the in situ formation of MnO,-based
electrodes by electrodeposition.”*® The proposed mechanism
included two steps during the charge-discharge process:
Mn*" = ZnMn,0, = layered Zn-birnessite.

Operando X-ray absorption near-edge spectroscopy (XANES)
and extended X-ray absorption fine structure (EXAFS) studies of
a-MnO, in three different electrolytes (ZnSO,, Zn(CF3S03),, and
Zn(CH;COO0,) demonstrated that the reaction mechanism in all
three cases is dissolution-deposition rather than (de)intercala-
tion of Zn**."°® The reduction induces the formation of Mn**
ions upon discharge, whereas a considerable fraction of MnO,
remained unreacted. On charge, the dissolved Mn>" is oxidized,
although the chemical state is not identical to that of the initial
MnO, structure but more likely transforms into a layered
structure ZnMnz;0,-3H,0O. No considerable amount of Mn (i)
compounds was detected, which may be the result of dispro-
portionation to Mn®*" and Mn*". Another study by the same
group®®* showed extensive investigation of the first cycles of
charge-discharge for Zn/a-MnO, using operando XRD, operando
XAS, and ex situ Raman as well as other methods. They revealed
a multi-stage dissolution-conversion charge-storage mecha-
nism, including Zn*" insertion and MnO, dissolution/deposi-
tion reactions. Namely, the high-voltage plateau was attributed
to the conversion of MnO, to a poorly crystalline Zn-Mn-O
compound with a locally layered structure, whereas the
lower-voltage plateau was found to correspond to a proton-
consuming MnO, dissolution process responsible for BZS
deposition.

A recent study on B-MnO, using operando X-ray techniques
(XRD, XAS, and X-ray nano-tomography) revealed several
features of the dissolution-deposition mechanism (Fig. 14).*
It was shown that no new Mn-containing phase was formed
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MnO, after cycling. Reproduced from ref. 47 with permission from the
Royal Society of Chemistry. Copyright 2023.

during MnO, reduction. The first discharge caused dissolution
to Mn”>* and ZHS precipitation while maintaining the B-MnO,
active material (Fig. 14a). The Mn and Zn K-edge XAS results
revealed the formation of amorphous Zn-Mn-O compounds
such as chalcophanite (ZnMn;0,-3H,0) and spinel (ZnMn,0,)
structures (Fig. 14b-d).*”

Amorphization was further supported by 3D synchrotron X-
ray nano-tomography data after 16 cycles (Fig. 14e and f.). The
results indicated that cyclability is not limited by the initial
presence of MnO, but is governed by the reversible formation
and reaction of Zn-Mn-O compounds through the dissolution—-
deposition mechanism.

It is likely that the deposition-dissolution of MnO, and other
manganese phases is dependent on the solvation and adsorption
of Mn*" ion, that may explain higher capacity fluctuations in
sulfate-based electrolyte than that of triflate-system."®”

Electrolytic MnO, (EMD) has been reported to be an active
cathode material for AZIBs, which is enabled by multi-step
reactions, including both Zn** (de)insertion and disproportio-
nation/dissolution reactions.*®* During discharge, EMD was
found to form spinel-type ZnMn,0, and tunnel-type Zn,MnO,;
the latter was unstable at a certain state of discharge and
disproportionated to Mn** ions accompanied by an increase

This journal is © The Royal Society of Chemistry 2025
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in the pH of the electrolyte triggering the formation of BZS.
Interestingly, Mn** in solution was detected only in the low-
voltage region, which is contradictory to the above operando
study in which Mn** dissolution was proposed for the entire
potential range. %

3.2.2. MnO,: Mechanism generalization. Despite the dif-
ferent reported mechanisms for MnO, cathode materials, it is
important to note that their electrochemical results are similar
for MnO, polymorphs, for which the initial conditions are
different in terms of particle size, morphology, polymorph, or
electrolyte composition (Fig. 15a). This includes the aforemen-
tioned double plateau with a specific “inflection point” during
discharge and a very similar charge curve. To answer the
question of how materials with different structures (layered,
tunnel, or close-packed) exhibit similar behavior, several
groups conducted comparative studies of MnO, polymorphs
under long-term cycling conditions.**™*°

A recent study** compared seven types of MnO, polymorphs
(o= B-, -, &, 8-, A-, and R-MnO,) over prolonged cycling. The
initial discharge capacity showed dispersed data between 40
and 160 mA h g ' for various polymorphs. Some cases

a —— a-MnO;

View Article Online

Review Article

exhibited an increase in capacity with cycling, whereas others
resulted in fluctuating performance. Regardless of the types of
MnO,, the resulting charge-discharge profiles became identical
for the tested MnO, polymorphs, with the capacity ranging
between 120 and 180 mA h g~' (Fig. 15b). This performance
similarity was explained by Mn>" dissolution caused by dispro-
portionation followed by the formation of electrochemically active
birnessite. The slow degradation was related to the formation of
Mn;0, and barely active ZnMn,O, spinel during cycling.
Another study experimentally compared four types of MnO,
polymorphs (a, B, v, and 8) in aqueous 1 M ZnSO, electrolyte.*®
The difference in the charge-discharge behavior was seen only
at the first cycle with a single plateau for o- and B-MnO, and
two plateaus for y- and 6-MnO,. Further cycling led to similar
behavior and almost identical charge-discharge profiles
(Fig. 15a). The specific capacities for all the electrodes were
within the range of 200-230 mA h g™, which is similar to the
results of another comparative study.** The extensively cycled
electrode (200 cycles) clearly showed that ZnMn,0, is one of the
major reaction products, whereas unreacted initial phases and
Mn,0; were also detected as minor products. Moreover, Raman

—— B-MnO; —— y-MnO; —— 6-MnO; 550
1.8 1.8 T
Cycle 1 Cycle 50 .
=
150
1.6 16 <
> E
g 2
E 1.4 1.4 G 100
g g
1.2 12 g
= 50
o
1042 1.0 2
0 100 200 0 100 200 @ 0
Specific capacity, mAh g~ Specific capacity, mAh g~* 0
c d

50 100 150 200 250 300

Cycle number

— (ZnMn;0; stability

marginin eV)/0.118 —> Charge

——> Discharge IConsumption

/ ZnMn30; (hydr.)
MnO,, Zn?* / or MnO,, Zn?*

ZnMn;0; (hydr.)

Potential vs Zn%/Zn?*

. Zn-Mn-O-H
{ Generation S S P R i o i Sl S
' 1+ '
e H Zn? R TlHq ] H+ Zinc | |
’ 2 i t t 1 Zn2* > | basic | 1
( Mnz ) e i Wl | e |
[mzwin0, ], | :
H | a0 '

Any pronounced pH change
H+4
U T

am. ZnMn,0,

cryst. ZnMn,O,
am. Zn,MnO, >

Initial cycles

Amorphization, long cycling Aging, inactive Mn-compounds

Sloatenilyomtwns. . sitameeny

I Fristine Mno, [l Active

Zn-Mn-O

P [_]zinc basic sait Il Poorly active ZnMn,0,

Poorly active ZnMn,

1 10+ 100+

Cycle number [ time

Fig. 15 Behavior of various MnO, polymorphs and generalized mechanism of Zn|MnO, batteries. (a) Charge—discharge profiles for four different
polymorphs at 1st and 50th cycles. Reproduced with permission from ref. 45. Copyright 2022, Elsevier. (b) Long-term cyclability of 5 different
polymorphs over 300 cycles. Reproduced with permission from ref. 44. Copyright 2022, Elsevier. (c) Pourbaix diagram for Zn—-Mn-0O system according
to ref. 302. Adapted with permission from ref. 302. Copyright 2022, American Chemical Society. (d) Generalized mechanism of Zn-MnO, batteries. (e)

Timescale of compounds stability in Zn—-MnO,, cells.

This journal is © The Royal Society of Chemistry 2025

Chem. Soc. Rev., 2025, 54, 4531-4566 | 4549


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cs00810c

Open Access Article. Published on 31 March 2025. Downloaded on 12/6/2025 10:01:21 PM.

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

(cc)

Review Article

analysis of the cycled electrodes showed a very weak signal or the
absence of the initial pristine materials and some broad peaks,
suggesting an amorphous MnO, deposit on the surface of the
cathode. The strong dependence of anodic and cathodic processes
on pH revealed the effect of H" on charge and discharge, namely,
Mn** disproportion, formation of BZS, and anodic oxidation of
Mn**, all of which are pH-dependent reactions. The similarity in
the behavior of various polymorphs was attributed to the gradual
dissolution and re-deposition of active materials, leading to a
mixture of compounds (Zn,(OH)sSO,xH,0, ZnMn,0,, Mn,0s,
amorphous MnO,, etc.). Therefore, regardless of the starting poly-
morph materials, similar reactions triggered by the participation of
H' and the formation of similar compounds dominate the overall
electrochemical behavior in a mildly acidic aqueous solution.

Recent work has rationalized the aforementioned reactions
by building a refined Mn-Zn-H,O Pourbaix diagram, plotted
using both experimental and theoretical data, with a Zn|MnO,
aqueous cell (Fig. 15¢).>°*> Namely, the diagram predicts bound-
aries for Mn(wv)/Mn(u)/Mn(u) transitions depending on the pH.
As MnO, is reduced, thermodynamics governs the formation of
the ZnMn,O, spinel in the pH range of 5-6. An alternative form
of trivalent manganese, MnOOH, was predicted to have a very
narrow stability range. Further reduction of ZnMn,O, resulted
in pH-dependent dissolution, resulting in the release of aqu-
eous Zn** and Mn>" ions. As the pH shifted to higher values
(>5) due to buffering of BZS, the more stable form of Mn(wv)
became hydrated ZnMn3;O; (chalcophanite), not MnO,. As a
consequence, Mn>" or ZnMn,0, is likely to be oxidized to form
layered ZnMn;O, upon charge. The researchers further vali-
dated their postulation by adjusting the pH of the electrolyte to
2.5, which did not result in the formation of chalcophanite,
whereas a pH of 4.0 favored ZnMn;0O, deposition.>*?

To summarize the aforementioned operando,
comparative,’**® and theory-based studies,’®**°> a general
understanding of the mechanism for the aqueous Zn|MnO, cells
appears as follows. The MnO, (polymorph) active materials dis-
solve to form Mn”* upon the first discharge (reaction (17),
Fig. 15d). This dissolution is supported by the consumption of
protons and, therefore, leads to the formation of basic zinc salts
(eqn (18)) almost immediately after the start of discharge.*”2°%3%°
Although 6-MnO, exhibits a slightly different behavior, accepting
H" to form MnOOH during the initial few cycles,** it eventually
follows the same tendency as other MnO, polymorphs that show
dissolution of Mn*". Thereafter, during the subsequent charge,
the Mn”" in the electrolyte solution is oxidized to MnO, (reaction
(19)). However, the MnO, formed after the charge is not the
original MnO, but amorphous MnO, or amorphous layered zinc-
manganese oxide. The low-crystalline deposit may vary depending
on the conditions and is sometimes referred to as birnessite or, in
later studies, as having a structure like layered ZnMn;0,-3H,0:"

47,106,303,304

Zn*" + 3Mn** + 10H,0 — ZnMn;0,-3H,0 + 14H" + 6e~
(21)

Some studies indicate that the deposit has a vernadite
structure.*'® Depending on the conditions, the low-crystalline
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deposit is sedimented on the surface of the cathode after
several cycles (sometimes tens of cycles), depending on the
operation condition of the cells (Fig. 15¢).*>*71% This activa-
tion typically results in two voltage plateaus. In the high-voltage
region, for which the BZS is not present, (de)zincification is the
main process to form amorphous oxides'®*?%*2%* such as
Zn,MnO, or ZnMn,0O,. As the active material transforms into
the new active amorphous deposit, the resulting electrochemi-
cal performance is governed by the formed new phases as the
new active material, such that the electrode performance
becomes, in many cases, independent of the material proper-
ties of the original cathode active material. Furthermore, the
lower voltage plateau is accompanied by BZS formation, and its
deposition appears as an inflection point on the discharge
curve (~1.35 V).**?%311 Concurrently with the growth of BZS,
the Mn>" concentration increases in the electrolyte,>***'* which
is due to the proton-assisted dissolution of oxide phases to
form Mn>":

7ZnMn,0O, + S8H' + 2¢ — Zn*' + 2Mn>*" + 4H,0
(22)

Thus, the insertion of Zn*'/H" at higher voltage and deposi-
tion/precipitation of Zn-Mn-O phases at the lower voltage
plateau are responsible for the charge-storage mechanism of
the cycle-induced new cathode active materials. This indicates
that the cyclability is limited by the reversibility of the amor-
phous Zn-Mn-O phase.”” Eventually, the amorphous phase
tends to transform into crystalline ZnMn,0,4, which becomes
thermodynamically stable as the pH shifts to higher values
during cycling (Fig. 15¢).>>*"® Therefore, it is concluded that
ZnMn,0, accumulation is kinetically sluggish but thermo-
dynamically favorable above pH 5, and the ZnMn,0O, spinel
is a dominant “dead” form manganese compound, which
impedes capacity retention and is associated with capacity
decay.44’47’313’314

To summarize, the performance of Zn|MnO, cells is deter-
mined by (1) the insertion of Zn**/H" into electrochemically
deposited amorphous Mn-O or Zn-Mn-O compounds in the
high-voltage region and (2) proton-assisted dissolution/deposi-
tion involving the Mn>" process in the lower-voltage range. The
service life of a positive electrode can be described in three
areas: (1) amorphization of the original MnO,, (2) steady-state
cycling, and (3) accumulation of electro-inactive products.
Therefore, the electrolyte composition, pH, additives, and the
substrate (current collector) appear to be more important for
the design and optimization of Zn|MnO, and addressing
complex amorphization-deposition phenomena in AZIBs than
the engineering of MnO, crystalline and defect structures.

3.2.3. Transformations of vanadium-based materials. The
variety of available oxidation states of vanadium within the
electrochemical stability window of water and the rich chem-
istry of vanadium oxide materials have attracted significant
attention for their application toward cathode materials for
AZIBs. In addition to the oxide-based systems, the vanadium
redox chemistry can be extended to phosphates, chalcogenides,

This journal is © The Royal Society of Chemistry 2025
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or Prussian blue analogues to increase the specific capacity.
However, many charge or discharge reactions involve inter-
action with water, which converts the original electrode mate-
rial into new types of active materials.

Although many metal vanadates are suitable for use as
cathode materials for AZIBs, the actual redox-active phase
may be different from the original material due to reactions
involving an aqueous environment during the initial cycles.
Recently, it was reported that oxidation of K,V;0g up to 1.9 V vs.
Zn**/Zn led to the formation of amorphous vanadium oxide,
presumably V,0s (Fig. 16a)."'°° After that, a conversion reaction
progressed during discharge, demonstrating a protonation-
associated process: V,05 + 4H" + 4¢ = 2VOOH + H,0. Another
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type of V-based oxide, CaV,0,, was transformed into amor-
phous V,05-nH,0 after oxidation in a mildly acidic Zn**
electrolyte.®”® The related transformation resulted from the
electrochemical displacement of Ca*>" ions by water molecules
when the cell was charged to 1.6 V.

This tendency, water-associated formation of V,05-nH,0O
and other vanadium-based oxide materials, is not limited to
metal vanadates. Investigation of NASCION-type NasV,(PO,); in
aqueous zinc triflate solution demonstrated the formation of
V,0s5, VO,, and Zn;V,05 upon charge-discharge cycling.”*” This
eventually resulted in a decrease in the average charge
and discharge voltage as the redox potential of VO, is lower
than that of Na;V,(PO,);. Interestingly, the use of a highly
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concentrated hybrid electrolyte with sodium ions, 10 M NaClO,
+ 0.4 M Zn(CF3S03),, enabled not only stabilization but also
suppressed the decomposition of the electrolyte.

Liu et al**® demonstrated the formation of nano-sized
vanadium oxide (VO,) during the electrochemical oxidation of
V,C MXene. The VO, deposit grew on the top of the MXene
material, and by controlling the potential, the MXene substrate
could be preserved to serve as a 2D conductive layer for the
grown nano VO,. Li et al.**! reported V,C MXene conversion to
V,0s5 by electrochemical cycling. The conversion eventually
increased the capacity, with the phase transition being referred
to as “activation”. Vanadium tetrasulfide (VS,) was recently
found to convert into zinc pyrovanadate (Znz(OH),V,0,-2H,0)
during the initial charge-discharge cycles.**> However, unlike
the above examples of VO, formation, the conversion process
was associated with an initial discharge involving the reaction
with water molecules rather than the charging process. After
several cycles, the resulting CV pattern represented two pairs of
redox peaks at 0.6 and 1.0 V, which are typically observed for
vanadium oxides and vanadate-based compounds.>?3%2637265

A spinel compound, ZnV,0,, was transformed into Zn-inserted
V,05-H,0 upon electrochemical oxidation (Fig. 16c).>'® Although
the spinel phase was almost inactive, the newly formed vanadium
oxide exhibited a prominent increase in capacity up to
230 mA h g~' depending on the potential range used (Fig. 16d).

A phase change associated with water can result not only in
a completely different type of material but also in the transfor-
mation of one oxide into another. The electrochemical oxidation
of VO, above 1.4 V (vs. Zn**/Zn) was demonstrated to form V,Os-
1.75H,0 xerogel with a high specific capacity (610 mA h g~ " at
0.1 A g ).**® The formed V,05-1.75H,0 possessed low crystal-
linity and exhibited a simultaneous H" and Zn>* (de)insertion
mechanism. As in many previous cases, the transformation was
accompanied by water consumption and protolytic reaction:

2VO, + 2.75H,0 — V,05-1.75H,0 + 2~ + 2H' (23)

Another example is the transformation of -V,0s5 to hydrated
V,05-1.75H,0.%'” The revealed mechanism of the transforma-
tion involved the partial dissolution of vanadium oxide to
decavanadate [V;00,5(OH),]"” species in solution, which even-
tually transformed into Zn;(OH),V,0,-2H,0 and V,05-1.75H,0.
The dissolution progressed even without electrochemical treat-
ment, mainly in the first 5 days (Fig. 16e):

5V,05 + 3H,0 — [V;90,4(OH),]' " + 4H" (24)
The formation of VO, from solution can be used as a tool for
electrode construction. Recently, highly disordered electrodepos-
ited vanadium oxide was studied as a cathode material for
AZIBs.*** Electrodeposition was performed using a VOSO,
containing solution in cyclic voltammetry mode, resulting in a
highly stable VO, electrode. The deposit achieved a high areal
capacity of 5 mA h cm™? and remarkable stability over 5000 cycles.
In a recent study, vanadium hexacyanoferrate (VHCF) was
revealed to undergo phase transformations to zinc hexacyanoferrate
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and amorphous vanadium oxide VO,.””" The intermediate of such

transformations was also decavanadate:

10 VO** + 18H,0 — V140,,(OH)*~ + 35H" + 10e” (25)

Combining all the above examples of phase transformations
for vanadium-containing active materials, we can summarize the
following common tendencies: (1) vanadium-containing electrodes
tend to react with water to form vanadium oxides (V,0s5-nH,0,
VO,, VO,) or layered Zn;(OH),V,0,-2H,0 during cycling. Such
reactions are usually initiated by extending the charge cutoff
voltage (or, more precisely, extending the oxidation state of V to
5" on charge). (2) The deposited vanadium oxide (VO,) often
possesses an amorphous/nanosized nature, which makes it diffi-
cult to identify formed phases in terms of structure, composition,
and chemical states. Usually, the associated reactions are accom-
panied by changes in pH because water, protons, and hydroxide
ions participate in the reaction, which results in the formation of
new oxo- and hydroxo-vanadium compounds. (3) Relatively closed-
packed phases with vanadium atoms often tend to form open or
layered structures. (4) The phase transformation usually progresses
through dissolution-precipitation rather than direct solid-state
phase transition. The most likely intermediates are decavanadates
ions, as the most stable V** form in mildly acidic media.

The Pourbaix diagram is helpful in understanding such
transformations (Fig. 16f) because vanadium tends to dissolve
from many materials and form new compounds after reacting
with water. This is especially valid for vanadium (+5) com-
pounds: according to the diagram, V,Os is not stable above pH
3.5, where V(+5) forms stable dissolved species. These species are
mainly decavanadates because they are thermodynamically
favorable for the typical pH of most Zn electrolyte solutions
used (pH 3-6). Considering that many electrochemical reactions
induce pH change, the cyclic pH variation may create conditions
for multiple dissolution-precipitation cycles, eventually contri-
buting to phase transformation and deposition of the V,05-nH,0
or some amorphous mixture of oxides. This provides a hint as to
why so many completely different V-based materials, in turn,
show an almost identical double CV peak shape after cycling,
which does not belong to the original cathode material but to
newly formed oxides (Fig. 16g). Such behavior is similar to the
MnO, mechanism when the originally different materials trans-
form into similar mixtures with low-crystalline Zn-Mn-O phases.

Such transformations cannot always be defined as undesir-
able or favorable. In many cases, such ‘“‘activation” is beneficial
for electrochemical performance in terms of capacity and
cyclability. In other cases, such as for phosphate compounds,
such reactions lower the discharge voltage and degrade the
stability and must be suppressed to achieve stable behavior.>*”

4. Generalized transformations of
transition-metal active materials

As follows from the consideration of the electrochemistry of
manganese oxides and vanadium-containing compounds in
aqueous zinc electrolytes, many proton-activated reactions

This journal is © The Royal Society of Chemistry 2025
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occur in an aqueous environment, including various precipita-
tion-dissolution phenomena. Analysis of the available litera-
ture indicates that such phenomena are not limited to the
aforementioned compounds but include other manganese
materials such as phosphates or hexacyanoferrates and
cobalt-and nickel-containing materials (Fig. 17a).>*>*? For
instance, as vanadium hexacyanoferrate (VHCF) transforms
into VO, and ZnHCF upon cycling,””* manganese hexacyano-
ferrate particularly transforms in MnO,, as evident from the
Raman signal accompanied by the appearance of MnO,-related
features on discharge curves.’*> Manganese phosphates®*”3!
have been shown to decompose during charge-discharge,
producing a MnO, layer on the electrode surface. Interestingly,
cycling was used deliberately to create an appropriate surface
oxide layer with enhanced performance in a recent work.**!

Cobalt and nickel compounds, mostly chalcogenides, have been
extensively studied as electrodes in AZIBs and Zn hybrid batteries,
often using alkaline electrolytes.**>3%3>33¢ gimjlar to MnO, and
VO, generated from Mn- and V-containing materials, cobalt and
nickel materials result in CoOOH/Co(OH), and NoOOH/Ni(OH),
acting as redox-active materials for proton storage.*>*733°

Thus, there are obvious similarities in the behavior of
many transition-metal-based materials in AZIBs caused by the
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transformation of the original into new redox-active species. The
general transformation for most transition-metal-containing com-
pounds consists of several steps (Fig. 17b). The transition-metal ion
(M™) is leached due to the non-zero solubility of the active material
into the solution or due to electrode polarization (oxidation or
reduction). For V-ion compounds, the intermediate ions are likely
decavanadates (V;00,6(OH),* /V100,,(OH)*"), whereas for Mn-, Co-,
and Ni- containing materials, it would be Mn?*, Co®*, and Ni*".

Then, metal ions interact with water, resulting in hydroxide
or oxide formation. Depending on the potential, concentration,
and pH, the deposition would proceed via a chemical or
electrochemical route, generating a new oxide- or hydroxide-
based compound, often in amorphous form. The chemical
route may correspond to a hydrolysis reaction, e.g.:

V100,,(0H)®™ + 2H,0 = 5V,05 | + 50H"  (26)

The electrochemical route would be electrochemical oxidation

as for the deposition of MnO,, ZnMn,0,, or Co/Ni hydroxides:

Co™" + 2H,0 = CoOOH + e~ + 3H" (27)

As such reactions include the participation of protons or
hydroxide ions, the possibility and rate are highly dependent on
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pH, especially the local pH, which may vary during cycling. In
addition, the dissolution-precipitation process depends on the
solubility of the species, which, in turn, can be affected by the
electrolyte concentration (e.g., by salting out in highly concen-
trated electrolytes). Thus, dissolution can be slowed down, and
redeposition can occur directly on the surface of the active
material, which is called ‘“activation” (Fig. 17b). The case of
dissolution without deposition on the current collector or
carbon would lead to capacity decay. Therefore, it is of great
importance to study the active material after cycling in case
there is any evidence of ‘““activation”, which, in combination
with CV or voltage-shape changes, can be indicators of the
phase-transformation phenomena.

In the simplest way, the deposit is formed according to the
Pourbaix diagram. As seen for manganese (Fig. 15¢), vanadium
(Fig. 16f), cobalt (Fig. 17¢), and nickel (Fig. 17d), the operation
range of AZIBs overlaps with various oxide/hydroxide deposition
regions. Hence, the new deposits start acting as electroactive
materials, which are available only when they are deposited on
the conductive part of the cell. The precise compositions of
deposits may differ from the predicted M-H,0O diagram because
the presence of Zn>" ions may be favorable for Zn-metal-oxide
formation such as in the case of manganese-oxide phases.
Nevertheless, the understanding of their formation through
dissolution-precipitation routes appears to be general for most
activation phenomena in the literature.

We suppose that the general driving force behind such
activation-redeposition-amorphization phenomena is the ther-
modynamic stability of oxide- and hydroxide-based phases with
strong M-O bonds compared to phosphates, hexacyanoferrates,
and similar complex compounds. Water, which easily partici-
pates in many reactions and provides H" due to ionic equilibria,
acts as a reagent and a mediator of such transitions. We should
note that a vast number of studies on activation phenomena
lack analysis of extensively cycled electrodes and electrolytes,
and hence, the redeposition and formation of oxides upon
initial activation are extremely underreported in the literature
and often are not properly studied in performance-oriented
publications. The examples shown in Fig. 17a cover only a
limited number of reported phenomena.

Another conclusion, which we draw from the considered
literature, is the limited possibility for creating multiple redox
centers in a single framework to boost zinc storage, such as an
approach to increase the specific capacity of Prussian blue
analogues by adding cobalt or vanadium atoms to the lattice.
The specific capacity can indeed be increased via so-called
activation;**' however, that increase is a result of phase
separation®”* due to proton- and water-assisted reactions in
which at least two distinct phases and not two redox “‘sites” of
one framework act as active materials. Thus, instead of zinc
storage, proton storage occurs in the deposited oxide or hydro-
xide. It should be noted that the activation phenomena of
various electrodes in various cases are not entirely detrimental
for achieving high capacity and good cyclability. More detailed
investigation of the cycled electrode is necessary to critically
determine which processes represent ‘‘activation” and what is
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the real active material after many cycles. Because the discussed
process requires water, it is of high interest to compare the
behavior of AZIBs with that of their nonaqueous counterparts,
where redeposition phenomena are prohibited or limited.

5. Key differences between aqueous
and non-aqueous ZIBs

One of the main advantages of nonaqueous systems is the
applicability of a broader electrochemical stability window,
which is also available for ZIBs. Thus, many organic solvents
allow high-voltage cathodes, and, more importantly, the stabi-
lity of the Zn anode is secured by eliminating the parasitic HER.
A comparison of the appearance of a Zn electrode in Zn(OTf),/
DMSO electrolyte and ZnSO,/H,0 electrolyte after 100 cycles of
deposition-stripping is shown in Fig. 18a and b.**” Multiple
cycling (or long conditioning) of zinc metal in conventional
aqueous zinc sulfate solution results in H, evolution, and the
DMSO-based electrolyte ensures stable behavior. Such an elec-
trolyte was employed in Zn|6-MnO, batteries, showing good
capacity retention for 1000 cycles.**” Although the HER on Zn is
relatively slow, the resulting rate is critical for aqueous cell
swelling and failure (Fig. 18c). Li et al.**® compared the beha-
vior of K; ¢Mn, ,Fe(CN)s (MnHCF) in aqueous Zn(ClO,), and
TEGDME (tetraethylene glycol dimethyl ether)-based electro-
Iytes (Fig. 18d and e). The tetraglyme-based cell enabled evi-
dently better cyclability and capacity retention, allowing
thousands of cycles.

Regarding cathodes, non-aqueous electrolytes usually result
in moderate capacities of approximately 50-150 mA h g '
(Fig. 18f-h), which is far lower than the values obtained in
aqueous systems. For instance, various studies on MnO,*"**"**!
revealed a smooth discharge profile without inflection, delivering
a specific capacity in the range of 60-160 mA h g~ . This result is
not surprising, as the abovementioned complex H,O-assisted
dissolution-redeposition-amorphization phenomena are not
available for nonaqueous Zn|MnO, cells.

The difference between charge-storage ability using aqueous
and nonaqueous electrolytes is much more strongly pronounced
for vanadium oxides (Fig. 19a—c). For instance, Fig. 19a shows
dis/charge profiles of the cathode material, 3-V,0s, in aqueous
and acetonitrile-based electrolytes, with the capacity in the latter
being only ~25 mA h g~ " vs. 300-350 mA h g~ for the aqueous
cell. Such results are similar to those of the abovementioned E-
QCM study on nonaqueous electrolyte, where switching from H"
or H"/Zn** co-insertion to Zn>" insertion in a nonaqueous system
reduced the available capacity from ~300 to 40 mA h g '.*”>
Numerous vanadium oxides and metal vanadates are known to
have capacities in the range of 300-450 mA h g~ ' in AZIBs.”
However, there are only a few studies on nonaqueous ZIBs with
vanadium oxides, with the capacity usually not exceeding ~ 200
mA h g~ '. To explain this gap, first, for general reasons, we must
consider (a) kinetic limitations (interface charge transfer or
solid-state diffusion) (Fig. 19d) or thermodynamic/structure
limitation (the ability to store Zn** ions).

This journal is © The Royal Society of Chemistry 2025
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Kundu et al.*? studied V;0,-H,0 electrodes in both aqueous
and nonaqueous electrolytes using operando XRD and electro-
chemical impedance spectroscopy (EIS) at various tempera-
tures. Although they observed solid-solution-like changes in
the XRD patterns for both electrolytes, the nonaqueous electro-
lyte allowed a capacity of only ~60 mA h g™, surprisingly lower
than that obtained in the aqueous system (~375 mA h g™ ).
A large difference in the activation energy of the interfacial
charge transfer (19.47 k] mol™" in H,O vs. 75.34 kJ mol™ " in
CH;CN) was proposed as evidence of the desolvation limitation
at the interface which is the limiting factor for the nonaqueous
Zn-ion storage.

In contrast, several studies have decisively shown that H"
(arising from Zn*"/H,0 electrolyte) did contribute to the capa-
city along with Zn**. For instance, Liu et al.’®* comprehensively
studied 8-V,05 (Cag34V,05) using XRD in both aqueous
Zn(OTf),, nonaqueous CH;CN-based Zn(OTf), electrolyte, and
aqueous H,SO, solution. Both Zn>* and H* were shown to be
introduced via a solid-solution pathway. In addition, pH mon-
itoring revealed Zn>*/H" co-insertion behavior with a Zn>"/H"
exchange feature implying that at some potentials, Zn>" inter-
calation can cause H" deintercalation and vice versa. A recent
study on pH monitoring in V,0s has supported the co-insertion
of H" and Zn**, where the H" contribution strongly depends on
the pH of the electrolyte.®* Additionally, a large number of AZIB
articles showing high capacities of vanadium oxide and few

This journal is © The Royal Society of Chemistry 2025

reports on nonaqueous ZIBs with acceptable properties indir-
ectly support the capacity being boosted by proton (co)insertion
in AZIBs and moderate or limited ability to store Zn>" ions in a
VO, host for nonaqueous electrolytes (Fig. 19c).

Manganese- and vanadium-based oxide compounds are not
the only material families that behave differently in nonaqueous
media. Metal phosphates were found to be inferior in non-
aqueous electrolytes, as reported for sodium vanadium fluoride
phosphate and layered VOPO,**>*** (Fig. 19b and c). Park and
Manthiram®® found that the guest ion is H' rather than Zn*" in
Na;V,(PO,),F;, which explains the low capacity in nonaqueous
cells, similar to the behavior of vanadium oxides. From this
viewpoint, phosphate-based compounds need to be further inves-
tigated to clarify the reaction mechanism in nonaqueous ZIBs.

In contrast to metal oxides, metal hexacyanoferrates and
metal sulfides demonstrate comparable charge-storage ability in
both aqueous and nonaqueous solutions (Fig. 19¢). As discussed
earlier, metal hexacyanoferrates (MHCFs) have been actively stu-
died in AZIBs with capacities reaching ~60-100 mAh g~ '>*%2%
The use of nonaqueous electrolytes usually results in capacities of
50-90 mA h g~ ! ?8338:340:343 which are close to the values obtained
in MHCF-based AZIBs. Such relatively low values are explained by
the high molecular weight of the MHCF formula unit, rationalizing
the delivery of capacity of 80-90 mA h g~ * provided the only Fe
redox pair is active. Although some MHCFs were shown to over-
come the one-electron limit in aqueous media by introducing

Chem. Soc. Rev,, 2025, 54, 4531-4566 | 4555
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Co*? or V**! in the HCF framework, the true reason for such
activation is most likely associated with phase separation and
formation of oxides due to reactions with water.>’***> As such
reactions are prohibited in nonaqueous media, overcoming the
theoretical limit of ~90 mA h g~ for nonaqueous MHCF-based
ZIBs is hardly achievable.

Metal sulfides, in contrast to metal oxides, have demon-
strated high and comparable capacities both in aqueous and
organic-based electrolytes®**34>3>1352 (pig. 19¢). Zhang et al.**
demonstrated a prominent capacity of 283 mA h g~ for CoS, in
Zn(OTf),/acetonitrile electrolyte. The capacity was achieved not
by cobalt but by sulfide/disulfide anionic redox. No XRD peak
shift was observed, whereas irreversible changes in the structure
were detected from Zn>" intercalation into the electrode mate-
rial, likely leading to a poorly crystalline new phase. The other
group used 0.5 M Zn(OTf),/TMP electrolyte that enabled a long-
lasting Zn|VS, cell with a capacity of ~140 mA h g~ ".*** The
structural analysis indicated irreversible changes occurring
along with Zn** insertion/extraction, as evidenced by XRD. As
the work was primarily focused on optimizing Zn electrode|elec-
trolyte stability, no detailed information on the VS, redox type
was provided. The (de)intercalation behavior of Zn** was sug-
gested in aqueous Zn|VS, batteries by observing reversible shifts
in XRD patterns and other analyses.*>” The capacity did not
greatly exceed the observed values in the nonaqueous system®**

4556 | Chem. Soc. Rev., 2025, 54, 4531-4566

d) Different reasons for inferior charge storage in nonaqueous ZIBs.

with minor or no proton contribution to the VS,/Zn**
electrochemistry.

Finally, oxide spinel compounds have been reported as
promising cathode materials for both aqueous and nonaqueous
ZIBs both in terms of capacity and high operation voltage,3*%%*!3
This finding appears to be in disagreement with the degradation
phenomena in the aqueous Zn|MnO, system, for which the
capacity of the cell fades concurrently with the formation of the
ZnMn,0, phase and Zn-Mn-O spinel that are poorly active. On
the other hand, Zhang et al.*"* used non-stoichiometric ZnMn,O,
spinel with Mn deficiency in the lattice in aqueous zinc triflate
electrolyte. Interestingly, unlike for most MnO, polymorphs, a
double-plateau discharge profile, typical for dissolution-redeposi-
tion MnO, phenomena, was not observed. The same electrode
also demonstrated a moderate capacity (90 mA h g~') in an
acetonitrile-based electrolyte. Another group reported nonaqu-
eous ZIBs using ZnAl,Co,_,0,*° and ZnNi,Mn,Co, ,,0,"° spi-
nels. Using ZnAl,Co,_,O, allowed a capacity of 120 mA h g™ ' at
0.1C in a Zn(OTf), solution in acetonitrile. The Zn-Ni-Mn-Co
spinel was shown to have an even higher capacity, reaching
~180 mA h g, enabled by Ni and Co redox pairs. Both systems
demonstrated some issues with the CE being ~90%-95%
even after 100 cycles. An amine base additive, 200 ppm of 1,4-
diazabicyclo [2.2.2]octane (DABCO), was used for Zn-Ni-Mn-Co
spinel to make it feasible by suppressing electrolyte oxidation.'*’

This journal is © The Royal Society of Chemistry 2025
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However, despite the high potential and reasonable capa-
city in reported spinel work, this direction for nonaqueous
ZIBs has not yet gained much attention and development.
In addition to composition and defect management, all
the aforementioned studies have addressed nanoparticle
materials (12-20 nm for Zn-Mn, 10-25 nm for Zn-Al-Co,
and 10-100 nm Zn-Ni-Mn-Co). The Zn-Al-Co and Zn-Ni-
Mn-Co spinels were prepared by citric sol-gel technique,
whereas the nano-sized ZnMn,0,/C spinel composite was
obtained by ammonia-induced Zn*", Mn>" precipitation fol-
lowed by 180 °C heating. Exploiting even 50-nm small
ZnMn,0, particles could achieve only ~30 mA h g~" because
of the slow Zn>" diffusion into the spinel structure. For spinel
oxides to be active in nonaqueous ZIBs, several factors should
be treated and optimized thoroughly: the use of an appro-
priate synthetic route to obtain nanomaterials with a high
surface area and particle size not exceeding 30-50 nm to
overcome slow divalent diffusion limitation; the use of com-
posites with nanocarbon to mitigate conductivity and inter-
particle contact issues; and finding an appropriate electrolyte
or electrolyte additive to suppress side reactions at high
potentials.

In summary, various types of materials behave differently in
aqueous and non-aqueous ZIBs (Fig. 19c and d). The oxide- and
phosphate-based materials possess obviously inferior charge-
storage ability towards Zn>" compared to H', which is the
reason for the typically poor performance in nonaqueous
electrolytes. In addition, kinetic reasons such as lower desolva-
tion energy or higher diffusion rates boost high capacities in
such frameworks in aqueous environments. Finally, the ability
of water to accept or donate protons and dissolve various
species enables deposition-dissolution reactions. In contrast,
some metal sulfides, metal hexacyanoferrates, and spinels
show similar capacities both in aqueous and non-aqueous

This journal is © The Royal Society of Chemistry 2025

electrolytes and demonstrate the ability to accept Zn>*; how-
ever, much more elaboration is required to improve the long-
term electrode performance.

6. Conclusions and perspective

The role of water in AZIBs is much deeper and more complex
than merely acting as a highly polar solvent. As has been
intensively studied in the last few years, water is involved in
many processes at the cathode and anode. Some of these
processes are useful for achieving high performance of AZIBs,
whereas others are harmful.

The beneficial processes include capacity boosting by H'
intercalation or co-intercalation in vanadium-oxide electrodes
and the high-capacity deposition-dissolution chemistry of
MnO,-Mn**, which is supported by Zn**-H,O acid-base chem-
istry. From one point of view, Zn**-H,0 equilibria enable
versatile ion-hybrid batteries with dual Zn**/H" roles. For this
reason, aqueous zinc-ion batteries outperform their nonaqu-
eous counterparts as well as Ca- and Mg-ion batteries, which
are difficult to work with. However, the high water activity and
low potential stability window are responsible for many unde-
sirable reactions, such as zinc corrosion, which limits battery
life and stimulates dendrite formation, dissolution of cathode
materials, and amorphization.

Thus, there lies a question: which direction of ZIB develop-
ment is beneficial in terms of battery performance and which
direction of research is crucial for process understanding? For
practice, one would desire to merge the high capacities and
promising kinetics/power of AZIBs with the high stability and
absence of various side reactions of non-aqueous ZIBs. Thus,
various approaches to control the water activity>** may be used
when selecting the appropriate electrolyte (Fig. 20).
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A well-known approach for decreasing the water activity and
decelerating and suppressing side reactions is using highly
concentrated water-in-salt electrolytes.>>> Although such systems
show promising performance, their scalability and applicability
remain unclear as the salts used are usually expensive and the
use of high concentrations raises price and toxicity issues.
Another approach involves the use of mixed solvents, e.g.,
(H,O-PC); here, water enables hydration or some proton-
donating properties beneficial for kinetics; however, its low
concentration and interaction with an organic co-solvent
decreases the activity and eliminates many harmful side
reactions.*>**1414%:174 The potential downside of such a sys-
tem might be organic solvent toxicity but, eventually, it would
depend on the solvent type used.

From the applied science view, we propose that the com-
bined solvent approach holds the most promise, such as the
use of organic-aqueous based mixed electrolytes to limit water
activity and suppress corrosion and other undesired processes
while benefiting from the H,O-driven capacity boost by H'-
intercalation or H,O-solvated Zn*' intercalation. At the same
time, the mixed solvent-based electrolyte is inherently less
expensive than WiS electrolyte due to the use of reasonable
amounts of salts. From a fundamental perspective, studies on
AZIBs require a broader use of research approaches and studies
related to dissolved species and dissolution-deposition pro-
cesses, particularly extensive use of UV-vis spectroscopy and
operando pH monitoring. Due to the highly dynamic oxide-
hydroxide chemistry, amorphization processes should be
studied in detail, and comprehensive post-cycled electrode
characterization is needed to identify the real active phase(s)
and understand the cycling mechanism for prolonged cycling.
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