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Developing Cathode Materials for Aqueous Zinc lon
Batteries: Challenges and Practical Prospects
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Growth in intermittent renewable sources including solar and wind has
sparked increasing interest in electrical energy storage. Grid-scale energy
storage integrated with renewable sources has significant advantages in
energy regulation and grid security. Aqueous zinc-ion batteries (AZIBs)

have emerged as a practically attractive option for electrical storage because
of environmentally benign aqueous-based electrolytes, high theoretical
capacity of Zn anode, and significant global reserves of Zn. However,

1. Introduction

The concentration of carbon dioxide (CO,)
in the atmosphere reportedly reached
419 ppm in Oct 2022.11 This adds to
warming the planet and is important in
climate change. Increasing CO, has cata-
lyzed a rapid global growth in renewable
energy, including solar and wind.”! Renew-

application of AZIBs at the grid-scale is restricted by drawbacks in cathode
material(s). Herein, a comprehensive summary of the features and storage
mechanisms of the latest cathode materials is provided. The fundamental
problems and corresponding in-depth causes for cathode materials is
critically reviewed. It is also assess practical challenges, appraise their
translation to commerce and industry, and systematically summarize and
discuss the potential solutions reported in recent works. It is established
necessary design strategies for Zn anodes and electrolytes that are matched
with cathode materials for commercializing AZIBs. Finally, it is concluded
with a perspective on the practical prospects for advancing the development
of future AZIBs. Findings will be of interest and benefit to a range of
researchers and manufacturers in the design and application of AZIBs for

grid-scale energy storage.
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able electricity capacity is reportedly fore-
cast to increase by > 60% between 2020
and 2026, reaching more than 4800 GW.1’!
Battery-based energy storage is seen as
important to enabling renewable, inter-
mittent energy sources. Because of a rela-
tively favorable energy density, lithium-ion
batteries (LIBs) with organic electrolyte(s)
are practically attractive for portable elec-
tronics and electric vehicles, however large
scal production is limited by finite (low)
lithium reserves, high (and fluctuating)
cost and safety risks that restrict grid-scale
application.

Rechargeable aqueous zinc ion batteries
(AZIBs) are, especially, practically prom-
ising for grid-scale energy storage because
of abundant Zn, low cost, high ionic con-
ductivity and reduced safety risks.! The use of Zn electrodes
in batteries is not new. Primary Zn batteries including Zn-air,
Zn//NiOOH, Zn//Ag,0 and Zn//MnO, are reportedly globally
available, in which Zn//MnO, is dominant.’! Initial attempts
to develop rechargeable AZIBs were reportedly hindered by
limited chemical and electrochemical compatibility between
electrolyte and Zn electrodes, such as a narrow working voltage
window, poor reversible Zn plating/stripping, and low Cou-
lombic efficiency (CE) due to formation of Zn dendrites and
irreversible byproducts (e.g., ZnO and Zn(OH),) in alkaline
environment(s).[l The limitations associated with alkaline elec-
trolytes have driven research interest in alternatives including
mildly acidic and neutral electrolytes. The adoption of these
“new” electrolyte systems has enabled the successful devel-
opment of rechargeable AZIBs, such as Zn//a-MnO, cells./!
Continuing research on AZIBs chemistries has concentrated
on protection of metallic Zn anodes, development of cathode
materials, together with exploration of compatible electrolyte(s)
and novel separator(s).!

The particular electrochemistry of Zn imposes nontrivial
limitations on cathode materials including, being stable at high
voltage and concurrently exhibiting large capacity. Similar to
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LIBs, the selection of cathode materials largely determines cost
of AZIBs and electrochemical performance. With Zn metal as
anode, the open circuit voltage (OCV) and capacity for an AZIB
are determined by selection of the cathode material.”) Signifi-
cant rate performance and gravimetric power density is exhib-
ited only if Zn-insertion cathode materials yield high ionic/
electronic transport and sufficient redox reaction kinetics in the
cathode and, at cathode—electrolyte interface(s). It is acknowl-
edged that good cycling stability with AZIBs will be dependent
on structural integrity and stability of cathode materials. Over
the recent 10 years there has been a research focus on cathode
materials compatible with highly reversible Zn intercalation/
de-intercalation, with use of Prussian blue analogues, vana-
dium-based materials, Chevrel phase compounds and organic
compounds. However, these materials do not exhibit suffi-
cient electrochemical performance, making them less attrac-
tive for commercialization in rechargeable AZIBs. Importantly
however, despite reports of cathodes with demonstrated large
reversible capacity at high voltage, findings from most reports
were not transferable to practical devices because of difficulty in
rigorous interpretation of performance, highlighting a need for
more agreed and systematic methods with cathode materials.
In this Review, we provide a comprehensive summary of the
features and storage mechanisms of the latest cathode mate-
rials. We critically review the fundamental problems and corre-
sponding in-depth causes for cathode materials. We also assess
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practical challenges, appraise their translation to commerce
and industry, and systematically summarize and discuss the
potential solutions reported in recent works. We establish nec-
essary design strategies for Zn anodes and electrolytes that are
matched with cathode materials for commercializing AZIBs.
Finally, we conclude with a perspective on the practical pros-
pects for advancing the development of future AZIBs. Findings
will be of interest and benefit to a range of researchers, engi-
neers and manufacturers of equipment in understanding and
applying AZIBs for grid-scale energy storage.

2. Research Progress and Practical Challenges

2.1. Electrochemical Mechanism for Zn?* lon Storage

Development of AZIBs is predicated on selection of cathode
material(s) that, generally can be divided into Mn-, and V-,
based materials, Prussian Blue Analogues (PBAs), organic
compounds, layered chalcogenides, other metal oxides and pol-
yanions, together with conversion-type materials. Cathode mate-
rials are of research interest for mild-acid AZIBs because of
practical potential for grid-scale energy storage. Understanding
Zn storage mechanism(s) therefore is important to rational
design of cathode materials for improved electrochemical per-
formance. As presented in Figure 1, there are six (6) storage

Mi

Figure 1. Schematic diagrams of the storage mechanism for representative cathode materials for AZIBs.
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mechanisms for cathode materials, 1) Zn** insertion/extrac-
tion, 2) conversion reactions, 3) H*/Zn?* insertion/extraction,
4) Mn?*/MnO, dissolution/deposition, 5) ion coordination, and
6) multiple-ion insertion/extraction. Representative chemical
equations are given in Table 1.

2.1.1. Mn-Based Cathodes

Manganese (Mn)-based oxides, including MnO, polymorphs
(-, B, ¥, &, &, and todorokite-MnO,), Mn,0;, Mn;0,, MnO
and ZnMn,0,, are reportedly used as cathodes for energy
storage and conversion because of abundance, relatively low
toxicity and capacity.l’l. These advantages make manganese
materials most popular as cathodes for AZIBs. As an example,
theoretical specific capacity for MnO, is 308 mA h g™! based on
discharge product of Zn,sMnO, and, mean discharge plateau
is 1.2 to 1.4 V for Zn//MnO, cell.]

Despite significant progress, Mn-based cathodes however usu-
ally exhibit rapid capacity fading on cycling and poor rate perfor-
mance. Additionally, there is no agreement on the Zn?* ion storage
mechanism(s). Four(4) storage mechanisms have been reported
for &*MnO,, namely, 1) reversible Zn ion insertion/extraction
into/from bulk cathodes, which involves a reversible phase trans-
formation from MnO, to products with layered or spinel struc-
tures, 2) chemical conversion reaction between o-MnO, and H,
3) the uptake/removal of both Zn?" and H* at different charge/
discharge stages, and 4) Mn%*/MnO, dissolution-deposition.'">1?
There is little reported agreement on electrochemical storage
mechanism(s) for Mn-based materials, evidencing a need for sys-
tematic determinations based on the crystallographic structure,
particle morphology and pH value of electrolytes.

2.1.2. V-Based Cathodes

Vanadium oxides are widely reported as cathode materials for
AZIBs because the vanadium oxidation states (V** (x = 2, 3, 4,
5)) and redox properties are various. Basic V-O coordination
polyhedra are assembled into different frameworks of vana-
dium oxides, whereas the V coordination polyhedra varies from
tetrahedron through square pyramid and trigonal bipyramid,
to distorted and regular octahedra. These continuous changes
in both complex polyhedra and V oxidation can be practically
adjusted to accommodate Zn?** ions to produce “good” elec-
trochemical performance. The conventional mechanism for
V-based AZIBs is insertion/extraction of Zn?" in the selected
host material(s), while the Zn?* transfer, ion-insertion thermo-
dynamics and kinetics are reportedly improved with H* ions.
The ion-insertion sequence and transfer kinetics depend on
structure of cathode materials, crystallographic polymorphs and
particle size of active materials.®l The H*/Zn?" co-intercalation
mechanism is not understood, with unknowns including, posi-
tion of inserted H* ions in cathodes and how the H* inser-
tion affects the insertion of Zn?* ions. Additionally, the two
(2) mechanisms are reportedly classified as reversible cationic
redox reactions, while the oxygen redox reaction with relatively
greater potential, is activated if both suitable cathode material(s)
and electrolyte(s) are selected. The oxygen activity needs to be
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boosted to achieve an anion redox reaction; one method is to
increase the electron density of oxygen.[!*

2.1.3. PBAs-Based Cathodes

PBAs are attractive for use in battery systems including, Li*,
Na*, K* and Zn?', and grid-scale applications because of “large”
open structures robust structural stability, versatile ion-storage
capability and sufficient redox-active sites.[”]

The generic formulation for a PBA component can be rep-
resented as A,M;[M,(CN)g],-nH,0 (0 < x < 2; y < 1), where A
represents alkaline, and M transition metals.'®l PBAs have an
open 3D structure with “large” storage sites in which Zn?" ions
reversibly “shuttle”. Because of high operating voltage of AZIBs
with the PBAs cathode of 1.5 to 1.8 V, cells exhibit specific
energy density from 100 to 120 Wh kg™, based on total mass
of active electrode materials.'%! Typically, both vacancies and
crystal water exist in the structure of the PBAs because of rapid
precipitation and are the important factors influencing perfor-
mance of PBAs for AZIBs, i.e., cycling stability. For storage
mechanism for PBAs, the reversible Zn?" ion intercalation/
de-intercalation reaction is most common, however Zn?*/H*
intercalation/de-intercalation is also observed in some PBAs
including, vanadium hexacyanoferrate PBA.[V] Additionally, the
number of vacancies and crystal water in PBAs affects storage
mechanism(s). The effect of non-ferrous metal ions, especially
electrochemically active metals, Mn, Co and V, on the charge
storage behaviors of PBA materials needs future assessment.

2.1.4. Organic-Based Cathodes

Organic compounds, including molecules and polymers, are
attractive because of environmental friendliness, sustainability,
low cost, tuneable structure and fast reaction kinetics.[0418]
Based on electrochemically active groups and redox chem-
istry, organic electrode materials (OEMs) can be classified into
three (3) categories: 1) n-type, materials based on C=0 bond
reaction (carbonyl active materials) and C=N bond reaction,
2) p-type, triphenylamine derivatives, organosulfur polymers
and nitroxide radical-based polymers, and 3) bipolar types,
conducting polymers. In contrast to traditional intercalation/
de-intercalation mechanism for inorganic host species in
AZIBs, the storage mechanism for conjugated carbonyl mate-
rials is a reversible heterogeneous enolization coupled with
ion—coordination reaction.”) For example, the p-type cathode
during charging loses electrons and converts to a positively
charged state (P*), coordinating with anions from electrolytes
to maintain molecule neutrality. In contrast, n-type cathodes
are changed from a negatively charged state (N7) to a neutral
state, together with release of coordinated cations to electro-
lytes. Bipolar organic electrodes can be converted to a positively
charged state (P*) when losing electrons, or to a negatively
charged state (N7) when gaining electrons. In addition to
the charge carrier, H* can also be the phase transfer mediator
in Zn-organic batteries including, Zn//p-chloranil cells. Tt is
therefore important for organic-based cathodes to confirm the
function of protons in aqueous electrolytes.
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Table 1. Comparative summary of mechanisms for representative cathodes in AZIBs.

Cathodes Cathode reaction Mechanism
Mn-based
MnO,* 2MnO, + Zn?* + 2e” <>ZnMn,0, Zn?" insertion /extraction
MnO,*! MnO, + H* + e «<> MnOOH Conversion

3Zn%* + 60H" + ZnSO, + xH,0 <> ZnSO, [Zn (OH),]; xH,0
MnO,M! MnO; + H* + e~ <> MnOOH H*/Zn?" insertion/extraction

Zn% + 2e” + 20-MnO, <> ZnMn,0,

MnO,8l MnO, + H* + 2e <> Mn?* + 2H,0 Dissolution/deposition
V-based

Zng 55V,05-nH,0 P
NaV;04-1.5H,0 B8l

PBAs

Zn hexacyanoferrate ['7b]

VO hexacyanoferrate 7]
Organics

Triangular phenanthrenequinone-based
139

macrocycle (PQ-A)
TMDs

Mos, 40l

Other metal oxides

M r10)([263]
CuO 25

Polyanion
VOPO,B0
Na;V,(PO,)5*

Conversion Cathodes
1,23

NG

Zng25V,05-nH,0 +1.1Zn%" + 2.2 > Zny 35V,05-nH,0

3.9H,0 > 3.9H* + 3.90H"
NaV;05-1.5H,0 + 3.9H* + 0.5Zn%"+ 4.9e~ — H; gNaZng sV3051.5H,0

XZn%* + 2xe” ++ Zn3[Fe(CN)g], <> Zns,,[Fe(CN)gl,
(VO), 31Fe(CN)4-5.95H,0+xZn?* + 2xe > Zn, (VO); 31Fe(CN)4-5.95H,0

PQ-A + 3Zn(CF3503), + xH,0 + 66~ <> PQ-A-3Zn?*xH,0 + 6(CF;S03),~

xZn?* + x2e” + MoS, <> Zn,MoS,

MoO,+yZn?" + 2ye” =Zn,MoO,

3CuO +4H" + 4e— — Cu + Cu,O + 2H,0 (first charge)
Cuy0 + 2H* + 2e™ ¢» 2Cu + H,0 (following cycles)

VOY*PO, + xZn?* + (2x +y)e™ <> Zn VOPO,

Na3V,(PO,)3 — (3-x)Na® + (3-x)e” + Na,V,(POy); (first charge)
Na,V,(POy4)3 + zZn?* + yNa* + (2z+y)e™ <> Zn;Nay.,)V2(PO4); (following cycles)

I +2e” > 21

S+Zn?* +2e” <> ZnS

Zn?" insertion/extraction

H*/Zn?* insertion/extraction

Zn?" insertion /extraction

H*/Zn?* insertion/extraction

lon—coordination

Zn?" insertion/extraction

Zn%" insertion/extraction

Conversion

Zn?" insertion/extraction

Multi-ion insertion/extraction

Conversion

Conversion

In addition to organic species, research interests have
focused on metal-organic frameworks (MOFs) and covalent
organic frameworks (COFs) because of the ordered and func-
tional porosities with “large” surface areas that boost ion
transport and transfer kinetics.?”! MOFs and COFs composed
of selected electrochemically active transition metals, or organic
linkers, share similarities, enabling flexible structural design
engineering, optimizing platform voltage, charge transfer
and integral flexibility. Currently reported MOFs that contain
hydroxy and carbonyl groups as ligand and redox couples in
MOFs, reportedly exhibit reversible metal-ion deintercalation/
intercalation properties in AZIBs.?! In addition to metal-cation
redox activity that can be provided by transition metals with
multi-valence, e.g., V¥/V>*, Co**/Co’*, Fe?*/Fe**, Cut/Cu®* and
W*/W>*, other coordination sites in MOFs, or COFs with Zn?*
can be extended rather than be limited to carbonyl and hydroxy
groups including, MOFs with cyano groups as ligand.[?? How-
ever, MOFs and COFs used directly as cathodes appear to be
developed at slower pace than traditional organic compounds
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because of structural instability and the lack of reversible sites
at high potential.

2.1.5. Layered Transition Metal Dichalcogenides-Based Cathodes

Transition metal dichalcogenides (TMDs) are usually denoted
MX,, where M is transition metal, e.g., Mo, Ti and V and, X
chalcogen atoms, e.g., S, Se and Te. Among these, layered
TMDs including MoS,, VS, and VSe, are reported to efficiently
store Zn?* ions, based on typical Zn?" intercalation chem-
istry.2223 They exhibit a working voltage window of < 0.8 V and
a specific capacity of < 250 mA h g! that is attributed to the
high Zn?" intercalation energy barrier at the electrode-electro-
lyte interface and the absence of H" intercalation. Despite H*
intercalation being confirmed in some layered TMDs, only
10% of observed capacity reportedly comes from H* intercala-
tion, far less than for Mn- and V-based oxides. The reason is,
most likely, the formation of a strong hydrogen bond following
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H' intercalations into the oxide host and weak S-H and Se-H
interactions.

2.1.6. Other Metal Oxides-Based Cathodes

In addition to manganese and vanadium oxides, other metal
oxides, such as layered MoO; and spinel Fe,O; and spinel
ZnCo,0,, can also accommodate Zn** ions. However, they
generally exhibit lower conductivity and reversible specific
capacity (< 200 mA h g™!) compared to manganese and vana-
dium oxides.?!l Nevertheless, with certain modifications, some
molybdenum- and copper- oxides can achieve a reversible
capacity of over 250 mA h g .[?°l The charge storage mecha-
nism for these materials typically relies on H*, Zn?* insertion
or H*/Zn?* co-insertion, while CuO and Cu,O cathodes follow
a conversion reaction mechanism.?>¢26 Despite their high
capacity, the low discharge plateau remains a major challenge
for their use in AZIBs. In addition, the relatively high cost of
Mo may limit its scalability for large-scale energy storage. In
contrast, exploring oxides composed of earth-abundant ele-
ments such as Fe and Cu offers an advantageous approach,
and increasing their energy density is a crucial objective that
deserves significant attention.

2.1.7. Polyanionic Compounds-Based Cathodes

Compared with other cathode materials, polyanionic com-
pounds are attractive as cathode materials for AZIBs because
of a unique covalent-bonded framework providing robust struc-
tural and thermal stability, with increased cycle life and safety.
In addition, interstitial tunnels generated from the open net-
work structure for ionic conduction, and high voltage, with
the inducive effect of the polyanion and rich structural diver-
sity, provide high flexibility for materials design.'%®*] Typi-
cally, research with polyanions in AZIBs focuses on phosphate
and fluorophosphate. Although many polyanionic compounds
exhibit relatively low specific capacities because of intrinsically
significant molecular mass, the strong interaction between the
P-O chemical bonds in PO,>~ groups “unlocks” potential for use
as a high-voltage cathode > 1.3 V.28 The charge storage mecha-
nism for polyanion cathodes involves Zn?" intercalation/de-
intercalation, Na®/Zn?" intercalation/de-intercalation such as
in Zn//Na3V,(PO,); cells, or Zn?* intercalation/de-intercalation
accompanied with H* intercalation/de-intercalation.l?”) Highly
reversible O-related redox chemistry in the high voltage region
of 1.8 to 2.1 V without oxygen evolution reaction(s), was report-
edly observed in layered polyanionic compounds including,
VOPO, and hydrates.["

2.1.8. Other Cathodes

It is reportedly practical to increase the energy of AZIBs via
replacing the storage mechanism from traditional ion intercala-
tion to conversion-type cathodes with multiple-electron transfer.
Among these, halogen materials are new materials with a con-
version-type storage mechanism.’! Compared with gaseous
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chlorine and liquid bromine, there has been relatively rapid
advances in aqueous Zn-I, batteries with a focus on developing
I, host materials.

Typically, the energy storage mechanism relies on a single-
electron conversion reaction of iodine (I7/1° and the highly
significant and necessary excess of host materials.?2 However,
this is reportedly addressed via activating I, to multi-electron
conversion. For example, a nearly doubling in energy density
was reported in development of iodine-decorated MXene cath-
odes because of an additional discharging plateau assigned to
I7/I" at 1.65 V versus Zn/Zn?" other than the normal plateau of
1.3 V versus Zn/Zn?*"1*3 In addition, conversion-type cathodes
involving multi-electron transfer reactions including, S, Se and
Te, exhibit significant capacity at a relatively high potential to
significantly improve energy density of AZIBs. However, these
conversion-type cathodes are not widely applied because of pre-
sent inferior electric conductivity, sluggish reaction kinetics of
the multi-electron transfer and the solution/shuttle effect(s).

In summary, because of the diversity of cathode materials,
AZIBs systems with a range of energy density have been devel-
oped. However, despite developments AZIBs do not realisti-
cally meet the energy requirements for grid-scale application(s).
Fundamental mechanism(s) impact redox potential, storage
capacity, charge transfer and structural stability. However, the
mechanism for Zn?" ion storage in AZIBs systems is complex
and is poorly understood. Improved understanding is likely
to result from judiciously combined operando techniques and
computational simulation, targeted on reaction(s) and material
evolution during charge/discharge. The interactions between
electrolyte, interfaces, anode and cathode should be considered.

2.2. Challenges for Practical Cathode Materials

In addition to poor understanding of charge storage chemistry
and critical factors that control electrochemical reactivity in
cathode materials, additional problems include, dissolution of
active materials, side reactions, structural instability and low
energy density. Poor understanding of these limits practical
application of AZIBs.

2.2.1. Dissolution of Active Materials

The redox chemistry for cathode materials differs depending on
the salt and pH value of the aqueous electrolyte. Compared with
alkaline electrolytes, mild-acid aqueous electrolytes are prefer-
able because of weak-corrosive impact and good compatibility
with Zn anode. However, these can degrade the electrochemical
and chemical stability of cathode materials, leading to dissolu-
tion of active materials into the electrolyte, which can be fur-
ther aggravated owing to the increasing protons from the water
splitting. As a result, the cathode materials undergo structural
degradation/collapse, and the cell fails because of limited life
span. For example, Mn-based cathodes, as can be seen in the
Pourbaix diagram for manganese oxides, Figure 2a, MnO,
will spontaneously transform to Mn?* in mild-acid electrolytes
via reduction when the potential is < 0.8 V versus Standard
Hydrogen Electrode (SHE).[*?l Given that the redox potential for
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Figure 2. Pourbaix diagram for a) Manganese and b) Vanadium, oxides. Reproduced with permission.l*2l Copyright 2019, Wiley-VCH GmbH. Schematic
for dissolution of ¢) Inorganic, d) Organic and e) lodine, cathodes. Schematic for f) Byproduct formation and g) Phase change.

Zn/Zn*" is —0.76 V versus SHE, Mn?" species will be gener-
ated at =1.56 V during discharge of Zn//MnO, full cells. Con-
sidering the operating voltage window for Zn//MnO, batteries
ranges from 0.8 to 1.9 V, the dissolution of Mn?* ions is report-
edly observed during most of the state of charge. Importantly,
the solubility of Mn?* ions is high in water, e.g., for MnSO,,
70 g per 100 mL of H,0 at 7 °C, that evidences a significant
number of manganese ions are dissolved in the electrolyte at
the end of the discharge. It has been found that the dissolved
Mn?" in the aqueous electrolyte occupies =1/3 of the total Mn in
the cathode electrode following discharge.[*¥l Worse still, as the
concentration of dissolved Mn?*increases, tiny nanograins con-
sisting of Zn?* and Mn?* precipitate from the electrolyte, which
are unlikely to be electrochemically decomposed once deposited
on the cathode surface. These highly irreversible byproducts
inevitably cause the permanent loss of active Mn, leading to the

Adv. Funct. Mater. 2024, 34, 2301291 2301291 (6 of 26)

capacity decay of the MnO, cathode. It is worth noting that the
formation of Zn?*/Mn?* nanograins is only triggered when the
Mn?* concentration exceeds a certain value, indicating that the
dissolved Mn?* can still be converted to active MnO, in the early
stage if there are adequate electric contacts and reaction sites
available. As for the Zn anode, although the dissolved Mn?* is
unlikely to be deposited on the Zn anode as the redox potential
of Mn/Mn?* is -1.185 V (vs. SHE), a value less than that for
Zn/Zn*", it can affect the solvation environment of Zn?* and
the redox reaction of Zn anode. As a result, Mn-based cathodes
exhibit inferior reversibility and cycling performance, despite
energy densities > 300 Wh kg! that are exhibited because of
large capacity and high operating voltage. Additionally, the dis-
solution of Mn2+ reportedly induces phase transition from fun-
damental building blocks of MnOG6 octahedra in MnO2 to other
polymorphs as either crystalline or amorphous.
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Similarly, V-based cathodes exhibit vanadium dissolu-
tion during cycling in AZIBs, especially in weakly acidic
aqueous ZnSO, and Zn(CF;S03), because of strong polarity
of water molecules and anions. The structural disintegration
is increased as cycling proceeds because the coordinated water
molecules and Zn?* ions co-insert into the interlayer spacing/
tunnel of vanadium cathodes forming the hydrogen bond with
the lattice O*~ and weakening the V-0 bond strength.

Therefore, capacity fading can be reflected from the V-based
cathode cycled at low current density, but excellent cyclability is
exhibited at high rates as the vanadium dissolution is inhibited.
Meanwhile, the dissolution species is complex due to the multi-
valence of V in vanadium cathodes. As shown in Figure 2b,
Boyd et al.*l reported that the dissolution of vanadium greatly
depends on the activity of H" in the aqueous electrolyte. When
the pH is < 3.0, vanadium will be presented as VO," under the
potential below 0.45 V (vs. SHE, 1.21 V vs. Zn/Zn?").ll While
for mild-acid electrolytes (3.0 < pH < 6.0), the vanadium com-
pounds will be converted to VOH?* and a lower potential is
necessary for the complete conversion (-0.05 V vs. SHE for
pH =3, -0.60 V vs. SHE for pH = 6). If the operation potential
is above 0.40 V (vs. SHE, 1.06 V vs. Zn/Zn?"), H3V,0,” will be
the dominant dissolved species in mild-acid electrolytes. These
findings indicate that vanadium dissolution is ubiquitous when
operating in mild-acid electrolytes.®l Tt is also reported that
the most stable species derived from the vanadium dissolution
in mild-acid electrolytes is VO,(OH),~, which could react with
Zn*" to form Zn;V,0,(OH),-2H,0 (ZVO0)."”) The ZVO could
be the only host for reversible intercalation/de-intercalation of
both Zn* and H*. The vanadium dissolution can also diffuse to
the Zn anode, where V will be reduced to V3* or V¥ species and
deposited on the Zn anode, Figure 2c, decreasing the electro-
chemical reaction sites and the utilization of zinc. It is widely
reported that stable crystal structures are thermodynamically
insoluble. Therefore, vanadium-based oxides with different
polymorphs could exhibit other vanadium dissolution behavior.
A systematic investigation is therefore necessary to understand
the adverse impacts of vanadium dissolution and provide an in-
depth mechanism understanding of the dissolved substances
on the Zn anode.

In addition, the performance degradation of cathodes
including PBAs, polyanionic components, and TMDs is also
related to the dissolution behaviors of transition metals.[!
For example, PBAs can be divided into soluble PBAs (i.e
KFe[Fe(CN)4]) and insoluble PB (i.e., Fe,[Fe(CN)¢]5), where the
excessive K* ion is related to the solubility of PBAs in electro-
lytes. Other reports also found that the diffusion of Zn?* and
the dissolution of active substances in PBAs are closely associ-
ated with the surface orientation structure.*! As a result, for
those compounds with transition metals as building blocks
in aqueous electrolytes, the dissolution problem should
not be neglected and the dissolution mechanism should be
understood.

Different from the inorganic cathode materials, the most
important problem for small organic molecules is the possi-
bility to dissolution in the electrolyte during cycling, Figure 2d.
In addition, it is well-known that organic materials with large
molecular structures are chemically stable in aqueous electro-
lytes and almost insoluble in water, while the ionized discharge

Adv. Funct. Mater. 2024, 34, 2301291 2301291 (7 0f26)

products are prone to be dissolved in the electrolyte, especially
for organic compounds with carbonyl groups,%*0 which
serves as the electrochemically active center. For example, as a
dissolved species, C4Q*~ is soluble in the electrolyte to react
with Zn?* ions through the separator, forming byproducts
(Zn,C4Q) in the uppermost layer of the exposed Zn electrode,
which leads to the capacity degradation of batteries.”! In addi-
tion to carbonyl compounds, amine compounds with the redox
of C = N groups are another promising cathode material of
aqueous ZIBs. Except for the pH value of electrolytes, the spa-
tial arrangement of the amine compounds could also affect the
dissolution effect. For example, Chen et al. found that phena-
zine with steric hindrances constructed by adjacent H atoms is
not accessible to hydrated, limiting its dissolving behavior in an
aqueous solution.l!

Compared with aforementioned cathode materials, the dis-
solution mechanism of halogen cathodes is more complex."]
Taking the conversion-type iodine-based battery as an example,
Figure 2e, in contrast to the reaction pathway of I” <> I3~ <> I,
in the non-aqueous electrolyte, the one-step conversion process
of I” > I, without polyiodide intermediates is more favorable to
most aqueous rechargeable Zn//1, batteries. If the intermediate
of I3~ formed, the utilization efficiency of iodine species would
be reduced, resulting in low energy density and poor stability
due to the high solubility of this intermediate in an aqueous
electrolyte.”? In addition, the liquid-liquid conversion reaction
mechanism in the Zn//I, battery endows its fast kinetics and
excellent rate capability, which makes it a potential candidate
for liquid-flow Dbatteries. Nevertheless, upon the continuous
accumulation of I, at the end of charge, other polyiodide spe-
cies, such as Is7, I;, and Iy, will be generated.l®] These sol-
uble species together with I3~ will diffuse to the Zn anode
under the drive of the concentration gradient, triggering the
irreversible reactions between polyiodides and Zn metals and
finally causing active material loss at both the cathode and the
anode. 315354

2.2.2. Parasitic Byproducts Formation

Continuous discharge—charge will boost the generation of
unexpected byproducts. The selection of electrolytes is one
of the determinant factors for the good energy storage per-
formance of AZIBs and the potentials of the side reactions
involving hydrogen evolution reactions and oxygen evolution
reactions, are sensitive to the pH value and therefore are deter-
mined by the composition and concentration of the aqueous
electrolyte. It is also known that a large number of byproducts
at the cathode after continuous charging and discharging will
be produced and those byproducts are mainly composed of
zinc salts, which are responsible for the increase of interfacial
impedance and capacity fading of cathodes during cycling.
We herein focus on the parasitic side reactions and derived
byproducts on cathode electrodes in the specific electrolyte
solution.[10:5%]

For cathode materials that enable H" intercalation, the main
parasitic byproducts are layered double hydroxides (LDHs)
because the H* consumption increases the local concentration of
OH™ on the cathode side, as shown in Figure 2f. The generated
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OH-~ will initiate the reaction with Zn?* and anions, and the
species of byproduct depend on the anion to some extent. For
example, in ZnSO, aqueous electrolyte, Zn,SO,(OH)4-5H,0
will be the main byproduct, while Zns(OH)gCl,-H,0 byproduct
can be easily detected if ZnCl, aqueous electrolyte is used.
Other byproducts, such as Zny(CF;503)(OH),,., nH,0/
Zny,(CF;3S03)9(OH);5xH,0 and Zn,ClO,(OH);, can be produced
in Zn(CF;S0;), and ZnClO, aqueous electrolyte, respectively.>l
Importantly, the crystalline structure of anion-based byproducts
varies with different interlayer distances. To be specific, the
interlayer distances are =10, =11, and =13 A for Zng(NO;),(OH)s
2H,0, Zn,SO,(OH)g-5H,0 and Zn,(CF;S0s),(OH),,nH,0,
respectively. Among them, Zn,(CF;SOs),(OH)y,nH,0 with
the largest interlayer exhibits the best capacity improvement
because of the widened 3D Zn?** diffusion channel.”” Besides
the primary factor of electrolyte pH, other factors, such as dis-
solved O,, Mn3*" ions, and free water, have also been reported
to affect the formation of LDHs products.®® The role of these
substances is not yet fully understood. Several positive effects
have been proposed, including the stabilization of the chemical
environment of cathode materials (i.e., pH of electrolytes) and
the prevention of cathode dissolution.[%4:5 On the other hand,
negative impacts, such as an increase in interfacial impedance
and the consumption of electrolyte and Zn sources have also
been identified.¥l The advantage and disadvantage of LDHs are
actually defined. For any cathode materials involving H* inter-
calation, the increase of localized OH™ concentration is inevi-
table, and LDHs with large ionic resistance has to be produced
to buffer the pH variation. Instead of solely attributing improved
cycling stability to the formation of LDHs, it may be more
appropriate to view this as a result of self-regulation within the
electrolyte. It is necessary to recognize that this passive adjust-
ment may not be the most optimal solution, as its effectiveness
is limited. A verified and preferred solution for this dilemma is
to introduce pH buffering additives such as ZnO, La(OH); and
Mg(OH), into the electrolytes, without causing bulk electrolyte
consumption and impedance increase but sustaining a stable
solution environment.[®!

In addition to LDH precipitates, other byproducts that
mainly persist in vanadium cathodes. Previous work also dem-
onstrated that severe voltage and capacity decay over cycling
was observed in polyanionic VOPO,xH,0 (VOP), suggesting
the instabilities of the VOPO,-xH,0. Two possible degradation
pathways of VOP in aqueous electrolytes can be concluded:
a) the decomposition of VOP into solid VO, together with the
formation of PO, into the electrolyte. b) the dissolution of
VOP into oxovanadium ions and PO,>~ ions.*®d Similar to the
byproducts as discussed above, their identifications should also
be coupled with some advanced characterization techniques to
better understand the electrochemical Zn storage process. For
example, the irreversible formation of inactive ZnO byproduct
in spinel ZnMn,0, cathode during charge/discharge has been
characterized by in situ Raman and ex situ XRD investigation.
The ZnO byproduct could cause capacity fading and limited
cycling performance.®?

The parasitic byproduct formation remains one of the most
essential and elusive challenges in AZIBs, which inevitably
leads to unsatisfactory cycling performance, especially in the
most commonly focused Mn-based and V-based cathodes. This
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problem is more severe when the AZIBs operate under a low
current density and high temperature, which is not sustainable
and practical for grid-scale applications.

2.2.3. Phase Change

The phase change is a structural distortion for inorganic cath-
odes with specific crystal structures and that primarily relies
on intercalation/de-intercalation storage mechanisms. Due to
the large size (0.76 A) and strong electrostatic attraction, Zn?*
can easily and tightly bond with the electronegative atom
(i.e., the oxygen atom), resulting in significant stress inside
the host materials during insertion/extraction and leading to
structural collapse, or phase transition, Figure 2g.1%%3 This
problem is also found in chalcogenides-based and Mn-based
cathodes with various polymorph species.*] For example,
irreversible phase transformations have been observed in
MnO, polymorphs including -, %, and & polymorphs after
a prolonged cycling performance, resulting in the forma-
tion of spinel ZnMn,0, phase. The formation energy of
—1293.3 kJ mol™ for ZnMn,0, makes the compound very
stable, and the Zn extraction during the charging is highly
unfavorable. The spinel ZnMn,0, also has high Zn migra-
tion barriers that hinder the diffusion of Zn?" ions into the
ZnMn,0, lattice.

Though it is widely recognized that the cathode will undergo
significant volume change during the insertion/extraction of
Zn?* or other charge carriers, there is still a lack of systematic
investigation regarding the microstructural or macrostructural
variation of cathode materials. These findings will be instruc-
tive in understanding the storage mechanism and degradation
mechanism of the intercalation cathodes.

2.2.4. Low Theoretical Capacity

Similar to the redox potential, the theoretical capacity of a spe-
cific cathode material also depends on its chemical nature.
Generally, the theoretical capacity of a material is positively
correlated to the electron transfer number (n) but negatively
correlated to the molar mass (Mw) of the material, Figure 3a.
Mn-based and V-based cathodes have multi-valence states and
relatively small molar mass, enabling multi-electron redox reac-
tions and therefore possess excellent theoretical capacity.a64
In contrast, materials with large structure skeletons deliver
low capacity in AZIBs, such as PBAs, organic materials, and
polyanionic cathodes. Chalcogenides and metallic oxide cath-
odes exhibit low theoretical capacity with low electron transfer
numbers (n = 1) as the redox potentials of multi-electron reac-
tions exceed the electrochemical stable windows of aqueous
electrolytes. Capacity is an important indicator to determine
the energy density of the battery, and the upper limit of this
indicator is the theoretical capacity. How to minimize the size
of molecules and activate reversible multi-electron reactions
is the key to high theoretical capacity, which requires con-
tinuous exploration and mining of new chemistries. Concur-
rently, researchers need to be aware of the balance of the output
capacity and cycle stability.
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2.2.5. Sluggish Charge Transfer Kinetics

The charge transfer kinetics of one electrode can be divided
into two aspects, that is, ionic transport and electron trans-
port kinetics. In terms of ionic transfer kinetics, compared
with other monovalent charge carries, such as Li* or Na*, the
divalent Zn?* presents intensive electrostatic interactions with
H,0 molecules in aqueous electrolytes, which forms a solvent
structure of Zn-(H,0)¢?*, accompanied by an increased mole-
cule size of 5.5 A (only 0.76 A for Zn?").'%% Before the inser-
tion of Zn?" into cathode materials, a lot of energy is required
to contribute to the desolvation procedure to release Zn’* from
the compact H,O solvation sheath, Figure 3b. As a result,
cathode materials involving Zn?" intercalation reactions, such
as Mn-based, V-based, and polyanionic cathodes, are hindered
by desolvation penalty of hydrated Zn?*. Additionally, the diva-
lent Zn?** induces strong electrostatic repulsion, leading to
sluggish solid-state diffusion kinetics compared with that of
the monovalent charge carriers.® The solid-state diffusion is
also intimately related to the structure of cathode materials..[%!
Take Mn-based cathode as example, the theoretical capacity is
quite complex because of its crystallographic polymorphs that
have entirely different ion diffusion channels. For example,
0-MnO, with 2 x 2 tunnels often delivers a capacity higher
than 250 mA h g!, while the spinel »MnO, merely presents a
capacity lower than 100 mA h g™."2¢7] Different from the inter-
calation/de-intercalation mechanism for aforementioned inor-
ganic cathodes, organic cathodes that rely on ion-coordination
reactions or halogen cathodes that employ conversion reac-
tions are less dependent on the insertion of Zn?", resulting in
favorable charge transfer kinetics.31P68]
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The external electronic circuit of batteries is established
on the stable connection between the cathode and anode. In
AZIBs, the Zn anode is a good electronic conductor, while
most cathode materials exhibit unsatisfactory electronic con-
ductivity, Figure 3c. For example, Mn-based, V-based, and
chalcogenide materials are semiconductors with inferior elec-
tron conductivity.®”! To maintain a good conductive network, a
large number of conductive species (at least 20 wt.%) is needed,
resulting in the “sacrifice” of active mass loading in the cathode
electrode.

The electrochemical storage behavior of the cathode mate-
rial largely depends on the kinetics of charge transfer, where
the sluggish kinetics leads to the large electrochemical polari-
zation, resulting in less-than-ideal storage capacity and inferior
rate capability. Currently, the underlying mechanism of the
solvation/de-solvation behaviors near the electrode/electrolyte
interface is still unknown and understanding of key parameters
controlling the diffusion of Zn?* ions in different cathodes will
be meaningful to tailoring cathode materials with boosted rate
performance and high capacity.

2.2.6. Challenges for Practical Application

Fundamental research on cathode materials and the related
energy storage mechanism made considerable contributions
to the development of AZIBs by providing basic knowledge
to both academia and industry. However, most of the research
results from academia cannot directly transfer to practical
devices for grid-scale application because of the lack of under-
standing of industrial requirements. In this case, we emphasize
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Figure 4. Obstacles to practical application of AZIBs. a) Energy density, b) Safety risks, c) Costs, and d) Performance.

the following key parameters that are widely focused on in
energy storage systems and re-evaluate those parameters in
AZIBs, in order to make the academic research toward the
practical deployment in grid-scale energy storage.

Energy Density: In the case of batteries, specific energy den-
sity is intimately coupled to each other by the battery chemistry
and choice of battery materials. Commercial batteries such as
LIBs exhibit balanced performances in terms of energy den-
sity, power density, service life, safety, self-discharge perfor-
mance, operating temperature range, and cost, in which energy
density is the most important parameter being considered by
both academia and industry. This is because the energy den-
sity can determine the maximum potential of a battery. The
value of a battery is evaluated by the total usable energy (W h)
and the price of a battery is represented by the price of energy
(US$ kW h7Y), regardless of battery size or mass."®l There-
fore, the low energy density of energy storage systems tends
to occupy more cell volume and adds to its manufacturing
and installation costs. However, different from the application
of LIBs in electric vehicles with stringent design and perfor-
mance requirements, an energy density over 50 Wh kg is
sufficient for AZIBs in terms of stationary applications.l>>”!l
Another important factor is the exact interpretation of the
obtained energy density in research, which should be verified
in accordance with the accepted industry codes and standards,
Figure 4a. Because the working voltage (V) gradually decreases
with the depth of discharge, the mean voltage (Vijean) should
be used to calculate the electrical energy, instead of the open-
circuit voltage (V,.). Furthermore, the measured capacity
decreases as the discharge current increase. In most cases,
the cell capacity in AZIBs is limited by the cathode capacity,
so the energy density is often estimated by simply multiplying
the obtained capacity by the V,, taking into consideration the
Zn anode, but neglecting the mass of other components such
as the electrolytes, separator, current collectors, and the pack-
aging element.”?l Therefore, most of the energy densities are
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somewhat overestimated. In addition, most of the reported
energy densities calculated in scientific papers are based on a
coin type, Swagelok, or a specific model cell, which are often
far away from those of practical cells (cylindrical type, prismatic
type, and pouch type).

Safety: Cost alone does not guarantee success. Mass-scale
deployment of AZIBs also requires major improvements in
performance, reliability, materials availability and stability.!
Another important performance parameter for AZIBs should
be safety, this is because, with grid-scale systems, the impact
of a single incident can have substantially larger consequences
than with smaller units. This shows that safety is indispen-
sable for gaining the confidence of the user, investor, and
insurer and holds precedence over its widespread adoption.
Though aqueous systems are widely recognized as a safer
alternative than classical LIBs with an organic electrolyte,
aqueous batteries are not necessarily inherently safe due to
rapidly increasing internal pressure caused by side reactions
of gaseous products or uncontrolled high-temperature thermo-
vaporization, Figure 4b. For cathode materials, the challenges
associated with the formation of gas evolution and thermal
phase changes can ultimately cause mechanical deformation of
the cell components, leading to safety issues in the cell. It is
therefore necessary to determine whether the selected cathode
material is intrinsically safe and reliable or whether potential
safety hazards can be solved by solutions before the start of the
practical deployment.

Cost Competitiveness: The academia emphasizes impressive
electrochemical performance, whereas the battery cost and prep-
aration technique are mostly disregarded. However, for AZIBs
to be successfully deployed, the cost and performance charac-
teristics are important and will need to be cost-competitive with
conventional technologies. An independent study suggested a
target cost for grid-scale energy storage at < US$100 per kW h
(and power at < US$600 per kW).” Since cathode materials
largely determine the cost of AZIBs, the electrodes should be
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preferably chosen from abundant and cost-effective materials,
Figure 4c. Preparation process issues are also a huge obstacle to
industrial application. For instance, the hydrothermal method
and the modified co-precipitation method are major synthetic
routes for cathode material production.”” Considering these
synthetic approaches involve complex mixing, drying, and high-
temperature sintering processes, the cathode material produc-
tion cost is still too high.®l It should be noted that some newly
developed methods are claimed to be cost-effective for synthe-
sizing cathode materials in both laboratory-scale and pilot-scale
tests, while there is no quantitative assessment of the potential
to reduce the cost. Processes involving hazardous chemicals
or expensive equipment, and low yield of materials cannot be
neglected as well.

Performance: In terms of practical application, the following
two parameters are critical for cathode materials in terms of
performance evaluation, Figure 4d. a) Mass loading. The elec-
trochemical behavior at high mass loading of cathode materials
determines the electrochemical properties of AZIBs. Although
electrochemical performance can be evaluated in thin elec-
trodes with low active material loading (<3 mg cm™?), electro-
chemical performances simply do not scale with high mass
loading. If active materials have low electronic conductivities,
a large number of conductive species will be required to build
up a conductive network. Especially, when a high mass loading
is required for practical deployment (7 to 15 mg cm™2), the
challenge of inadequate electronic conductivity will be magni-
fied due to the lack of integrated conductive networks.’”} The
introduction of abundant non-active material components (con-
ductive species and binders) will eventually decrease the active
material mass ratio, which results in inferior energy density.
The mass loading should be high enough that an areal capacity
of 2 to 4 mA h cm™ is reached. b) Negative/positive ratio (N/P
ratio). For LIBs, the N/P ratio is generally set to 1.05 to 1.15 to
avoid the deposition of Li on the graphite anode during charge,
and this value can be further increased to 2.5 if a Li metal
anode applies. However, performance reported in the literature
has often been obtained under a higher N/P ratio for AZIBs
(usually > 30:1), while they are only of limited value for indus-
trial production.”®!

Different applications have different performance require-
ments, for example, such as loading shifting, the systems are
required to MWh or even GWh levels that are capable of dis-
charge duration of up to a few hours or more.”! This kind of
application requires high round-trip efficiency and long deep-
cycle life, along with low operation and maintenance costs.
However, for frequency regulation, the capacity may not need to
be long-lasting but must have a long cycle life. How to develop
the cathode materials to assemble AZIBs to fulfil various appli-
cation scenarios is still a big challenge.

3. Strategies for Developing Advanced Cathodes

Notwithstanding excellent electrochemical performance can be
obtained, the cathode materials still face respective shortcom-
ings. To mitigate corresponding issues for these cathode mate-
rials, plenty of studies have been carried out on introducing
novel structural designs and compositions. This section revisits
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the current efforts in material engineering, electrolyte regula-
tions, separator modifications, etc., aiming to reveal the under-
lying design principles and inspire innovative strategies for
future studies.

3.1. Achieving High Redox Potential

The elegant introduction of extra redox centers with low Fermi
level into targeted materials has become a prevalent strategy to
boost electrochemical activity and conductivity, which has been
extended to the modification of cathode materials in AZIBs,
Figure 5a. It is believed that Mn and V are important active ele-
ments in most cathode materials and incorporating V or Mn
elements into cathode materials without V and Mn elements
would be a practical tactic. For instance, Wu et al. reported
that when Mn is incorporated into the polyanionic cathode
of Na;V,(PO,);, a significant increase in both capacity and
working voltage (89.1% capacity retention after 3000 cycles at
5.0 A g) can be observed in the Na,VMn(POy); due to a two-
step electron transfer mechanism between V3*/V# and Mn**/
Mn?* redox couple.’”! Similarly, by introducing the Co?"/Co*"
redox couple into the CoFe(CN), PBAs, the two-species redox
reaction of Co?"/Co*" and Fe?'/Fe** contributes CoFe(CN)g
PBAs a high discharge voltage of 1.75 V with a high capacity
of 1734 mA h g’l, which is much higher than that of the PBAs
with single Fe?*/Fe** couple (=60 mA h g™ at an operating
voltage of 1.2 V).[72 However, the introduction of new redox
sites may possibly increase the molecular mass, resulting in a
decreased capacity (will be discussed in the following). Besides,
its applicability would be a huge challenge since not all the
redox couples can be mixed together due to intrinsic incompat-
ibility or synthesis issues.

Taking advantage of oxygen redox (0>/O7) is another facile
and efficient strategy in layered oxide cathodes to improve the
potential and increase the capacity.®”! For instance, Wan et al.
discovered that the activation of the oxygen redox process not
only led to increased capacity and a higher V,, of the Zn/
VOPO, batteries, but also improved rate and cycling perfor-
mance.’l This is because of the increase in the electron den-
sity of the oxygen atoms due to the existence of P-O covalence,
which weakens the V-O covalence compared with that of the
V,Oy polyhedra. Therefore, the oxygen redox reaction was acti-
vated at 1.82/2.02 V for the VOPO, cathode and =27% addi-
tional capacity can be provided after the activation of oxygen
redox reactions. Notably, the occurrence of anionic redox reac-
tions depends on the design of new cathode materials and the
appropriate selection of electrolyte formulas. The reversibility
of the anion redox is another issue as the irreversible release of
O, inevitable leads to capacity degradation and batteries safety.

According to the Nernst equation, the redox potential of cath-
odes can be altered when the species or the concentrations of
redox substances are changed, which can be easily realized by
the strategy of electrolyte engineering, Figure 5b. For instance,
the traditional Mn*"/Mn*" redox pair in the mild-acid electro-
lyte can offer a redox potential of 1.3 V based on the interca-
lation mechanism while activating the Mn?**/Mn*" redox pair
can increase the redox potential from 1.3 to 1.9 V based on
the conversion mechanism. The Mn?"/Mn*" redox pair can be
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Figure 5. Development of high working potential of cathode materials. a) Introduction of additional redox centers, b) Activation of multi-electron reac-
tions, c) Regulation of charge carriers, and d) Strategies for organic compounds. €) Increasing storage capacity of cathodes.

dramatically enhanced by increasing the acidity of electrolytes
to promote the dissolution of Mn?* ions in the electrolyte.®!
Engineering the electrolyte from the mild-acid solution to an
acetate-based near-neutral electrolyte can also unlock the Mn?*/
Mn*" redox chemistry because the acetate ion could lower the
dissolution barrier of MnO,.B! Besides, the 1°/I* redox couple
can be activated by introducing the Cl~ additive into the elec-
trolyte due to the I* dissolution can be efficiently controlled by
the formation of the ICl intermediate. In this case, the redox
potential can be further increased from 1.28 to 1.65 V in Zn/
I, batteries. Other electrolyte additives containing exotic cations
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(i.e., Li* or Na*) can establish hybrid ion batteries by concur-
rently using the exotic cation and Zn?" ions as charge carriers
to increase the redox potential of the battery further.®? Intro-
ducing cathode materials (i.e.,, LiMn,0,) with good compat-
ibility with exotic cations will be a prerequisite factor. Besides,
according to the Nernst equation, increasing the zinc salt con-
centrations of the electrolyte can increase the redox voltage to
higher values because the activity of Zn?" ions in the electro-
lyte is enlarged, Figure 5c.3 For example, when the concen-
tration of ZnCl, electrolyte was increased from 1 to 30 M, the
redox voltage of the Zn//Ca,V,05-0.8H,0 was increased by
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0.15 V.5% While the potential of Zn/Zn?" also increases with
the salt concentration, which may offset the augmentation of
cathode potential. The success of this strategy greatly depends
on the species and activity of the charge carriers, which still
requires deep understanding. Even if the increase in electrolyte
concentration should change the redox potential, the ionic con-
ductivity and the energy density are decreased, along with the
increase in production cost.

Due to the unique charge storage mechanism of organic mate-
rials, strategies to improve the redox potential are different from
inorganic cathodes, Figure 5d. Taking p-type organic cathodes as
an example, the cathode potential originates from two-step reac-
tions. The first step is the oxidation of p-type organics removes
electrons from the p-conjugated structure and the second step
is that anions balance the positive charge left on the organics
from the electrolyte. Therefore, previous research attempted to
increase the redox potential by either improving the high elec-
tron affinity of targeted organics by introducing electron-with-
drawing groups (-CN, -F, -Cl, and -CF;) or choosing appropriate
electrolytes to enable compact anion solvation structure forma-
tion during cycling.®¥ Adjusting substituent positions and aver-
aging the electron cloud density via aromatic 7 structures are
also beneficial for the first step.® The electrolyte engineering
can be realized by choosing suitable salts (SO~ > CF;SO;™ >
ClOy") or solvents (acetonitrile > ethyl methyl carbonate > poly-
ethylene glycol) during the electrolyte preparation.®¥ It should
be noticed that the cycle stability may be compromised because
the strengthened binding energy also leads to slow electrode
kinetics and heterogeneous reactions. It is recommended that
additional efforts be made to expand our knowledge regarding
the correlation between the charge storage behaviors of organic
cathodes and the constituents of the electrolyte.

3.2. Increase the Storage Capacity

The number of transferred electrons and molecular mass dic-
tates the theoretical capacity of a cathode material. Increasing
the number of transferred electrons and decreasing the mole-
cular mass of cathode materials will be the most intriguing
strategies to improve the storage capacity, Figure 5e.

3.2.1. Redox Centers Engineering

The incorporation of new redox centers can improve the number
of transferred electrons to enhance the storage capacity, but at
the cost of a marginal increase in the molecular mass. Taking
conventional Na;V,(PO,); cathode (M,: 455.7 g mol™?) as an
example, it can only deliver a capacity of 106.5 mA h g, while
the Na,VMn(PO,); (M,: 482.7 g mol™) with the introduction of
Mn?*/Mn?** redox couple gives the capacity of 230.7 mA h g1l
This strategy is particularly suitable for cathode materials with
inherently large molecular mass since the introduction of addi-
tional redox pairs will not significantly increase the molecular
mass. Additionally, for organic cathodes with large molecular
mass, removing inactive skeletons from the molecular struc-
ture without affecting the structural stability will be an alterna-
tive way to improve the capacity of the organics.®” Introducing
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atomic defects such as anion (oxygen, sulfur, selenium, etc.)
and cation (manganese, vanadium, etc.) vacancies may become
another advisable choice to boost the capacity but not contribute
to the molecular mass. The introduction of defects in cathodes
has been claimed to enhance the electrochemical performance
of AZIBs by improving the Zn?* transfer kinetics and electro-
chemical reactivity (will be discussed later), but the quantities
and sites of defects have never been discussed, which should be
emphasized and need further exploration.

3.2.2. Activating Multi-Electron Redox Reactions

Single redox with low capacity or low working potential domi-
nates especially for inorganic materials, such as Mn**/Mn*, V#/
V3*, and 19/17, etc. Activating two-electron redox pairs may be an
intriguing solution, especially for cathode materials with multi-
valent elements. It is found that activating V**/V>* two-electron
reactions in LiV;0g cathode under high cut-off voltage of 1.6 V
can obtain an appreciable capacity of 5575 mA h g, although
a large polarization happens at high current densities.8 For
Zn/[1, batteries, with the support of F~ and Cl~ additives, the
resultant multi-valent conversion of I7/1%/I* led to a significantly
improved capacity of 207 mA h g7, benefiting from two well-
defined discharge plateaus at 1.65 and 1.3 V. The high voltage pla-
teau region at 1.6 V contributed to over 52% capacity and 69.8%
energy output®¥ In addition, Multi-electron redox pairs can
also be achieved in organic cathodes if increasing the number
of active functional groups (i.e., carbonyl groups).l*! Clearly, the
energy density of iodine-based cathodes can be further improved
by elevating the working potentials, but at the cost of forming of
polyiodide and irreversible capacity loss. Notably, the operation of
two-electron redox pairs requires high working potential, which
needs aqueous electrolytes with superior oxidative stability.
Therefore, further explorations from the perspective of cathode
materials, electrolytes, and their interfaces are needed.

3.3. Accelerate Reaction Kinetics

One of the origins of the capacity fading of the cathode in
AZIBs is that the successfully intercalated Zn?* ion cannot be
fully de-intercalated out of the interlayer and then stuck in the
interlayer, limiting the Zn?" diffusion.®! Eventually, the storage
site of the host will be permanently occupied and induce
capacity loss. Therefore, strategies capable of promoting Zn?*
diffusion are required to address this problem. Given that elec-
trochemical reactive kinetics closely depends on the structure,
surface chemistry, morphology, etc., varied approaches have
been employed to optimize the cathode materials for improved
ionic/electronic conductivity. This section summarizes dif-
ferent modification strategies and analyses the corresponding
working mechanisms.

3.3.1. Pre-Intercalation Effect
Large interlayer spacing is required for layered cathode mate-

rials to provide migration channels for sufficient Zn?" ions
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Figure 6. Increasing reaction kinetics of cathode materials. a) Pre-intercalation, b) Element doping, c) Defects, d) Surface modification(s), e) Composi-

tion and morphology engineering, and f) Other.

flux during cycling.[37] Nevertheless, most reported cathodes
fail to provide wide-open channels. Among the popular strat-
egies, recruiting exotic ions or molecules as pillars to enlarge
the interlayer distance of the host is representative, Figure 6a.
Specifically, a range of metal ions including Fe?*, Mg?*, Ni%*,
Mn?*, Li*, Na*, K*, and even NH,* has been selected into
efficient hosts with large interlayer spacing and robust struc-
tures (i.e., layered vanadium oxides).’” The accessibility of the
pre-intercalation strategy closely depends on if the selected
exotic ions are well-matched with the ionic radius of the host,
instead of the valence state.’!! For example, Ag* with a large
radius size cannot be inserted into the V,Oy cathode. The pre-
intercalation contributes to the long-term cycle stability by sta-
bilizing the host because of the formation of covalent linkage
with host frameworks. However, it is still unknown if the exotic
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ions can be extracted from the host structure during cycling.
This is strongly related to the electrostatic attraction between
the exotic ions and the host framework. Normally, monovalent
ions have a weaker binding energy with the lattice oxygen than
that of Zn?* ions and the multi-valent ions.l®! The presence of
a large number of exotic ions offers a flexible nature to the host
framework structure but would induce unstable structure and
structural degradation if they are extracted from the host mate-
rials. Therefore, host materials, exotic ions, and related binding
energy should be carefully considered to keep the structural sta-
bility with enlarged interlayer spacing. The quantity and distri-
bution of exotic ions inserted into the host materials cannot be
neglected as well. Besides, it is believed that zero-valent metal
species can be successfully intercalated into layered materials
without altering the valence state of the host elements and
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damaging the structural robustness of the host materials, while
the direct intercalation of zero-valent metals in bulk, layered
materials has rarely been achieved in AZIBs.%?

Similar situations have been extended to other exotic mole-
cules including H,O, small molecules, and polymers. The
insertion of Zn?* hydrate can not only expand the interlayer
spacing of the host material but also mitigate the strong charge
interactions between Zn?* ions and the host framework by pro-
viding a functional charge shield to favor the intercalation/de-
intercalation of Zn?* ions.l'%! In addition, conductive polymers
including poly(3,4-ethylenedioxythiophene) (PEDOT) and poly-
aniline can expand the interlayer spacing of host materials.’]

It should be noted that the pre-intercalation strategy may
only be dedicated to the layered oxides cathodes, while other
kinds of layered materials such as metal chalcogenides, MXene,
and even carbon materials are encouraged to be explored. In
addition, the synthetic procedures should be further optimized
to quantitatively control the introduced exotic ions, engineer
the intercalated sites, and influences on the morphology and
local crystal microenvironment. The electrolyte formulas are
also suggested to be regulated to maintain the pillared struc-
ture, therefore improving the reversible capacity, accelerated
kinetics, and cycling performance. In situ/operando characteri-
zations are also encouraged to understand the pre-intercalation
process and results, in order to establish correlations among the
synthesis, structural change, and electrochemical properties.

3.3.2. Element Doping

Different from the pre-intercalation that is exclusive to layered
materials, element doping is widely applicable to most inorganic
cathodes in AZIBs. Doping cathode materials with metal or
non-metal ions can tune the intrinsic electron structure to boost
the electrode kinetics, Figure 6b. Long et al. reported that by
increasing the doping concentration of Ni?* into Ni,Mn;,O,, the
NiyMn;,O, (x = 1) cathodes can dramatically decrease the band-
gap and improve the electronic conductivity in the Ni;Mn;,0,
crystal structures.* Zhang et al. also reported that the formation
of N-doped MnO,,, branch with rich oxygen vacancies on conduc-
tive TiC/C nanorods can increase the electron densities and lower
the bandgap of MnO,, thus enhancing the activity of MnO, for
AZIBs. ] However, how to realize the precise control of atom
occupancy is also a great challenge. The effect of the occupied
position on tuning the reaction dynamics and the doping content
on the structural stability of cathode materials is still unknown.
Although both metal and non-metal heteroatom doping modifi-
cation is expected to improve the transfer kinetics, comprehen-
sive understandings are required to provide guidance in material
engineering and design. Theoretical and computational under-
standings are powerful in understanding the structural change in
material science, which could help to evidence ideas and explore
possible reasons for performance enhancement.

3.3.3. Introducing Defects

Incorporating defects is beneficial to capacity and charge
transfer kinetics because defects can provide additional sites
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and manipulate the electronic and crystal structures.[*6>% In
material science, the defect of a material always refers to the
vacancy, which can be mainly divided into anion and cation
vacancy. Considering manganese oxides and vanadium oxides
are dominant cathode materials and the low formation energy,
the oxygen vacancy (Oy,.) is the most studied anion vacancy,
Figure 6¢. Basically, the effects of the introduction of Oy, can
be summarized as 1) providing more active sites to improve
the capacity; 2) weakening the electrostatic intercalation of
Zn*" ions with the host materials; 3) boosting the ion/electron
transport kinetics.”/l However, there are still many open ques-
tions to be answered. For example, considering the current pro-
gress is mainly focused on the study of the single defect, if the
introduction of multiple defects can induce synergistic effects
is still unknown. Controlling the defect sites and concentration
is still challenging and requires advanced synthesis protocols
and suitable precursors. Importantly, if the defects can keep the
crystal structure stable is not determined, especially during the
cycling. Meanwhile, the previously reported S, Se, and Te vacan-
cies in materials for alkaline ion batteries would also be prom-
ising and can be trailed in cathodes for AZIBs.!

3.3.4. Surface Engineering

Surface coating is a versatile strategy to address the problems
such as inferior transfer kinetics, structural degradation, and
cathode dissolution (will be discussed in the following). Both
inorganic phase and organic species can be served as coating
materials, Figure 6d. For the organic coating approach, conduc-
tive carbon (i.e., carbon nanotube, graphene, and porous car-
bons) and polymer coating (i.e., PEDOT) were used to improve
the electronic conductivity of pristine cathode materials, such
as MnO,, V,05, Mn;0,, etc.l) The PEDOT coating layer can
also improve the capacity by providing reversible adsorption/
desorption sites.*”! Besides the organic coating, inorganic oxide
coating is another promising strategy to improve the transfer
kinetics by accelerating the transfer of ions through inter-
faces.[%51%] For example, by introducing the PO;~ groups on
the surface of Co;04 ultrathin nanosheets, enhanced electro-
chemical performance can be achieved due to the weak attrac-
tion of electrons in the 3d orbital of Co ions, which lowers the
energy barrier of the redox reaction of Co**/Co* .19 A mul-
tiple surface engineering strategy was also reported by Liu
et al. to fabricate the P-MnO;_ @Al,0; cathode material with
oxygen vacancies, where Al,O; coating can stable the interface
between the cathode and the electrolyte as well as boost the
transfer kinetics, oxygen vacancies can enhance the electronic
conductivity.?*l Coating with inorganic species is also expected
to be obtained via in situ preparation techniques during battery
operation, which can minimize manufacturing steps and costs
in practical production.'Zl This coating layer would be similar
to the formation of the solid-electrolyte interface that is widely
reported in LIBs during the initial operation of batteries. How-
ever, the formation of cathode-electrolyte interface in aqueous
electrolytes is debated and ambiguous because both cathode
materials and the chosen electrolyte chemistry play key roles in
determining the formation of this layer. The effect of coating
can be quite profound, however, the relationship between the

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

95UB017 SUOLUIOD 9A1I.D) 3{cedl|dde aupy Ag peusenob ake sapie VO ‘8sn JO S9Nl 1oy Akeiq18UIIUO AS]IAA UO (SUOTHPUOD-PUR-SULIBI WD A3 |IM ARG 1 [BU [UO//:ScL) SUORIPUOD PUe SWIS | 8L 88S " [1202/80/02] U ARIq18uluo AS|IM ‘luwn|y SpERPY J0 AlSieAlun Aq T6ZT0EZ0Z WIPe/Z00T OT/I0p/L0d" A3 Im Aleid1|Bul|uoy/Sdiy Woiy papeojumod ‘S ‘%20z ‘82089T9T



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

electrolyte and the coating layer in transfer kinetics, reaction
mechanism, and the change of physiochemical properties of
the coating layer need to be further studied.

3.3.5. Engineering Cathode with Different Compositions and
Morphology

The construction of composite cathodes can endow the com-
posite material with new features and synergistically combine
the advantages of a single material, Figure 6e. As a result, the
composite cathode materials are expected to provide balanced
and superior electrochemical performance.l%! Different from
the coating strategy to form an intimate layer on the surface
of active material, the formation of composite cathodes exhibits
various modes including hierarchical structure, core-shell
structure, stacked structure, etc.'% The most widely studied
compositing uses carbon as a complementary component. In
addition to the multi-functions by the carbon coating layer,
the carbon-based composite materials can alleviate the volume
change of active materials during cycling. The formation of
composite materials is widely reported in various cathode
materials. Nevertheless, considering the existence of non-active
carbon with large surface areas that would possibly take up a
certain of space, the total volumetric energy density would be
decreased. Besides, the employed carbon materials are usually
graphene and carbon nanowires, which are much more expen-
sive than common carbon species and bring the problem of
high cost in terms of practical production. Exploring the rela-
tionship between the carbon content in composite materials
and diffusion kinetics will benefit the development of com-
posite materials in terms of high-energy-density and high-rate
performance.

In addition, the morphology of the cathode material
has a significant influence on the ionic/electronic transfer
behavior, which is governed by a local combination of Ohm’s
law and Fick’s law, and the transport rate can be estimated by
the characteristic diffusion time (7*) according to an equation
(7% = L?/oD), where D is the effective diffusion coefficient,
L is the radius or half-thickness, « is a geometric factor.l%]
Based on this equation, the cathode with nanostructure has a
smaller particle radius (L) compared with that of the cathode
with microstructure, providing a short transport path.[%
Generally, nanomaterials can be divided into four categories
including 0D (nanodots and nanospheres), 1D (nanorods,
nanowires, and nanotubes), 2D (nanosheets and nanofilms),
and 3D (hierarchy) materials.1”l Among them, both 1D and
2D have the advantages of boosting transfer kinetics. How-
ever, the limitation of 1D transport dimensions and the self-
stacking issue of 2D materials during cycling would inevi-
tably weaken the reaction kinetics, especially for the thick
electrode with high mass loading.[®*>1%8] In this case, devel-
oping hierarchical 3D nanostructures with robust structures
and accessible ionic transfer channels is desirable. Neverthe-
less, most cathode materials suffer from dissolution prob-
lems in aqueous electrolytes and the increase in the surface
area of nanomaterials will undoubtedly worsen this problem.
In addition, most of the 3D nanomaterials require complex
synthetic procedures, which blocks the commercialization of
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nanosized cathodes in AZIBs. Most importantly, the intrinsic
low tap density owing to the loose stacking will result in low
volumetric energy density, while the large surface area may
exacerbate side reactions and lower the CE.% In this case,
nano engineering is not as suitable as other modification
strategies for battery materials.

In short, the design principles of advanced cathode materials
with efficient transport kinetics should consider both compo-
sition and microstructure. From the perspective of microstruc-
tural design, a hierarchical cathode consisting of nanostructures
that are encapsulated by conductive species to assemble into
secondary microstructures will be promising. Porous struc-
tures with a suitable surface area can provide abundant transfer
channels, which are also required for the microstructure. How-
ever, the dissolution issue of active materials in the hierarchical
structure brings uncertainties and difficulties in maintaining
the structural advantage. The extensive use of templates or pre-
cursors would also lead to a high production cost. In this case,
it is therefore required to develop multiple strategies involving
material science, electrolyte engineering, separator modifica-
tion, and cell configuration regulation to achieve balanced
performance.

3.3.6. Other Strategies

For iodine-based cathodes, the inferior electrode kinetics
is related to the sluggish I7/I* redox pair, which can be
improved by employing functional catalysts, such as Pt,
MoS; and CoS, in order to lower the energy barrier and
accelerate the charge transfer kinetics, Figure 6£.11% MOF
and PBAs have also been reported as catalysts to promote
the conversion reaction by virtue of the unique Lewis-acidic
metal centers.'"l Nevertheless, the cycling performance of
the Zn//1, batteries after adding functional catalysts is still
unsatisfactory, which can be attributed to the degradation
or the poisoning of the catalyst during Zn?" ions intercala-
tion/de-intercalation.™? The utilization of a noble metal-
based or MOF catalyst will greatly increase the cost of the
cathode, which is not desirable for AZIBs that are targeted
for grid-scale energy storage. Thus, developing catalysts with
cost-effective feature, robust structures, and high catalytic
efficiency is of great importance.

Besides the aforementioned strategies, some strategies
are also used for particular cathode materials to improve the
transfer kinetics, Figure 6f. For instance, MoS, has different
structural phases with different metal coordination geometries,
including a trigonal phase (2H) or an octahedral phase (1T).
Previous results indicate that MoS, with high 1T phase content
(70%) showed outstanding electrochemical performance due
to the low Zn?* ion diffusion energy barrier and metallic prop-
erties for good electronic conductivity."3! It is demonstrated
that the phase change strategy will be applicable to some inert
cathode materials to promote the charge transfer kinetics.''¥
Moreover, molecular engineering is beneficial to improving the
intrinsic electronic conductivity of organic materials, such as
expanding the 7-aromatic conjugation structure, grafting active
groups, and incorporating heteroatom doping, which have been
verified as valid approaches.[5>115]
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3.4. Enhance the Cycle Stability

The electrochemical performance degradation of cathode mate-
rials is not only caused by poor ionic/electronic conductivity
but also caused by the dissolution issue and poor structural/
chemical stability, which is ubiquitous to all kinds of cathode
materials. In this section, we mainly focus on practical strate-
gies to tackle the issues of dissolution and structural/chemical
stability in cathode materials.

3.4.1. Electrolyte Engineering

Engineering the electrolyte has drawn much attention previ-
ously and this section will not comprehensively revisit its role in
manipulating the electrochemical properties of anode and the
anode-electrolyte interface but mainly focusing on stabilizing
electrochemical and chemical stability of the cathode %8116l
Electrolyte engineering is not only beneficial to changing the
redox potential but also conducive to suppressing the side reac-
tion to regulate the parasitic byproducts, Figure 7a. Considering
the dissolution of cations from cathode materials is a reversible
reaction, the cation dissolution can be relieved by increasing
the concentration of identical cations according to Le Chat-
elier’'s principle.""”! This concept has been successfully imple-
mented in manganese-based cathodes to tackle the manganese

dissolution in AZIBs. The same result can also be found in
other cathodes, such as NaV;0y, zinc hexacyanoferrate, Co;0,,
etc. 33181 Specifically, by adding appropriate amounts of Mn?*
into the electrolyte, the dissolution equilibrium of Mn?* from
the MnO, cathodes can be regulated and suppressed. While a
continuous increase in capacity at the initial discharge stage
was observed in the electrolyte containing additional Mn?* ions,
which should be ascribed to the electro-deposition of excessive
Mn?* on the cathode. The ongoing deposition on the cathode
will unavoidably consume the Mn?* in the electrolyte and
weaken the effectiveness of this kind of strategy."'% Besides, the
optimized amount of Mn?" ions in lean electrolyte condition
should also be investigated for practical applications.

Using high-concentration electrolytes (HCEs) is another
effective strategy to mitigate the cathode dissolution owing
to the scarce free water molecules with large saturability in
the electrolyte solution.¥»1191201 This approach can be suc-
cessfully implemented in inhibiting the cation dissolution in
V,0s5, MoO3, and Zn;[Fe(CN)¢], cathode materials when ZnCl,-
based HCEs employed. It is also reported that this strategy
can be extended to dual-salt HCEs system, for instance, in
1.5 M MgSO, + 0.5 M ZnSO, or in 2.5 M Mg(CF3503), + 0.5 M
Zn(CF;S0s), electrolyte, both of these two Zn/yFe,05 battery
systems exhibit good rate performance. This is because the
high Mg?" concentration can suppress the formation of LDHs
byproducts by forming Mg(H,0)¢]*" solvation shell.’?!l Besides,
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HCEs also avoid polyiodide formation by inhibiting the
bonding between I, and free I” ion in electrolytes. Due to the
high concentration of salts, the free I will be fully converted
and immobilized in [Znl,(OH,),,]*™ (x = 2-4) or Zn-I solvated
structures.”?2l The elimination of polyiodides successfully
improves the cycle stability of iodine cathode, even exhibiting
zero capacity fading upon long lifespans. However, previous
reports indicate that the ZnCl, salt is the only one that can for-
mulate electrolytes with high concentrations over 10 M, which
limits the practical application of this concept. Incorporation
with other metal salts with high solubility could help to extend
the concept to other varieties of Zn salts, such as using KOAc
as a secondary salt for Zn(OAc),, but at the expense of low Zn?*
transference number. Additionally, the principles of the HCEs
are not entirely clear, and further fundamental studies about
the formation of ion networks in HCEs and the ion distribution
near the cathode interface should be provided systematically.

Employing organic solvents as co-solvent in aqueous electro-
lytes can also decrease the activity of H,O molecules and alleviate
the cathode dissolution and some non-flammable organic solvents
can maintain the high safety feature of the aqueous electrolyte.’]
Additionally, the existence of organic co-solvent can dramatically
decrease the production cost of the HCEs.?Y Although several
organic co-solvents and additives in low-concentration Zn?*-ion
electrolytes have had some success in redressing these issues, the
efficacy is tempered by them being required in large amounts that
reduce key electrolyte features such as ionic conductivity. In addi-
tion, due to the limitation of existing solutions, it is challenging
to realize the simultaneous regulation of solvation structure and
interfacial interaction in both anode and cathodes, resulting in
inferior electrochemical stability of the full cell.

Solid-state gel catholyte has been developed to alleviate the
dissolution effect of I, cathode materials. Specifically, the gel
catholyte can mitigate the dissolution of iodine and the shuttle
effect of polyiodides in iodine-based cathodes because of the self-
trapped polyiodides at the core-shell interface and inside the
hydrophobic core of micelles.l* The assembled AZIBs presented
a high electrochemical performance, delivering the capacity of
210 mA h g! at the current density of 1 C with 94.3% retention
after 500 cycles. This kind of catholyte can also be used for the
design of wearable, flexible electronic devices. However, limited
energy density will be obtained because additional matrixes must
be used during battery operation. The strategies may be suitable
for other cathodes but have not been confirmed yet.

3.4.2. Structural Engineering of Cathode Materials

As introduced in the previous section, the pre-intercalation
strategy expands the interlayer space of cathode materials to
afford regulated charge transfer kinetics. Such a strategy can
also be used to stabilize the structural stability, Figure 7b. For
instance, the inserted ions or molecules serve as pillars to with-
stand the volume change of the unit cell during continuous
Zn**/H* intercalation/de-intercalation.®*'?’l This is because
introducing exotic ions or molecules significantly changes
the chemical bonds between host materials and the Zn%*/H*.
Generally, most of the pre-inserted ions are cations (i.e., metal
ions and NH,"), which have strong interactions with host 0%,
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enhancing the stability of the crystal structure.?! In contrast,

when water and polymer molecules serve as pillars, they mainly
bond with Zn?* or H* ions to regulate electrostatic interactions
between the Zn?" and the host 0% to stabilize the cathode
structure.”>»1?7l A strong chemical bond is required between
the polymer and Zn?" or H* ions in order to avoid the polymer
being extracted out of the host materials during repeated
cycling. The bond energy between the exotic polymer and Zn?*
or H" ions depend on the valence state, molecule mass, and
the radius size of the polymer.’®l The quantity of the inserted
polymer also has impacts on stabilizing the host structure,
which should be carefully studied and optimized in the future
to obtain acceptable rate capability and energy density.

In addition, another attempt has been carried out to achieve
highly stable cathode materials by developing the surface
coating approach. The functional coating layer could be an artifi-
cial barrier to physically separate the electrode and the aqueous
electrolyte, affording minimized side reactions and mitigated
dissolution.® This layer is also beneficial to buffering the stress
originating from the volume change during the Zn?* or Zn?*/
H* ions intercalation/de-intercalation. Carbon materials, inor-
ganic compounds, and organic polymers have been studied in
the past few years to maintain the structural integrity of cathode
materials for AZIBs.[?*#128 Carbonaceous materials are preva-
lent coating materials when considering their availability, excel-
lent conductivity, capability in buffering volume change, and
wide compatibility with all kinds of cathode materials. Other
species involving inorganic VOOH and Al,O; or organic pal-
mitic acid/polypyrrole and PEDOT: poly(styrenesulfonate)
polymers have been discovered to serve as protective layers to
mitigate the cathode dissolution, especially for Mn-based and
V-based cathode materials.'82212% For instance, the dicyandi-
amide coating layer is able to suppress the disproportionation
reaction of Mn** in MnO,-based cathodes owing to the forma-
tion of 7 donor—acceptor interaction between dicyandiamide
coating and MnO,. This interaction triggers the Jahn-Teller dis-
tortion and resolves the orbital degeneracy of Mn3*.13% Noted,
organic materials with small molecular structures are readily
dissolved in aqueous electrolytes. Introducing macromolecular
structures with functional groups will be the key for organic spe-
cies as coating materials.PY82131 Additionally, in situ formation
of a cathode-electrolyte interface will be a promising strategy
to tackle the cation dissolution issue in cathode materials,
although it is challenging because both electrolyte formulas
and the cathode materials should be well matched. This inter-
face is only reported in Ca,MnO, and K;o[V!V;4VV140g,] cathode
materials.'2132] In our opinion, to be a suitable coating layer,
the material is supposed to own good flexibility and robustness
against repeated and vigorous volume expansion and contrac-
tion. Therefore, composite materials containing organic (i.e.,
carbon or polymers) and inorganic species would be interesting
to achieve the coating layer with enough flexibility and durability.

3.4.3. Composite Materials
Similar to the surface coating strategy, the formation of a com-

posite material stabilizes the structure by buffering the volume
change, Figure 7c. Porous carbonaceous materials will be the
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most-studied materials to incorporate with targeted cathode
materials to obtain composite materials, and most of the com-
posite materials contain hierarchical or core-shell structures
with high surface area and porous channels.*3l More impor-
tantly, composite structures with suitable pore size distribution
are capable of encapsulating or absorbing the dissolved sub-
stances near the electrode, such as the dissolved polyiodides in
I, cathode.’™ To strengthen the adsorption capability, function-
alized carbon materials such as introducing heteroatom, vacan-
cies, and even organics (i.e., poly(tetrahydrofuran), polyaniline,
and polypyrrole) into carbon are also practical strategies.!3
Other materials with strong adsorption capacity and suitable
pore size (i.e., MOF, COF, or molecular sieves) could also
be used.34 It is noted that the design of a composite structure
always aims to enhance the conductive properties of Mn-based
and V-based cathodes, while the effectiveness in mitigating
cathode dissolution is still unknown. Much more effort should
be made to develop composite materials to increase the transfer
kinetics and chemical stability simultaneously.

3.4.4. Separator Designs

Using a functional separator to immobilize dissolved spe-
cies near the cathode surface is another useful strategy, which
has been widely used in I,-based flow batteries to mitigate the
shuttle problems and prevent the diffusion of 157, Figure 7d.01%]
In AZIBs, a Zn-Nafion separator is recently developed to regulate
the Zn?* distribution and inhibit the dissolution problems for
either V,05 or MnO, cathodes.!3% In addition, MOF, cellulose,
and conventional polyolefin separators can serve as separators as
well, while proper modification should be made in order to meet
the practical application for grid-scale energy storage in terms of
performance, production cost, and synthesis procedure.?213’]

4. Strategies for Matched Zn Anode and
Electrolytes

Representative fundamental science has made a significant
contribution to the key knowledge and technology of AZIBs.

However, directly transferring the created knowledge and
claimed high performance from academia to the industrial
phase is actually difficult.’*® This is because most of the dis-
cussed knowledge and the so-called high performance are
based on small-scale coin-cell configurations, where excess Zn
resources, overdosed electrolytes, and low loading of cathode
materials are involved. This section aims to revisit the main
parameters of anode and electrolyte in AZIBs and provide
some principles for AZIBs with special attention to the deploy-
ment in the industrial process.

4.1. Zn Anode

Many efforts are devoted to stabilizing the Zn metal anode by
adopting various designs because challenges are associated with
the zinc anode in alkaline solution, such as the Zn dendrite
formation, H, evolution, morphology change of the Zn anode,
etc. Among them, how to inhibit the Zn corrosion in mildly
acidic aqueous electrolytes (because the ZnO formation and
the growth of Zn dendrite can be suppressed) is an important
topic because the corrosion will irreversibly consume both the
Zn anode and the electrolyte, Figure 8a. Importantly, this cor-
rosion issue should be further emphasized if a high utilization
of Zn anode requires (referred to as high depth of discharge).””)
The role of the Zn utilization and the CE is widely ignored by
current academic research, despite its great influence on the
energy density of AZIBs. For example, for an identical cathode
material, the energy density of the full cell can be doubled if
the Zn utilization can be increased from 25% to 100%. At the
same time, because of the Zn corrosion, the increase in Zn uti-
lization will certainly cause low CE and fast cell failure under
limited Zn resources. Nevertheless, most reports employ a
Zn foil even more than eight times oversized with respect to
the cathode. The adopted current density and capacity are far
from the practical situation.””3% In fact, the symmetric Zn//
Zn half-cell and Zn//cathode full cells should be tested with
high deposition capacities in order to increase the utilization
of the Zn anode. Working under large areal capacities will help
judge whether the applied strategies are effective and practical.
Using a thin Zn anode (e.g., 10 um) and testing under severe

b

Figure 8. Important parameters and design principles for a) Zn anode and b) Electrolyte for practical AZIBs for large-scale application.
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environments, such as high/low temperature, moderate cur-
rent densities, and lean electrolyte conditions, is also recom-
mended to mimic the realistic battery operation condition.
Understanding the correlation among Zn utilization, electrolyte
amount, and performance will be desperately required. Alter-
natively, an anode-free AZIBs would be a promising approach
to unlock the energy density of Zn anode further, while the Zn
corrosion and the lack of Zn-rich cathode materials with stable
Zn?* ions supply should be addressed.

4.2. Electrolyte

In addition to the factors such as current density and Zn uti-
lization, aqueous electrolyte is another critical reason for the
reversibility of Zn anodes in a given electrochemical working
window, Figure 8b. The aqueous electrolyte is also responsible
for the dissolution and transfer kinetics issues of the cathode
materials. ZnSO,, ZnCl,, and Zn(OTF), are the most studied
Zn salts in aqueous electrolytes for Zn-based batteries. Con-
sidering the electrolyte is usually not involved in the redox
reactions, most reports focused only on the species and con-
centration of salts, solvent, and additives, but ignore the electro-
lyte dosage. In terms of energy density, the fewer the electrolyte
dosage, the higher the energy density. However, an adequate
amount of electrolyte must be used to sustain the normal oper-
ation of batteries. In detail, the electrolyte dosage is related to
the porosity of both anode and cathode electrodes, as well as
the electrolyte uptake of separators. It could be more complex
for AZIBs, in which self-corrosion resulting in continuous
electrolyte consumption is prevalent. As a large amount of
electrolyte will sacrifice energy density, a lower dosage is rec-
ommended for AZIBs and the electrolyte dosage should be
optimized and evaluated under a high Zn utilization and thick
cathode electrode with high mass loading. It is very challenging
to obtain the overrated battery performance under these real-
istic conditions, however, this will help to produce meaningful
experimental results, which represent realistic ZIB working
conditions.

Although electrolyte engineering is a viable strategy to
improve the performance of cathode materials, there are still
a shortage of systematic investigation on the compatibility
issues between electrolytes and specific cathodes. Both salts
and solvents are dominant components of electrolytes and dic-
tate the primary physical properties of electrolytes and even the
electrochemical performance. For AZIBs, the primary solvent
is H,O, while the potential salt could be ZnSO,, Zn(OTF),,
ZnCl, and Zn(OAc),. Currently, electrolytes containing ZnSO,
and Zn(OTF), attract great research interests for their excellent
compatibility with the Zn anode. However, it is still unclear
how salts can influence the cathode materials in different elec-
trolytes. Importantly, for Zn salts with inferior compatibility
toward Zn anode may possess better compatibility with cathode
materials. Maintaining good compatibility with anode and
cathode is the perquisition factor toward practical application.

The adoption of non-aqueous electrolytes or hybrid electro-
lytes (aqueous-organic solution) for Zn batteries has drawn
much attention in the past five years because electrolyte engi-
neering is deemed to affect both the anode and cathode of
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AZIBs significantly. For example, hybrid electrolytes are used
to inhibit the Zn dendrite growth and byproducts formation
concurrently. However, the formation mechanism of dendrite
and byproduct is different and rare reports decouple the effect
of electrolyte engineering on these two issues.['16¢149 Besides,
organic solvents have unparalleled advantages in extreme tem-
perature because of the wide liquid range.!! Nevertheless,
aqueous-organic solution would increase the safety concern
of AZIBs, despite non-flammable organic solvents with phos-
phorus-containing functional groups being developed to tackle
this issue. Additionally, previous work indicates that the com-
pletely non-flammable electrolyte may exhibit inferior safety
performance due to its intensive reactivity, contrary to the con-
ventional understanding.*?l For AZIBs, a major motivation is
their perceived safety relative to prevalent organic LIBs, while
the AZIBs using hybrid electrolytes would possibly undergo
hazards such as gas evolution and safety hazards. It should be
careful to choose an organic solvent and be accurate in adopting
an optimal concentration. Additionally, it is challenging for an
electrolyte with a single solvent capable of resolving all issues
related to the anode and the cathode. Therefore, exploring
new electrolytes with dual-solvents or even ternary-solvents
to achieve a balanced performance of wide working windows,
good compatibility with cathode and anode, and satisfying
safety properties is preferred.

Additionally, tools of the atomic resolution, in situ/operando
capability involving synchrotron/neutron diffraction, nuclear
magnetic resonance, online mass spectrometry, supercom-
puters, and theoretical simulations, should be utilized to pro-
vide deeper insights into the reaction mechanism and develop
structure-versus-electrochemical property models.

5. Conclusion and Prospects

AZIBs are of increasing research interest because of abundant
Zn, low cost, good safety performance and high ionic conduc-
tivity.*] So far, the lifespan and performance of Zn anode have
been improved to a relatively high level.™* Despite wide vari-
eties, however, cathode materials still face many challenges,
hindering the practical application of AZIBs. Materials used in
AZIBs include, Mn-based oxides, V-based compounds, PBAs,
organic compounds, layered chalcogenides and polyanions,
together with conversion-type materials. Crystal structure, com-
position and morphology of cathodes, together with electrolyte
components produces differing mechanism(s) for Zn?* storage
and electrochemical performance. There are six (6) energy
storage mechanisms: 1) Zn?' insertion/extraction, 2) conver-
sion reactions, 3) H*/Zn?" insertion/extraction, 4) dissolution/
deposition, 5) ion coordination and 6) multiple-ion insertion/
extraction. The insertion/extraction chemistry is rather com-
plex and there is a lack of a precise characterizations to deter-
mine the genuine storage mechanism including inserted ions,
inserted sequence and structural change.

The cathode material also has six (6) problems to overcome
before the practical commercialization: 1) dissolution of active
materials, 2) parasitic byproduct formation, 3) phase change,
4) low theoretical capacity, 5) sluggish charge transfer kinetics
and 6) challenge for practical application. The dissolution
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problem is widely found in the cathode for AZIBs, having sig-
nificant influence on the lifespan of batteries. For inorganic
materials, especially the Mn-based and V-based cathodes, the
dissolution primarily depends on the pH of adopted electro-
lytes. The molecule structure including size and functional
groups is an important factor for organic compounds to resist
dissolution. In contrast, halogen cathodes relying on the liquid-
to-solid conversion reaction normally are soluble in the elec-
trolyte, while the main challenge is to mitigate the diffusion of
these ions toward the Zn anode. The challenge toward practical
applications includes four (4) key parameters: 1) energy density,
2) safety risks, 3) cost and 4) performance. The development of
cathode materials should take these requirements into consid-
eration to achieve a good balance for commercial application.

Many modification methods have been proposed to address
the problems of cathodes, including structural and morpho-
logical designs of cathodes, engineering of electrolytes and
development of separators. Pre-intercalation is a multipurpose
approach to concurrently stabilize the structure and increase
the electrode kinetics of cathodes. A variety of chemistries
including metal ions and neutral molecules can be the guest
species to regulate the structure properties of cathode mate-
rials. Electrolyte engineering is a useful but feasible method
to improve the stability of electrode/electrolyte interface and
regulate the electrochemical storage reactions. Separator engi-
neering can effectively mitigate the diffusion of ions from the
cathode to the anode and replacing the expensive glass fiber
membrane with affordable separator is a prerequisite to the
practical application of AZIBs. These approaches exhibit great
potentials in performance enhancement of cathodes owing to
the practical effectiveness.

Future development and prospects for AZIBs include: 1) New
cathodes: Prospects for development of new, and more stable
cathodes, such as molybdenum-based oxides, metal phos-
phides, or sulfur will be important to development of AZIBs
for grid-scale energy storage. Besides, polyoxovanadates (POVs)
exhibit unique properties, such as the ability to construct a
variety of cluster structures through the multiple valence state
of V and perform rich coordination chemistry under controlled
experimental conditions. A successful example of POVs is the
K,Zn,V140,5 which possesses a stable skeleton structure with
exceptional redox ability."! Compared with other cathode mate-
rials, organic cathode materials are more worthy of research
owing to the flexible skeleton structure, tailored functional
groups, and high theoretical capacity. However, most organic
materials require complicated synthetic procedures, which hin-
ders large-scale production. The inferior conductivity and poor
crystallinity should be overcome to further optimize the perfor-
mance of electrode materials for practical application. Among
the potential candidates, covalent triazine frameworks would
hold the promise as suitable organic electrodes for AZIBs due
to the existence of stable triazine skeletons, and more explora-
tion are expected to be provided in the future to validate these
ideas. 2) Improving storage mechanism(s): Although the Zn?*
storage mechanisms are poorly understood, new characteriza-
tion methods and advanced technologies might be practically
applied to develop new understanding. For instance, in situ/
operando characterization of materials, electrolyte and interface
in AZIBs from the view of phase evolution, valence change,
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and morphologies change. Related instruments will be in situ
near ambient pressure X-ray photoelectron spectroscopy, in
situ X-ray absorption spectroscopy, in situ Fourier-transform
infrared spectroscopy, etc. In addition, electrochemical charac-
terization techniques also play an important role to measure
the relationship between the degradation of cathodes and the
concomitant degradation of electrochemical performance. For
example, in situ differential electrochemical mass spectrometry
can determine mass resolved determination of gaseous reac-
tants, reaction intermediates, and products in real-time. Con-
sidering a wide array of material candidates is required through
extensive and time-consuming experimentation, machine-
learning could be helpful to enable leap-step advances in the
field of mechanism understanding. 3) Cathode materials opti-
mization: Reported modification methods for cathode materials
includes, pre-intercalation of “guest” species, nanostructure
regulation, surface coating, introduction of defects and inor-
ganic—organic hybrid electrodes, are more worthy of research.
Mature technologies for other energy storage systems, such
as those involving gradient coating, should be applied. These
judiciously applied could be used to stabilize host structures.
4) Flexible batteries: AZIBs show promise for use as flexible
batteries in electronic devices due to their high safety feature.
Unlike traditional LIBs, AZIBs use aqueous-based electrolytes
that are less prone to thermal runaway and fires, making them
safer for use in flexible devices that undergo repeated bending,
twisting, and other mechanical deformation. The afford-
able aqueous electrolyte and low-cost Zn electrodes in AZIBs
make them a practical alternative for use in wearable elec-
tronic devices and even medical implanting devices. However,
the development of flexible batteries for wearable electronics
must focus on suitable electrolytes, as they must exhibit good
biocompatibility to ensure their safety upon exposure to the
human body. In this case, biocompatible hydrogel electrolytes
would be a good choice. Despite this, the relatively low energy
density of AZIBs compared to LIBs may require larger battery
sizes to achieve a high capacity, which could be challenging
in flexible devices that have limited space for batteries. There-
fore, ongoing research to improve the energy density, safety,
biocompatibility, and cost of AZIBs is crucial to make them
an attractive option for use in flexible devices in the future.
5) Rechargeable alkaline zinc batteries: Alkaline zinc batteries
offer high energy density due to the more negative redox poten-
tial of the Zn anode in alkaline electrolytes (-1.26 V vs. SHE
in alkaline electrolytes, compared to —0.76 V vs. SHE in mild-
acid electrolytes) when compared with mild-acid AZIBs. How-
ever, commercializing rechargeable alkaline zinc batteries faces
a significant challenge due to the incompatibility between the
zinc anode and alkaline electrolyte, resulting in the formation
of parasitic ZnO product, dendrite formation, and electrolyte
consumption. These issues can significantly affect the per-
formance and safety of the alkaline ZIBs, limiting their com-
mercialization. To address these issues, one of the promising
approaches is to use anode protection for the Zn anode in
mild-acid AZIBs, such as protective coatings or composite
anodes, and optimizing the electrode structure to improve
the stability of the Zn anode and reduce dendrite formation.
Another promising protocol is electrolyte engineering, such as
the addition of zinc salts or additives, to provide Zn anode with

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

95UB017 SUOLUIOD 9A1I.D) 3{cedl|dde aupy Ag peusenob ake sapie VO ‘8sn JO S9Nl 1oy Akeiq18UIIUO AS]IAA UO (SUOTHPUOD-PUR-SULIBI WD A3 |IM ARG 1 [BU [UO//:ScL) SUORIPUOD PUe SWIS | 8L 88S " [1202/80/02] U ARIq18uluo AS|IM ‘luwn|y SpERPY J0 AlSieAlun Aq T6ZT0EZ0Z WIPe/Z00T OT/I0p/L0d" A3 Im Aleid1|Bul|uoy/Sdiy Woiy papeojumod ‘S ‘%20z ‘82089T9T



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

good electrochemical/chemistry stability. Additionally, researchers
are exploring new cathode materials that can reversibly operate
in alkaline AZIBs, such as metal oxides (e.g., Ni-based oxides)
and sulfides, but their compatibility with the alkaline electrolyte
must be carefully evaluated to ensure optimal performance. It is
concluded therefore that future prospects for aqueous zinc-based
batteries will continue to grow with combined advanced charac-
terizations and new research methods and that they will replace
less cost-effective LIBs in grid-scale energy storage.
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