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Batteries play a pivotal role in various electrochemical energy storage systems, functioning as essential
components to enhance energy utilization efficiency and expedite the realization of energy and
environmental sustainability. Zn-based batteries have attracted increasing attention as a promising
alternative to lithium-ion batteries owing to their cost effectiveness, enhanced intrinsic safety, and favorable
electrochemical performance. In this context, substantial endeavors have been dedicated to crafting and
advancing high-performance Zn-based batteries. However, some challenges, including limited discharging
capacity, low operating voltage, low energy density, short cycle life, and complicated energy storage
mechanism, need to be addressed in order to render large-scale practical applications. In this review, we
comprehensively present recent advances in designing high-performance Zn-based batteries and in
elucidating energy storage mechanisms. First, various redox mechanisms in Zn-based batteries are
systematically summarized, including insertion-type, conversion-type, coordination-type, and catalysis-type
mechanisms. Subsequently, the design strategies aiming at enhancing the electrochemical performance of
Zn-based batteries are underscored, focusing on several aspects, including output voltage, capacity, energy

Received 5th November 2023

DOI: 10.1039/d3cs00295k

Open Access Article. Published on 10 April 2024. Downloaded on 1/19/2026 6:48:16 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/chem-soc-rev

1. Introduction

The increasing use of fossil fuels and growing environmental
concerns have placed a great demand for efficient and sustain-
able energy storage systems capable of harnessing energy from
renewable and clean sources such as wind, solar, and tidal
power."® This surge in demand has played a major role in
driving the widespread adoption of electrification and recharge-
able batteries. Lithium-ion batteries have prominently featured in
various secondary battery applications across industries, includ-
ing communication (mobile phones), portable electronic devices
(smartwatches), and transportation (automotive vehicles), owing
to their high energy density, well-established manufacturing
technology, and low weight.'>*> Between 2020 and 2021, the

“ Department of Chemical and Biomolecular Engineering, National University of
Singapore, 4 Engineering Drive 4, Singapore, 117585, Singapore.

E-mail: z.lin@nus.edu.sg

b Department of Chemistry and Nano Science, Ewha Womans University, 52
Ewhayeodae-gil, Seodaemun-gu, Seoul 03760, Republic of Korea.

E-mail: dhkim@ewha.ac.kr

¢ Institute of Sustainability for Chemicals, Energy and Environment (ISCE’), Agency
for Science, Technology and Research (A*STAR), 1 Pesek Road, Jurong Island,
Singapore 627833, Republic of Singapore

4 College of Chemistry, Key Lab of Environment-Friendly Chemistry and Application
in Ministry of Education, Xiangtan University, Xiangtan 411105, Hunan Province,
P. R. China. E-mail: liuyijiang84@xtu.edu.cn

+ L Tang and H Peng contributed equally.

This journal is © The Royal Society of Chemistry 2024

density, and cycle life. Finally, challenges and future prospects of Zn-based batteries are discussed.

worldwide demand for batteries amounted to approximately 960
GW h, with battery production reaching a range of 7 to 10 million
tons (Fig. 1a)."® The anticipated growth in market demand over
the upcoming years will continue to hinge on batteries, with
projections indicating a surpassing of 3200 GW h by 2030
(Fig. 1a). The escalating demand cannot be solely addressed by
Li-ion batteries, given the projected depletion of the world’s
lithium resources within the span of a century. The diminishing
availability of economically extractable lithium reserves has
prompted increasing concerns regarding global energy security,
emphasizing the critical urgency for battery technologies rooted in
abundant earth metals. Furthermore, the utilization of Li-ion
batteries for large-scale energy storages faces impediments due
to their elevated costs, as well as apprehensions related to safety
and environmental considerations."” Therefore, the urgency to
explore alternative battery systems beyond lithium-ion batteries
is paramount in order to effectively meet the rising requirements
for affordable, safe, and high-performance energy storage systems.

Battery chemistries employing abundant elements like sodium,
potassium, zinc, magnesium, aluminum, and calcium as the anode
have attracted considerable attention as alternative options.'*>
Within the realm of “beyond Li-ion” battery technologies, recharge-
able Zn-based batteries show considerable promise for large-scale
energy storage applications due to distinct advantages associated
with metallic zinc. These advantages encompass a high theoretical
capacity (820 mA h g~ " or 5854 mA h cm ™) as illustrated in Fig. 1b,
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a lower cost of zinc (~US$2 kg ') compared to alkali metals
(e.g, lithium ~US$19 kg '; potassium ~US$13 kg '; sodium
~US$3 kg '), stability and reversibility in aqueous electrolytes,
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and ease of material processing and battery
In addition, the low anodic potential (—0.763 V vs.

standard hydrogen electrode) and the two-electron transfer during
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the battery operation contribute to elevated energy densities.*” ™
Additional benefits of Zn-based batteries include the affordability,
safety, and high ionic conductivity (up to 1 S cm ") of commonly
used aqueous electrolytes, in contrast to flammable organic electro-
Iytes employed in lithium-ion batteries (~1-10 mS cm™*).>”***8 The
projected cost of a Zn-based battery utilizing a Zn anode and a MnO,
cathode is anticipated to be less than $100 per kW h, representing
approximately half the cost of contemporary lithium-ion batteries
(~$200 per kW h) (Fig. 1c).*® Notably, the anticipated cost of Zn-air
batteries, estimated at approximately $100 per kW h and possessing
significantly higher energy density than Li-ion batteries, is markedly
lower than that of Li-ion batteries. Given these advantageous
attributes (Fig. 1d), Zn-based batteries demonstrate significant
potential for practical applications.

Historically, metal zinc served as the initial anode material
for batteries, specifically in the Volta Pile, dating back to
1799.>° Currently, zinc finds extensive application in diverse

Dr Dong Ha Kim is a professor of
the Department of Chemistry and
Nanoscience at Ewha Womans
University. He recetved his PhD
degree from the Department of
Fiber and Polymer Science of Seoul
National University (2000). He
conducted postdoctoral research at
the University of Massachusetts at
Amherst and the Max Planck
Institute for Polymer Research. In
2006, he joined the faculty of the
Division of Nanoscience at Ewha
Womans University. His research
focuses on the development of hybrid nanostructures for energy,
catalysis, memory, display, and theragnosis. Currently, he is a Fellow
of Royal Society of Chemistry and Associate Editor of Nanoscale.

Dong Ha Kim

Dr Yijiang Liu is a professor in
the College of Chemistry at
Xiangtan University, China. She
received her MS degree from
Xiangtan University in 2009 and
PhD from the Institute of
Chemistry, Chinese Academy of
Sciences, in 2015. She was a
visiting scholar at Georgia
Institute of Technology during
2017-2018. Her research work
focuses on the design and prepara-
tion of advanced functional mate-
rials: porous carbon materials for
efficient and durable electrocatalysts in energy conversion and
storage devices; the crafting of highly stable perovskite nanocrystals
by using functional polymers as nanoreactors; and Janus materials
for concurrent catalysis and emulsification.

Yijiang Liu

This journal is © The Royal Society of Chemistry 2024

View Article Online

Review Article

battery technologies, including the Zn-ion battery, Zn-air battery,
Zn-CO, battery, Zn-based flow battery, and Zn-based flexible
battery. Compared to Li-based batteries, Zn-based batteries have
distinct advantages in price and safety, yet their performance
needs to be further improved to ensure large-scale practical
applications (Fig. 1d).*"”'™° For battery performance, energy
density and cycle life are the two most important evaluation
indicators. Essentially, energy density is derived from the product
of a battery’s specific capacity and voltage (energy density =
capacity x voltage).®® Consequently, four primary design strate-
gies are employed to attain high-performance Zn-based batteries,
focusing on advancements in high capacity, increased voltage,
enhanced energy density, and prolonged cycle life. Design strate-
gies for achieving high capacity in Zn-based batteries center
primarily on cathode materials and electrodes,®*~®* and the design
strategies for enhancing voltage in Zn-based batteries primarily
involve the optimization of the electrolyte to facilitate high-
potential reactions.>”**®> Particularly, exploring innovative bat-
tery configurations and optimizing the energy storage mechanism
stand out as crucial strategies for achieving high energy density in
Zn-based batteries.®®* In addition, the design strategies for long-
cycle-life Zn-based batteries focus mainly on the Zn anode and its
interface with the electrolyte.”””® Influenced by these strategies,
Zn-based batteries have achieved notable advancements, wherein
the metrics of output voltage, capacity, and energy density attain
levels of 2.92 V, 2000 mA h g™, and 2372 W h kg, respectively
(as determined by the mass of active materials), as depicted in
Table 1. Simultaneously, Zn-based batteries display a prolonged
cycle life, surpassing 1000 hours.

For Zn-based batteries, beyond the pursuit of high-performance
batteries, understanding energy storage mechanisms and explor-
ing new reaction mechanisms have also emerged as the key
research areas.”>”°®* The reaction mechanism of Zn-based bat-
teries diverges from the established energy storage chemistry
reliant on Li/Na ions (including intercalation, conversion, and
alloying reactions), remaining enigmatic and subject to frequent
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Fig. 1 Motivation to study Zn-based batteries. (a) Projected battery demand (GW h) for portable electronic devices, electric vehicles, and energy storage
systems spanning the period 2020 to 2030. (b) Redox potential and specific capacity of various metals. (c) Energy density and price of various batteries.
(d) Comparison of Zn-based batteries and Li-based batteries from multiple metrics.

debate. Using the Zn-MnO, battery as an example, three distinct
energy storage mechanisms have been proposed, encompassing
(1) Zn*" insertion/extraction reaction, (2) H'/Zn** co-insertion
reaction, and (3) conversion reaction. To deepen our comprehen-
sion of the reaction mechanism in Zn-based batteries and advance
the design of higher-performance counterparts, ongoing efforts
involve the use of diverse electrochemical methods, advanced
characterization techniques (both in situ and ex situ), and theore-
tical calculations. Since battery performance is affected by multiple
factors such as the electrolyte, electrodes, and the energy storage
mechanism, more efforts are required to reveal the reaction
mechanism underlying the overall battery device.

This review surveys the latest efforts in designing high-
performance Zn-based batteries and elucidating energy storage
mechanisms (Fig. 2). We will discuss the four types of redox
mechanisms (i.e., insertion-type, conversion-type, coordination-
type and catalysis-type mechanisms), highlight the design
strategies employed in enhancing the performance of Zn-based
batteries while concurrently presenting challenges encountered
and providing insights into the future outlook of these batteries.
It is imperative to acknowledge that the references discussed in
this review are not meant to be exhaustive; instead, they serve
as initial literature for more in-depth studies. Additionally,
this review leverages valuable insights from numerous out-
standing reviews on the Zn-ion battery, Zn-air battery, and
flexible battery, enhancing our understanding of reaction
mechanisms and design strategies for high-performance
Zn-based batteries.*"®*° Furthermore, our discussion extends

4880 | Chem. Soc. Rev., 2024, 53, 4877-4925

beyond the scope of Zn-based batteries, as the strategies and
mechanisms delineated herein are applicable to a wider array of
battery systems.

2. Mechanisms of Zn-based batteries

The energy storage mechanism of Zn-based batteries is pre-
sently in its nascent research phase, contributing to controversy
and misunderstanding in comprehending the reaction process
and mechanism. In addition, the intricate nature of battery
devices adds complexity to the exploration and comprehension
of the reaction mechanism in Zn-based batteries. Various
configurations of Zn-based battery devices share a common
structure, predominantly featuring Zn anode, electrolyte, and
cathode. Irrespective of their classification, the anodes in all
Zn-based batteries function based on the Zn**/Zn redox couple.
Nevertheless, diverse electrochemistry can be achieved on the
cathode side owing to variations in electrolyte and cathode
materials. Therefore, in this review, we mainly discuss various
redox mechanisms on the cathode side. In this section, four types
of redox mechanisms based on the different electrochemical
behaviors of the cathode will be introduced: (1) insertion-type
mechanisms, (2) conversion-type mechanisms, (3) coordination-
type mechanisms, and (4) catalysis-type mechanisms. Among the
four reaction mechanisms, the insertion-type mechanism is
predominantly observed in Zn-ion batteries featuring inorganic
materials (such as Mn-based oxide or V-based oxide) as the

This journal is © The Royal Society of Chemistry 2024
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Capacity

Types of (mAhg™') Energy density

Zn-based working (W h kg™ ")/cycle

batteries Cathode material Electrolyte voltage (V)  life (h or cycles) Mechanism Ref.

Zn-ion battery VO;3/carbon cloth 3 M ZnSO, 520/0.98 511/1000 cycles  Insertion-type 191
MnVvVO 3 M Zn(CF;3S03), 610.2/0.77  469/4000 cycles  mechanisms 192
La-Ca co-doped MnO, 1M ZnSO, + 0.4 M MnSO, 297/1.35 401/200 cycles 215
MnoO, 1 M (NH,),SO, + 0.1 M MnSO, 365/1.35  493/4000 cycles 234
COFe(CN)g 4 M Zn(CF;S0;), 173.4/1.75  303/2200 cycles 66
LiVPO,F 21 M LiTFSI + 2 M Zn(OTf), 140/1.65 230/600 cycles 242
C00.247V205 20 M LiTFSI + 1 M Zn (TFSI), 432/1.15  497/7500 cycles 67
%-MnO, 1 M Al(CF;50;); + 1 M Zn(CF;S03), 265/1.5 395/1000 cycles 245
CuHCF WIG-NaCl/ZnSO,/SA 260/1.7 440/450 cycles 116
S@C Gelatin/CuSO,//gelatin/ZnSO, 2063/1.15  2372/100 cycles  Conversion-type 204
S/KB 0.5 M CuS0,//0.5 M Na,S0,//0.5 M ZnSO, 2000/1.15  2300/100 cycles = mechanisms 201
S@CNTSs-50 1 M Zn(CH;COO), + 0.05 wt% I, 1105/0.455  502/50 cycles 203
PbO, 4 M H,SO, + 0.5 M K,S0,//6 M KOH + 86/2.92 252.4/250 cycles 64

0.8 M Zn(CH,CO00),

SeSs. ;6@3D-NPCF 3 M ZnSO, + 0.1 Wt% I, 1222/0.71  867.6/500 cycles 205
Se/CMK-3 2 M ZnTFSI/PEG/water 611/1.01 751/500 cycles 206
PAC/L, ZnCl, + LiCl + CH3CN 594/1.26 750/6000 cycles 236
Co;0, 2 M ZnSO, + 0.2 M CoSO, 200/1.8 361/5000 cycles 241
MnO, 1 M MnSO, + 1 M ZnSO, + 0.1 M H,S0,  570/1.95  1100/1800 cycles 246
MnO, 0.5 M Mn(Ac), + 0.5 M Zn(Ac), + 2 M KCl  616/1.58  973/400 cycles 253
BQ-NCC 3 M ZnSO, 489/1.1 538/500 cycles Coordination-type 233
Cc4Q 3 M Zn(CF;3S03), 335/1 335/1000 cycles  mechanisms 147
HAQ-COF 2 M ZnSO, 344/0.84 289/10 000 cycles 199

Zn-air battery F-Ni,,Fe;-LDH(charge 6 M KOH + 0.2 M Zn(Ac), 786.6/1.2  959.6/5220 h Catalysis-type 456
cathode)//FeNC mechanisms
(discharge cathode)
HESA 6 M KOH + 0.2M Zn(Ac), 779/0.96 748/200 h 411
NPMC foam 6 M KOH 735/1.14 835/240 h 386
XC72R 1 M Zn(OTf), 684/1 684/1600 h 502
Pt/C + C030, Gel electrolyte 742/1.3 964/200 h 513
Pt/C + IO, ZnSO, + LiTFSI//H,S0, + LiTFSI 802.3/1.5  1243.6/2000 h 481
Fe;C-NG/Ni foam 6 M KOH + 0.2M Zn(Ac), 810/0.87 706.4/1000 h 492
NiC0,S,/N-CNT 6 M KOH + 0.2 ZnCl, 431.1/1.29  554.6/150 cycles 504

Zn-CO, battery =~ CHF The ionic liquid 340/0.85 288.3/192 h 518

Zn-C,H, battery Cu dendrites 1 M KOH 786/0.27 213.8/40 h 521

Zn-NO,  battery C/Co030,4 1 M KOH//0.5 M K,SO,4 + 50 mM NO, 764.3/0.67 512.1/24 h 519

2.1.

Achieving =

high capacity 2.1.1.

Insertion-type mechanisms

Zn>* insertion-extraction mechanism. Zinc ions

Fig. 2 Overview of energy storage mechanisms and design strategies
employed in Zn-based battery systems.

cathode electrode, while the conversion-type mechanism is pri-
marily evident in Zn-ion batteries and Zn-based redox flow
batteries. In particular, the coordination-type mechanism mainly
appears in Zn-ion batteries with organic materials as the cathode
electrode (Zn-organic batteries). In addition, the catalysis-type
mechanism is predominantly present in Zn-based Dbatteries
wherein the cathode relies on a catalyst to facilitate redox
reactions, exemplified by Zn-air batteries and Zn-CO, batteries.

This journal is © The Royal Society of Chemistry 2024

possess an ionic radius (0.074 nm) comparable to that of
lithium ions (0.076 nm).*"'°* Simultaneously, the hydrated zinc
ions exhibit an ionic radius size (0.412-0.430 nm) close to that of
hydrated lithium ions (0.340-0.382 nm), facilitating the insertion
and extraction process of Zn>" ions in the crystal structure of the
cathode material. Given that the insertion-type mechanism is
predominantly observed in Zn-ion batteries employing inorganic
materials as the cathode, Zn-ion batteries are employed as
exemplars to elucidate the mechanism of insertion and
extraction of zinc ions. Cathode materials typically involve the
use of metal oxides or other compounds distinguished by layered
structures or tunnel-type configurations.'®"'** These structural
features are essential, ensuring reversible insertion and extraction
of Zn®" ions within the crystal lattice of the cathode material. In
recent years, considerable endeavors have been directed toward
this domain. For example, Kim et al. employed various in situ
characterization techniques, such as in situ X-ray diffraction (XRD)
and in situ X-ray near-edge absorption spectrum, to clarify the
insertion/extraction mechanism of zinc ions in tunnel-type
y-MnO, cathode materials.'®® Fig. 3 illustrates the complete

Chem. Soc. Rev., 2024, 53, 4877-4925 | 4881


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00295k

Open Access Article. Published on 10 April 2024. Downloaded on 1/19/2026 6:48:16 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

View Article Online

Chem Soc Rev

Initial Stage Early Stage

Spinel ZnMn**,0,

2+ 2+ 2+
Parent y-Mn*'0, & + & + & +
Y-Mn*0, v-Zn,Mn’*0, y-Zn,Mn?*0,
(Tunnel-type) (Tunnel-type)
+
L-Zn,Mn”0,

Intermediate Stage Final Stage

Spinel ZnMn*",0, Spinel ZnMn**,0,

(Layered-type)

-
1

Voltage / V vs. Zn“/Zn

Spinel
ZnMni,0,

y-Zn,Mn”*'0, L-ZnMn”'0,
(Tunnel-type) (Layered-type)

o T T T T 1
0 50 100 250 300 350

150 200
Specific Capacity / mAhg

Fig. 3 Schematic depiction of the electrochemically induced multi-step phase transition and the corresponding n?*

insertion process in the y-MnO,

cathode. Reproduced with permission from ref. 103. Copyright 2015 American Chemical Society.

insertion process of Zn ions in y-MnO,, corresponding to the
discharge process. During the initial discharge state, a segment of
v-MnO, undergoes structural transformation into ZnMn,0O, with
spinel type phase, leading to the conversion of Mn** to Mn**. Upon
further discharge, zinc ions are progressively inserted into the
tunnels of y-MnO,, resulting in the gradual formation of a new y-
Zn,MnO, (Mn*") with a tunnel structure. Subsequently, with an
increasing influx of zinc ions into the tunnel structure of -
Zn,MnO,, certain fully occupied tunnels undergo expansion and
collapse, giving rise to a layered structure of L-Zn,MnO, (Mn*"). In
the fully discharged state, three discharge products with distinct
crystal structures and varying Mn valence states coexist. Following
the charging process, the structure of the product obtained during
discharge can be restored to the initial y-MnO, structure,
signifying a reversible insertion/extraction mechanism.

Apart from the aforementioned Mn-based active materials, the
exploration of electroactive cathode host materials for reversible
zinc ion insertion/extraction has extended to include other sub-
stances with layered or tunnel-type structures, such as V-based
oxides. 881047197 Tllygtratively, Mai et al. employed layered
Nay 33V,05 nanowires as cathode materials for Zn-ion batteries,
utilizing X-ray photoelectron spectroscopy (XPS), XRD, scanning
electron microscopy (SEM), and transmission electron micro-
scopy (TEM), to unveil the reversible insertion/extraction mecha-
nism of zinc ions in cathode materials.®® The schematic diagram
in Fig. 4 depicts the complete charge and discharge process.
During discharge, a segment of the Na, 33V,05 nanowire under-
goes a phase change, transforming into a novel Zn,Na, 33V,05
phase. This structural transformation is due to the crystal
distortion caused by the insertion of Zn>". In contrast, during

4882 | Chem. Soc. Rev.,, 2024, 53, 4877-4925

Zn** demtercalatlo

! i O Zn?* mtercalatlon°
o

L] Zn** ° °
® Na*

< e

Nay 33V,05 Zn,Na, 33V,05 Nay 33,05

Fig. 4 Schematic depiction of the Zn?" insertion mechanism in the
Nag 33205 cathode. Reproduced with permission from ref. 108. Copyright
2018 John Wiley & Sons.

the charging phase, the new phase formed during the discharge
process gradually dissipates owing to the progressive deintercala-
tion of Zn>*, underscoring the high reversibility of the phase
change and structural alteration in Nag 33V,0s.

2.1.2. Co-insertion mechanism. Beyond the reversible
insertion and extraction mechanism observed for individual
zinc ions, recent electrochemical analyses and structural char-
acterization have substantiated the existence of a concurrent
co-insertion mechanism involving zinc ions alongside either H"
jons or H,0 molecules within the cathode host material.'**'*°
Ilustratively, Wang and collaborators validated the MnO, cath-
ode’s sequential co-insertion/extraction processes involving H"
and Zn**, demonstrating notable reversibility and cycling
stability.""* Following a comprehensive characterization regimen
involving the discharge galvanostatic intermittent titration tech-
nique (GITT), impedance spectroscopy, and XRD testing, the

This journal is © The Royal Society of Chemistry 2024
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authors substantiated the insertability of both Zn** and H" into
MnO,, as previously documented. The initial discharge plateau
(Region I) in the discharge curve corresponds to H' ion insertion,
while the subsequent plateau (Region II) signifies Zn>" insertion
(Fig. 5). To validate the co-insertion mechanism, the authors
systematically controlled the presence or absence of H' or Zn>*
ions in the electrolyte, observing a significant impact on region I
or II, respectively. This manipulation confirms the involvement of
both H" and Zn”" in the battery’s charging/discharging process.
Additionally, XRD results reveal the presence of MnOOH and
ZnMn,0, phases in the discharge products (Fig. 5), providing
robust experimental support for the co-insertion mechanism of
H' and Zn*' ions into MnO,.

The co-insertion reaction mechanism involving Zn** and
H,O has garnered considerable attention and scrutiny within
various Zn-ion battery systems. Notably, Naza and her collea-
gues recently conducted an investigation into the co-insertion
mechanism of H,O and Zn ions in Zn/V,0s batteries (Fig. 6)."*>
After a series of electrochemical characterization and structural
characterization (XRD, TEM and XPS), the authors revealed the
specific evolution process of Zn>* and H,O insertion and
extraction in layered V,0s. Throughout the discharge process,
as Zn** and H,O were gradually inserted, the initially layered
V,05 underwent a transformation into the layered Zn,V,Os-
nH,O phase, incorporating water. Concurrently, the interlayer
spacing expanded from the original 4.4 A to 13.4 A, owing to the
co-insertion of H,O molecules and hydrated Zn>* ions. In the
subsequent charging process, the newly formed phase from the
discharge gradually dissipated as the hydrated Zn ions

This journal is © The Royal Society of Chemistry 2024

detached from the lattice of the cathode material. Because
the crystal structure of the cathode host material usually has
charge repulsion with Zn** ions, the co-insertion of water can
effectively slow down this charge repulsion. When only organic
electrolytes were used without water, the battery exhibited very
limited capacity, demonstrating that water co-insertion can
reduce charge repulsion.

2.1.3. Hybrid insertion-extraction mechanism involving
alkali metal ions. While the insertion of Zn ions into the
lattice of the host material is feasible, achieving reversible and
rapid insertion and extraction of Zn ions typically poses a
challenge."® This problem also greatly limits the reversibility and
output voltage of Zn-ion batteries. Recently, a new type of hybrid
battery was constructed by coupling the alkali metal ion-inserted
cathode with the zinc anode.”*"*! This new type of hybrid battery
can overcome the problems faced in traditional Zn-ion batteries.
Simultaneously, the operational principle of this hybrid battery
diverges from that of the conventional Zn-ion batteries (Fig. 7).
Throughout the charge and discharge cycle, the anode undergoes
the dissolution/deposition process of zinc. However, the
conventional insertion and extraction of Zn ions at the cathode
are substituted with processes involving alkali metal ions (Li', K,
Na‘, AI*", and Mg™"). The electrolyte in this hybrid battery serves as a
conduit for conductive ions, collaborating with the cathode in energy
storage. These innovative hybrid configurations significantly
diversify rechargeable battery chemistries, offering fresh avenues
for the subsequent design of high-performance Zn-based batteries.

For a more comprehensive comprehension of the hybrid
insertion mechanism, the LiMn,0,//Zn battery serves as an

Chem. Soc. Rev., 2024, 53, 4877-4925 | 4883
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illustrative example to delineate the cathode and anode evolu-
tion throughout the charge and discharge processes.'** The
electrolyte for this battery comprises a blended aqueous
solution containing LiCl and ZnCl,. By using XRD to monitor
the evolution of spinel LiMn,0, and Zn anodes during battery
charge and discharge, the hybrid insertion-extraction mecha-
nism is revealed. Concerning spinel LiMn,0,, as the charging
process unfolds, the characteristic peaks associated with the
(111), (311), and (400) planes of spinel LiMn,O, progressively
shift to higher angles. This shift indicates both the desorption
of Li" ions and the formation of the Mn,0, phase during

4884 | Chem. Soc. Rev., 2024, 53, 4877-4925

charging.”® Conversely, throughout the discharge process,
these characteristic peaks exhibit a gradual shift towards lower
angles, ultimately returning to their original positions. This
pattern reflects the reversible insertion/extraction process of Li
ions in the LiMn,0, material. For zinc anodes, XRD results also
confirmed the reversible deposition/dissolution process of zinc
during charge and discharge. Preceding the charging process,
only the characteristic peaks of the carrier are discernible in the
XRD spectrum. Post-charging, the emergence of characteristic
peaks corresponding to (002), (010), and (011) of Zn in the XRD
spectrum substantiates the deposition of zinc ions from the

This journal is © The Royal Society of Chemistry 2024
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mixed electrolyte onto the carrier. In this hybrid insertion-extrac-
tion mechanism, the cathode experiences an intercalation/dein-
tercalation process involving alkali metal ions, while the anode
undergoes a reversible Zn deposition/dissolution process.

2.2. Conversion-type mechanisms

2.2.1. Protonation/deprotonation mechanism. In mild
electrolytes, it was found that some Zn-ion batteries operate
based on the protonation/deprotonation mechanism. Diver-
ging from the conventional Zn** insertion/extraction mecha-
nism, this mechanism relies on protonation/deprotonation,
entailing a conversion reaction between protons (H') and the
electrode material in Zn-ion batteries (Fig. 8a).">* As illustrated
by Pan et al., the superior performance of a Zn-MnO, battery
system primarily stems from the conversion reaction between
H" and o-MnO,."”* During the discharge process of the battery,
0-MnO, undergoes a reaction with H from the aqueous elec-
trolyte, leading to the formation of a new MnOOH phase (H' +
MnO, + e~ < MnOOH). Concurrently, the OH™ ions present in
the electrolyte will combine with ZnSO, and H,O to produce a
Zn salt compound (ZnSO4[Zn(OH),];-xH,0), ensuring charge
balance within the entire electrolyte system. The authors vali-
dated this chemical transformation mechanism through var-
ious structural characterization techniques, including TEM,
XRD, and STEM-EDS. TEM analysis showed that after dis-
charge, a-MnO, transformed into two discharge products with
different lattice distances. This was further confirmed by XRD
characterization (Fig. 8b), affirming that the discharge product
is MnOOH rather than Zn,MnO, or ZnMn,0,, as observed in
the traditional Zn** insertion mechanism. Additionally, STEM-
EDS elucidated the element distribution of the discharge
products, indicating that Mn is primarily distributed on short
nanorods and nanoparticles, while Zn predominantly resides in
sheet-like materials derived from the electrolyte. These results
confirm the occurrence of the conversion reaction mechanism.
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Beyond the charge/discharge processes observed in mild Zn-
ion Dbatteries, governed by the deprotonation/protonation
mechanism, certain alkaline Zn-ion batteries (e.g., Ni-Zn, Co—
Zn batteries) also follow the deprotonation/protonation mecha-
nism. Due to this mechanism, these alkaline Zn-ion batteries
typically achieve higher operating voltages, approximately in
the range of 1.7-1.8 V, in comparison to other aqueous
rechargeable batteries. In alkaline electrolytes, materials such
as Co or Ni-based oxides/hydroxides, sulfides, and phosphides
interact with OH™ under voltage-driven conditions."”® Charge
storage is achieved through deprotonation/protonation conver-
sion reactions during charge and discharge. Illustrating the
deprotonation/protonation mechanism of Ni or Co-based
hydroxides, the process can be succinctly represented by the
equation A(OH), + OH™ < AOOH + H,O + e, where A denotes
metal cations like Co or Ni.

Lu et al. employed the deprotonation/protonation reaction
mechanism to fabricate a high-performance Zn-ion battery,
utilizing 2D nickel cobaltite (NiC0,0,) nanosheets endowed
with abundant O defects as the active material.'*” In the
charging process, NiCo,0, nanosheets undergo an oxidation
reaction with OH™, transforming into NiOOH and Co0O,.
Simultaneously, [Zn(OH),]>” in the electrolyte is also reduced
to Zn. Conversely, in the discharge process, both CoO, and
NiOOH are reduced to lower valence oxides, and Zn undergoes
oxidation with the hydroxide anion in the electrolytes, resulting
in the formation of [Zn(OH),]>”. This deprotonation/protona-
tion reaction mechanism is succinctly represented by the fol-
lowing equation:

Cathode: NiCo,0, + H,O + OH™ < 2CoOOH + NiOOH + e

1)
CoOOH + OH™ <> H,0 + CoO, + e~ 2
Anode: Zn(OH),>~ + 2e~ <> 40H +Zn (3)

MnO, + H* + & < MnOOH

Intensity / a.u.

| MnOOH (JCPDS 74-1049)

20

20 / Degrees

Fig. 8 Conversion mechanism based on protonation/deprotonation. (a) Schematic diagram of phase evolution during discharge. Reproduced with
permission from ref. 124. Copyright 2019 Springer Science & Business Media. (b) The XRD pattern of a-MnO; in its fully discharged state unequivocally
validates the generation of MNOOH. Reproduced with permission from ref. 125. Copyright 2016 Springer Science & Business Media.
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3Zn(OH),>~ + 2NiC0,0, < 2NiOOH + 4C00, + 60H ™~ + 2H,0 + 3Zn

(4)

In addition to transition metal hydroxides, nickel- or cobalt-
based sulfides and phosphides are also used in alkaline Zn-ion
batteries, and their charge and discharge processes are also based
on the deprotonation/protonation conversion mechanism. Con-
currently, batteries employing cathode materials based on nickel
or cobalt sulfides and phosphides exhibit enhanced performance
owing to their conductivity and more suitable electronic structure
in comparison to transition metal oxides.'*® Transition metal
sulfides and phosphides participate in reversible redox reactions
with OH™ in aqueous electrolytes during charge and discharge
processes, facilitating charge storage. Exemplifying this with tran-
sition metal sulfides, the reaction mechanism in alkaline Zn-ion
batteries is succinctly represented by the equation AS + OH™ «
ASOH + e, where A denotes the metal cation.

2.2.2. Redox-couple conversion mechanism. The redox-
couple conversion mechanism mainly exists in Zn-based redox
flow batteries. Due to the obvious advantages of flow batteries in
theoretical energy density and recyclability,'*® Zn-based flow bat-
teries have witnessed significant advancements in recent years.
Presently, a variety of Zn-based redox flow batteries featuring

View Article Online
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diverse redox couples have been established, encompassing Zn-
halogen (e.g., I, Cl,, Br,), Zn-Ce, Zn-organic, and Zn-Fe flow
batteries (Fig. 9a)."*** Despite achieving notable breakthroughs,
Zn-based flow batteries require further enhancement in perfor-
mance to realize widespread and practical large-scale applications.
Current efforts are devoted to exploring new redox couples and
optimizing electrolytes, membranes, and electrodes."***** In order
to acquire a more profound understanding of the mechanism
underlying Zn-based flow batteries, we will delve into the Zn-I,
flow battery as an illustrative example and scrutinize its energy
storage mechanism. Iodide, known for its high solubility (exceed-
ing 8 mol L") in aqueous electrolytes, emerges as a promising
cathodic redox candidate capable of delivering high energy den-
sity. In traditional Zn-I, flow batteries, the working principle is
succinctly described by the following equation:

Zn+1;7 < Zn*" + 317, E=1.299 V.

()

From the results of the above equation, it can be seen that the
theoretical electrode voltage of the traditional Zn-I, flow battery is
only 1.299 V. Therefore, it is necessary to innovate on the basis of
the traditional Zn-I, flow battery to increase its voltage. In this
context, the electrolyte decoupling strategy emerges as an effective
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Fig. 9 Zn-I, battery based on the redox-couple conversion mechanism. (a) Standard redox potentials for various candidate redox couples. (b)
Illustration outlining the operational mechanism during the discharge phase of an alkaline Zn-I, redox flow battery. Reproduced with permission from
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Copyright 2020 Elsevier.
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approach to elevate the voltage of Zn-I, flow batteries. A case in
point is the design by Chen and colleagues, who implemented a
hybrid alkaline Zn-I, redox flow battery by transitioning the
anolyte from acidic to alkaline conditions (Fig. 9b)."*® This hybrid
Zn-1, flow battery exhibits an elevated electrode voltage, marked by
a potential enhancement of 0.497 V compared to the conventional
Zn-1, flow batteries. The redox mechanism of this hybrid system
can be succinctly captured by the following equation:

Zn+40H™ +1;~ < 31 +Zn(OH)>", E=179V

(6)

In Zn-I, flow batteries, the challenges of zinc dendrite
formation and the precipitation of insoluble iodine (I,) are
primary contributors to their compromised cycle stability and
low energy efficiency. These issues significantly impede the
large-scale practical applications of Zn-I, flow batteries.
Recently, Chen et al. successfully addressed both challenges
by incorporating ammonium chloride (NH,Cl) into the electro-
lyte of Zn-1, flow batteries (Fig. 9¢)."*” The addition of NH,CI
serves a dual purpose in enhancing Zn-I, flow battery perfor-
mance. Firstly, it effectively modulates the chemical composi-
tion of the electrolyte, suppressing both the formation of Zn
dendrites and the generation of insoluble iodine. Secondly,
NH,CI not only accelerates the reaction kinetics at the cathode
and anode but also involves ClI™ in the formation of I,Cl,
contributing to additional capacity release (Fig. 9d). This
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mechanism-guided design proves instrumental in effectively
ameliorating Zn-I, flow battery performance.

2.3. Coordination-type mechanisms

Coordination-type mechanisms are primarily characteristic of
Zn-organic batteries. In recent years, investigations have
revealed that numerous organic compounds, including caliqui-
none, p-tetrachlorobenzoquinone, and tetrachloro-1, among
others, serve as effective cathode materials in reversible Zn-ion
batteries.”®'**71® Through coordination with Zn>*, the organic
compounds undergo alterations in their charge states during
the redox processes. This evolution in the charge state of the
electroactive group serves as a valuable indicator for elucidat-
ing the redox mechanism in Zn-organic batteries. To pinpoint
the specific sites within organic compounds that engage in
coordination with Zn?®", Chen and collaborators conducted a
meticulous analysis, determining the active sites by comparing
electrostatic potentials (ESP) across various locations within
organic compounds (Fig. 10a-e). ESP, a widely employed metric
in organic chemistry, proves instrumental in assessing electro-
philic or nucleophilic reactions.'*” Because the cathode will
involve the absorption of Zn>" during battery discharge, sites
with more negative ESP in organic compounds are beneficial to
the discharge reaction. By comparing the ESP of each site in the
calix[4]quinone (C4Q) molecule, it can be seen that the carbonyl
groups on the molecule and below the molecule show a lower
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ESP than the bilateral carbonyl groups, which indicates that the
carbonyl groups on the molecule and below the molecule are
more conducive to the adsorption of Zn>".

In contrast to their inorganic counterparts, organic cathode
materials often exhibit intrinsically low crystallinity, posing
challenges for accurate characterization through conventional
methods such as XRD and TEM. Nevertheless, these organic
cathode materials boast an abundance of oxygen- or nitrogen-
containing functional groups. Consequently, the discernment
of the reaction mechanism in Zn-organic batteries during
redox processes is achievable through Raman spectroscopy,
ultraviolet-visible spectroscopy, and attenuated total reflection
Fourier transform infrared spectroscopy. For instance, Chen
and colleagues employed various in situ spectroscopic techni-
ques to investigate the energy storage mechanism of C4Q
organic molecules during charging and discharging. As the
discharge progresses, the two carbonyl groups positioned atop
the C4Q molecule coordinate with a single Zn>" ion, accepting
two electrons. Simultaneously, the four carbonyl groups located
at the base of the C4Q molecule coordinate with the remaining
two Zn>" ions. During the subsequent charging phase, C4Q
undergoes oxidation, resulting in the release of the stored
electron and zinc ion during the reverse discharging process
(Fig. 10f). The coordination evolution between C4Q and Zn**
throughout the charge and discharge phases can be succinctly
expressed by the following equation:

C4Q + 3Zn*" « Zn,C4Q (7)

2.4. Catalysis-type mechanisms

The catalysis-type mechanism denotes the operational process
in Zn-based batteries, wherein a catalyst is essential for facilitating
the completion of the redox reaction at the cathode. This mecha-
nism is observed in various Zn-based battery configurations, encom-
passing Zn-air batteries and Zn-CO, batteries. Extensive research
has been undertaken to elucidate the mechanism of the oxygen
reduction reaction (ORR) during discharging and the oxygen evolu-
tion reaction (OER) during charging in Zn-air batteries. To augment
the overall performance of Zn-air batteries, numerous advanced
catalysts, including high-performance bifunctional electrocatalysts,
have been devised based on both OER and ORR mechanisms. In
contrast to the swift progress observed in Zn-air batteries, the
development of Zn-CO, batteries, an emerging category of Zn-
based batteries, is at the beginning of its exploration phase. The
catalytic conversion of carbon dioxide in Zn-CO, batteries is notably
intricate compared to that of oxygen, rendering the mechanism
more complex. Beyond the incorporation of the catalytic conversion
mechanisms of oxygen and carbon dioxide into Zn-based batteries,
various other catalytic conversion mechanisms have been intro-
duced. Examples include the catalytic conversion of acetylene (Zn-
acetylene battery) and the catalytic conversion of nitrate (Zn-nitrate
battery). This section focuses predominantly on elucidating the
mechanisms of Zn-air batteries and Zn-CO, batteries.

2.4.1. Zn-air chemistry. With a history spanning 150 years,
the inaugural Zn-air battery emerged in 1868 as a primary

4888 | Chem. Soc. Rev., 2024, 53, 4877-4925
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battery employing an NH,Cl aqueous solution as its electrolyte.>
Although Zn-air batteries are an old and mature battery technology,
these types of batteries have recently regained significant attention
owing to their inherent advantages. Zn-air batteries present distinct
advantages in energy density and safety compared to other battery
types. Consequently, they emerge as a compelling alternative to Li-
ion batteries for next-generation flexible/wearable electronic devices
and automotive electrification applications.****>* A conventional
Zn-air battery comprises essential components, including an air
cathode, separator, Zn anode, and alkaline electrolyte. Its basic
structure and working principle are shown in Fig. 11."°° In the
discharging phase of Zn-air batteries, an oxidation reaction occurs
on the zinc electrode, producing Zn** ions. Subsequently, these ions
undergo a reaction with OH ™ ions, resulting in the formation of
acid anions (Zn(OH),*>"). As the discharge process advances, the
electrolyte experiences a state of supersaturation in Zn(OH),>",
leading to the decomposition of this compound into insoluble zinc
OXide.156’157

During the discharging and charging process of the Zn-air
batteries, O, in the atmosphere penetrates into the gas diffu-
sion layer with a porous structure of the air cathode, as
depicted in the schematic diagram. Subsequently, the ORR
occurs on the catalyst layer of the cathode. Concurrently,
hydroxide ions, produced as a byproduct at the air cathode,
gradually migrate towards the zinc anode, culminating in the
completion of the Zn-air battery discharge reaction. The char-
ging process of Zn-air batteries is a reversible counterpart of
the discharge phase. The overarching electrochemical reaction
mechanism for Zn-air batteries is succinctly expressed by the
following equation:

Anode: Zn + 40H™ <« Zn(OH),>~ + 2e~ (8)
Zn(OH),*>~ < H,0 + ZnO + 20H" 9)
Cathode: 2H,0 + O, + 4e~ <> 40H~ (10)
Overall reaction: 2Zn + O, — 2ZnO (11)
S) "
4 oy
% i ¢
& 4 o, &®
§ ol

6M KOH

Fig. 11 Illustration depicting the fundamental structure and reaction
mechanism of Zn-air batteries. Reproduced with permission from ref.
155. Copyright 2020 Springer Science & Business Media.

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00295k

Open Access Article. Published on 10 April 2024. Downloaded on 1/19/2026 6:48:16 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

2.4.2. Zn-CO, chemistry. Currently, electricity generation
and chemical production stand as pivotal industries in
contemporary society. However, most of these activities use
highly polluting, non-renewable fossil fuels as energy supply
sources, which results in the emission of large amounts of
CO0,."* % In response to these challenges, several efficacious
electrochemical techniques for CO, conversion and recycling
have been devised, among which metal-CO, batteries feature
prominently. The appeal of metal-CO, batteries lies in their dual
functionality of supplying energy while concurrently harnessing
CO,, garnering increasing attention."®*'%® This electrochemical
system for CO, fixation and recycling facilitates concurrent real-
time power input and the conversion of waste CO, into valuable
chemicals. Metal-CO, batteries, akin in principle to metal-air
batteries, exhibit promising application prospects in the storage
of surplus electricity. Early researchers found in the study of Li-
O, batteries that adding a certain amount of CO, to O, can
effectively improve battery performance,'®” which made people
realize the possibility of constructing Li-CO, batteries. Ongoing
research advancements have enabled Li-CO, batteries to attain
elevated operating voltage and enhanced energy density.'®*7°
Nevertheless, the utilization of organic electrolytes significantly
constrains the advancement of Li-CO, batteries.'”*'”> In the
context of Li-CO, batteries, the high cost associated with organic
electrolytes on the one hand elevates the overall battery cost,
while on the other hand, the utilization of nonaqueous electro-
lytes imposes constraints on the range of discharge products. In
contrast, aqueous Zn-CO, batteries are gaining prominence
owing to their clear advantages in terms of cost and diversity of
discharge products.’”*'”* The general configuration of Zn-CO,
batteries is similar to that of Zn-based redox flow batteries, also
consisting of two chambers separated by an ion exchange
membrane (Fig. 12), where the cathode is in a compartment
containing a neutral aqueous electrolyte and the zinc electrode is
in a compartment containing an alkaline aqueous electrolyte. At
the same time, the use of ion exchange membranes can effec-
tively achieve CO, conversion/recycling. In addition, unlike the
CO, reduction pathway in organic electrolytes that only involves
electron transfer, Zn-CO, batteries based on aqueous electrolytes
can achieve tunable CO, reduction because the entire reduction
pathway involves not only the transfer of electrons but also the
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Fig. 12
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participation of protons.'”> Depending on the reduction pro-
ducts, the redox mechanism of the Zn-CO, battery is succinctly
conveyed through the following equation:

Cathode:
CO,+2¢  +H" - CO+H,0, Eo=-011V (12)
CO, +2e~ +2H" — HCOOH, E,=-0.20V (13)
2C0O, + 12¢ + 12H" — 4H,0 + C,H,, Eo,=—0.07V (14)
2CO, + 12~ + 12H" — 3H,0 + C,H;0H, E,=0.08V (15)
Anode:
Zn +20H  — H,0+7ZnO +2e, E,=-126V (16)

Based on the standard electrode potential, the spontaneous
discharge of aqueous Zn-CO, batteries is thermodynamically
viable. However, the efficiency of these batteries is hindered by
the low electrocatalytic efficiency in CO, conversion, attributed
to the chemical inertness of CO, molecules and the competi-
tion for hydrogen evolution reaction (HER) in aqueous electro-
Iytes. In recent years, researchers have innovatively developed
efficient CO, conversion electrocatalysts, encompassing
heteroatom-doped carbon, single-atom electrocatalysts, and
metal catalysts. Aqueous Zn-CO, batteries employing these
electrocatalysts have demonstrated successful reduction of
CO, to CO, HCOOH, C,HsOH, and CH,.'”®'”” However, in
these Zn-CO, battery systems, the charging process is still
based on the water oxidation process (OER)."”*"”® In addition,
Wang and his colleagues accomplished a reversible conversion
of CO, to formic acid (HCOOH) in an aqueous Zn-CO, battery,
employing bifunctional Pd as a cathode catalyst."”® As the
discharge process proceeds, CO, is converted into HCOOH on
the Pd catalyst. For the charging reaction, the reversible process
of converting HCOOH into CO, will occur at the Pd cathode
(CO, +2e~ + 2H" < HCOOH).

g

1 Cco,, 0
COH' } »e
|
ZH(OH)42- i Hzo! C2H4,
‘ CO, HCOOH
j C,H;OH,...

Bipolar Catalyst cathode:

Illustration depicting the discharge and charging processes of an aqueous Zn-CO, battery. Reproduced with permission from ref. 166.
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3. Design strategies for high-
performance Zn-ion batteries

The Zn-ion battery is the earliest studied and most representative
type of battery in Zn-based batteries. Capitalizing on attributes
such as high safety, ample reserves, low price, and substantial
energy density, the rechargeable Zn-ion battery has garnered
considerable attention as an efficient energy storage solution.
Nevertheless, when compared to conventional Li-based recharge-
able batteries, the performance of Zn-ion batteries falls short of
the target due to constraints like a narrow electrochemical stable
potential window, limited discharge capacity, intricate side reac-
tions, and low operating voltage. Addressing these challenges
and striving for an ideal Zn-ion battery characterized by heigh-
tened reversibility and energy density, diverse strategies have
been employed to optimize the electrochemistry, cathode materi-
als, the Zn anode, and the electrolyte. The ensuing sections will
delve into these design strategies, with a particular focus on
enhancing electrochemical performance concerning capacity,
working voltage, energy density, and cycle life.

3.1. Design strategies for high-capacity Zn-ion batteries

3.1.1. Exploiting cathode materials with high theoretical
capacity. The theoretical capacity of cathode materials is gov-
erned by the collective impact of the electron transfer number
and the mass of the active material. This criterion guides the
pursuit of cathode materials characterized by elevated theore-
tical capacities, as illustrated in Fig. 13a and b. At present,
typical insertion-type materials, exemplified by Mn-based oxides
or V-based oxides, demonstrate the theoretical capacity within
the range of 300-590 mA h g~ (Fig. 13¢).>>"*>8° 19 [t j5 crucial
to underscore that the mentioned values are exclusively con-
tingent on active materials. Therefore, the imperative challenge
is to diminish the content of the inactive component of the
electrode while maintaining the stability of the overall structure.
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Regrettably, these efforts frequently entail the active chemical
element undergoing a reduction in its valence state during redox
processes. Consequently, a crucial design strategy for high-capacity
cathodes lies in realizing the goal of enhancing the electron transfer
number through the augmentation of active centers for redox
reactions.'®" Particularly, employing the initial charge of the battery
for in situ activation stands out as a promising strategy for augment-
ing the electron transfer number. For example, researchers convert
low-valent V-based compounds into high-valent V-based oxides
(such as V,05_,), thus giving the cathode a higher capacity (more
than 590 mA h g~ ").">"'%* 1t is noteworthy that these materials with
high capacity obtained through in situ conversion in the discharge
process necessitate combination with carbon to preserve the stabi-
lity of their overall structure.

In comparison to inorganic compounds, the coordination-
type organic compounds have lower theoretical capacity due to
the substantial proportion of inert carbon forming the skeleton
(Fig. 13c).°*"9*"%8 Fortunately, since the carbon skeleton in
coordination organic compounds has flexible and adjustable
characteristics, it is very possible to introduce active coordination
groups on the carbon skeleton in coordination-type organic
compounds. In addition to being easy to introduce active groups,
coordination-type organic compounds also have the advantage of
low mass, so they are regarded as ideal candidates for electrode
materials possessing high theoretical capacities.”® As an illustra-
tion, enhancement of activity and augmentation of active coordi-
nation sites can be achieved by introducing redox-active quinone
groups into 1,4,5,8,9,12-hexaazatriphenylene-based covalent
organic frameworks (HAQ-COFs), leading to an increased capa-
city of 344 mA h g "."®° Furthermore, the hierarchical arrange-

ment of poly(para-aminophenol, pAP) and poly(1,5-naphthalene-
diamine, 1,5-NAPD) on nanoporous carbon is able to enhance the
full activation of active coordination centers (C—=N/C—O) for
Conversely, while certain coordination organic com-
pounds, exemplified by benzoquinone (BQ) small molecules,
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demonstrate high theoretical capacities, the cathode incorporat-
ing these organic small molecules is deficient in adequate
covalent structure, thereby compromising battery stability. There-
fore, while pursuing enhanced capacity in coordination-type
organic compounds, it becomes imperative to prioritize the
stability of the underlying structure. The target is to attain a
harmonious equilibrium between electrochemical performance
(capacity and cycling stability) and structure (active groups and
carbon skeleton).

Unlike cathode materials of insertion or coordination types,
conversion-type cathode materials hold a distinguished status in the
realm of high-theoretical-capacity categories. A notable illustration
of this is the prevalent utilization of sulfur as the electrode material
in Zn-ion batteries, due to its engagement in diverse redox reaction
pairs and ultrahigh theoretical capacity,’®* % including S/Cu,S
(approximately 3350 mA h g ') and S/ZnS (approximately
1675 mA h g™') (Fig. 13c). Nevertheless, inherent challenges within
Zn//S batteries, such as irreversible by-products, sluggish kinetics,
and specific pH specifications, constrain both the practical electrode
potential and the capacity of aqueous Zn//S batteries. To handle
these issues, many methods have been proposed. The incorporation
of the electrolyte additive I, has demonstrated effectiveness, as I,
acts as a medium for Zn>* while concurrently reducing reaction
barriers. This property proves advantageous for achieving high
energy efficiency and low-voltage hysteresis in Zn-S batteries.””

Theoretical capacity

Actual capacity

Active
materials
w.

Current collector

Insufficient active sites
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Moreover, the utilization of an infinite solid solution between sulfur
(S) and selenium (Se), denoted as S-Se, serves to optimize the band
structure, electronic structure as well as activation energy of S.
Consequently, this leads to a significant improvement in both
reactivity and conductivity.”®> Beyond S, the proposal to utilize Se
as an electrode material for Zn-ion batteries holds promise, offering
a notable capacity of 611 mA h g '?>* Despite the intrinsic
advantages of elemental S and Se concerning the electron transfer
number and mass, a persistent challenge lies in their low output
voltage range (0.455-1.01 V). A feasible solution involves pairing
them with high-voltage redox reactions, exemplified by the S/Cu,S
system, which operates at a working voltage of 1.15 V.

3.1.2. Optimizing the actual capacity. The reduced actual
capacity of cathode materials in Zn-ion batteries can be attrib-
uted to deleterious factors such as low intrinsic conductivity,
inadequate selectivity of Zn>" charge carriers, and the obstruc-
tion of active sites (Fig. 14). These factors impede the kinetics of
the redox reaction at the cathode, thereby influencing the actual
capacity of the battery. Consequently, optimizing the practical
capacity of cathode materials is imperative, prompting the
proposal of various strategies. These include manipulating the
crystal structure and integrating it with additives with highly
conductive properties.

In Zn-ion batteries based on the traditional insertion-type
mechanism, a noteworthy challenge arises from the intense

Strong repulsion for Zn2*

zZn2* Zn?* Zn?*
A
= B 'y
\
Slaws /slow slow!

Current collector

Low conductivity

Fig. 14 Schematic diagram of the adverse effects of various factors (strong repulsive effect, insufficient active sites, and low conductivity) on the

theoretical capacity of cathode materials.
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electrostatic repulsion between the Zn>" ion and the host materi-
als. This phenomenon results in suboptimal utilization of the
active material and diminished battery capacity.’”” To address this
challenge, an effective approach involves the preliminary insertion
of certain ions'®*?°*'* or molecules'*”*"*>' into layered cathode
materials. This process serves to mitigate electrostatic interactions
and widen the spacing between layers, consequently enhancing
the storage capacity of Zn-ion batteries (425-550 mA h g~ "). It is
noteworthy, however, that the introduction of inactive ingredients
during insertion may lead to a reduction in valency and ratio of
active ingredients within the cathode material. Additionally, semi-
conductor oxides face a challenge in their limited electron transfer
capabilities, undermining the actual capacity. Broadly speaking,
the enhancement of electrical conductivity can be attained by
tuning the band gap of materials through heteroatom doping.
As an illustration, the co-doping scheme involving the introduction
of La and Ca into MnO,, yielding Ca/La co-doped MnO,, has
demonstrated reduced charge transfer resistance (29.8 vs. 198.1 Q)
and increased capacity (297 vs. 199 mA h g~ ") in comparison to
pure Mn0O,.>" In addition, defect engineering stands out as an
additional effective strategy for enhancing actual capacity. The
introduction of defects proves effective in diminishing electrostatic
repulsion and elevating carrier concentration.'*>'°%?*'4??% On the
other hand, it is inevitable to accurately control and characterize
these defects, while it can often be a complex and challenging
endeavor.

Carbonaceous materials and lightweight carbon-based
materials, like graphene, MXene, carbon nanotubes, and car-
bon fiber, are extensively employed as supports for active
materials. Their utilization is driven by their substantial active
surface area and high conductivity, facilitating enhanced con-
tact between the cathode material and ions in the electrolyte
and improving charge transfer rates.”*'>*> As a consequence, there
is a notable augmentation in the capacity of the cathode.>*® Beyond
the intrinsic attributes of the active material that influence actual
capacity, extrinsic factors also contribute to determining the prac-
tical capacity of the electrode materials. Frequently, binders obstruct
a segment of the effective active area of the cathode material,
impeding direct contact between active materials and charge
carriers.”” >*' Carbon substrates featuring surface functional
groups obviate the necessity for binders, facilitating adhesive-free
immobilization of the cathode material and maximizing the expo-
sure area of active materials. A case in point is the substantial
enhancement in the actual capacity of the Co-Mn;O, material,
achieved by combining it with a carbon nanosheet array - from
220 mA h g~ to 362 mA h g~ '.*** Likewise, the incorporation of N-
doped carbon cloth effectively secures benzoquinone, preventing its
dissolution and thereby stabilizing its capacity.>*?

3.1.3. New energy storage mechanisms. For Zn-ion bat-
teries, the redox mechanism corresponding to the cathode
can be mainly divided into three types: insertion-type mechan-
isms, coordination-type mechanisms and conversion-type
mechanisms. Broadly speaking, the charge carriers for both
insertion-type and coordination-type mechanisms are Zn>" and
H'. However, the high charge density and low diffusion rate of
Zn** jons limit their fast and efficient storage in cathode
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materials. Thus, searching for charge carriers with attributes
of rapid diffusion, low corrosiveness, and small size is very
important for high-capacity Zn-ion batteries. In recent studies,
researchers have introduced a novel co-insertion mechanism in
Zn-MnO, batteries. This mechanism involves the simultaneous
co-insertion of H' and NH," ions into the cathode material
(Fig. 15a and b).?** In this mechanism, stable hydrogen bonds
are formed between Mn-O groups and intercalated NH," ions,
which can stabilize the Mn**Og octahedra. Additionally, the co-
insertion of H' leads to an increase in the electron density of
the O element in the cathode materials. Owing to the synergis-
tic effect arising from the joint introduction of NH," and H',
the battery showcased notable discharging capacity and energy
density, registering at 365 mA h g~' and 486 W h kg,
respectively. Furthermore, for Zn-ion batteries using Mn-
based materials as the cathode, some research results show
that their actual capacity (300-400 mA h g™ ') surpasses their
theoretical capacity.’®® This outcome can be attributed to the
conversion of Mn®" ions in the electrolyte, resulting in the
generation of MnO, that gets deposited on the electrode.
Consequently, the observed capacity surpasses the theoretical
capacity. Notably, the predominant contributor to this excess
capacity is the deposition of MnO, resulting from the oxidation
of Mn*" in the electrolyte. However, achieving this phenom-
enon necessitates operation at a relatively low current density, a
parameter closely linked to the acid/alkaline changes in the
electrolyte and the associated electro-chemical polarization.

Compared with the insertion-type mechanism and the
coordination-type mechanism, the conversion-type mechanism
has some unique advantages such as high selectivity towards
charge carriers and strong practical versatility. This suggests
the potential for employing various redox reaction systems in
Zn-ion batteries. When designing high-capacity energy storage
mechanismes, it is essential to consider electron transfer num-
bers and the mass of active materials. Consequently, it is viable
to pursue continuous transformation reactions involving large
numbers of transferred electrons and exploit them for high-
capacity energy storage mechanisms. For example, a unique
continuous conversion reaction mechanism centered on con-
tinuous I'/I,/I" conversion reaction, which involves a four-
electron transfer process, has been finely tailored.'*>** This
innovation has elevated Zn-I batteries to a remarkable capacity
level of 594 mA h g~ '.>*® Furthermore, because the conversion
reaction mechanism has the advantage of versatility, a variety
of cathode materials with conversion-active functional groups
can adapt to the conversion-type mechanism, thereby realizing
high-capacity Zn-ion batteries. Recently, the conversion
mechanisms based on Cu-Cul have been explored, and other
types of Cu-based materials (Cu,O, CusN, Cu,S, and so on) have
shown high electrochemical capacity with their unique struc-
tures through this conversion-type mechanism (Fig. 15¢ and
d).**” Although the chemical process based on the conversion-
type mechanism appears to be a relatively simple process, in
addition to reaction stability, carrier compatibility with the
electrolyte, anode, and additional electrolyte mass must also
be considered.
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Mechanistic innovation in design strategies
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Fig. 15 Mechanism innovation in design strategies. (a) lllustration portraying the H*/NH4* co-insertion mechanism. (b) Alterations in local geometry and
charge induced by the co-insertion of H* and NH,* into MnO,. Reproduced with permission from ref. 234. Copyright 2021 John Wiley & Sons. (c)
Schematic diagram of direct conversion reaction. (d) Energy changes based on the two processes of the Zn?* migration mechanism and the direct
conversion mechanism. Reproduced with permission from ref. 237. Copyright 2021 John Wiley & Sons.

The paramount objective in realizing high-energy-density
Zn-ion batteries is the design of batteries with elevated capa-
city. Through the introduction and advancement of diverse
design strategies, a considerable number of Zn-ion batteries
have made substantial strides in enhancing their capacity,”*®
and the capacity of some Zn-ion batteries can even reach
2000 mA h g~'. Achieving high-capacity performance alone is
insufficient due to the inherent drawback of low working
voltages (0.4-1.3 V). This limitation stems from the high ratio
of the Gibbs free energy change (AG) to the number of electron
transfers in the cathodic redox reaction (Fig. 16a).

3.2. Design strategies for high-voltage Zn-ion batteries

3.2.1. Exploiting cathode materials with high working vol-
tage. In contrast to Zn-ion batteries with high capacity, the
progress of high-voltage Zn-ion batteries hinges on two crucial
components: attaining a high electrode voltage and utilizing
electrolytes with a broad electrochemical stability potential win-
dow. However, these two aspects often impose constraints on each
other.”** Though diverse electrode materials with elevated dis-
charging potentials, like Prussian blue material (PBA), have been
investigated, it is common for these cathode materials to incorpo-
rate certain amounts of inactive components.>*° Fundamentally,
while this hybrid molecular structure significantly diminishes the
capacity of the cathode material, it proves indispensable for
ensuring the stability of high-voltage redox reactions and main-
taining the overall structure. In order to overcome the limitation of
low capacity of PBA due to its single redox active center, multiple
high-voltage redox components can be introduced into PBA

This journal is © The Royal Society of Chemistry 2024

simultaneously, such as the CoFe(CN), cathode material that
simultaneously possesses a high-voltage Fe**/Fe*" redox reaction
center and a high-voltage Co**/Co®" redox reaction center. The
incorporation of Co species facilitates a high operating voltage of
1.75 V, while also endowing this cathode material with a com-
mendable capacity of 173 mA h g~ "% Nevertheless, modifying
cathode materials with their own high capacities to achieve high
voltages has proven challenging, given the requirement for high-
voltage redox active groups to bind to specific anions (e.g.
Fe(CN)s*>~, PO,>~, POF).

3.2.2. Electrolyte optimization strategy. For traditional Zn-
based batteries (such as alkaline Zn-MnO,, Zn-NiOOH, and
Zn-Ag,0), alkaline aqueous solution is usually used as the
electrolyte. Studies have indicated that substituting the alkaline
aqueous electrolyte with a milder alternative can significantly
enhance the operating voltage of Zn-ion batteries. In compar-
ison to alkaline electrolytes, the Co*"-rich Co;0O; material
demonstrates an elevated operating voltage (1.8 vs. 1.5 V) and
an enhanced capacity of 200 mA h g ' in non-alkaline
electrolytes.>** In comparison to organic electrolytes, the elec-
trochemical stability potential window of aqueous electrolytes
is governed by both the cathodic OER and the anodic HER
(Fig. 16b).>*> However, owing to the inherently low theoretical
decomposition potential of water (1.23 V vs. SHE), the practical
output voltage of conventional aqueous Zn-ion batteries seldom
surpasses 2.0 V. Consequently, a major challenge in realizing
high-voltage Zn-ion batteries is the limited electrochemical
stability potential window. An effective strategy for expanding
the electrochemical stability potential window revolves around

Chem. Soc. Rev,, 2024, 53, 4877-4925 | 4893
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reducing the interaction between the electrodes and water mole-
cules. For instance, researchers utilized high concentration (21 M)
lithium Dbis(trifluoromethane)sulfonimide (LiTFSI) and sodium
dodecyl sulfate (SDS) with a high electrochemical stability voltage
window (> 2.5 V) as electrolytes to achieve high operating voltage.
This water-in-salt strategy serves to induce the generation of an
ultra-thin hydrophobic layer on the cathode surface, effectively
impeding the infiltration of H,O (Fig. 16b).*** However, while
LiTFSI can generate a fluoride-based solid-electrolyte interphase
(SEI) on the zinc electrode surface, excessive concentration can
simultaneously result in reduced ionic conductivity. Addressing
this challenge, the incorporation of low-concentration SDS proves
beneficial. Yet, the hydrophobic layer produced by the water-in-salt
strategy also hampers the diffusion of charge carriers on the
electrode surface. To resolve this dilemma, the utilization of a
sodium alginate hydrogel electrolyte has been reported as an
effective solution. The polar groups within this type of hydrogel
capture H,O molecules, restricting their movement through hydro-
gen bonds. This action weakens the contact between H,O and
active materials, thereby significantly expanding the electrochemi-
cally stable potential window of the battery beyond 2.7 V.
Moreover, the carboxylate groups within the gel create specialized
pathways for ion transfer, ensuring a sufficiently high level of ionic
conductivity. Additionally, employing ion-exchange membranes to
separate the electrolytes of the cathode and anode proves to be an
effective strategy for expanding the electrochemical stability
potential window beyond 3.0 V. This decoupling allows the anode
to achieve a high concentration of OH™ to inhibit HER, while the
cathode attains a high concentration of H' to suppress OER
(Fig. 16b). Only when the electrochemical stability voltage window

4894 | Chem. Soc. Rev., 2024, 53, 4877-4925

of the electrolyte is sufficiently large can various high-voltage
reactions be achieved in Zn-ion batteries. As an illustration, the
VOPO, cathode material can engage in additional O*" /O~ high-
voltage redox reactions solely in the electrolyte in the form of
water-in-salt.”** Similarly, the insertion of Na* and the extraction of
ZnCl,”>~ at high potential also depend on the gel electrolyte and
SDS. It is important to highlight that certain high-voltage reac-
tions, particularly those involving H', necessitate alignment with
specific electrolytes. This requirement further underscores the
need for ion exchange membranes to decouple the battery. While
the utilization of high-concentration electrolytes (water-in-salt) and
ion-exchange membranes substantially elevates battery voltage, it
is crucial not to underestimate the associated costs and environ-
mental implications.

Currently, while high-capacity Zn-ion batteries find exten-
sive application, only a restricted subset of high-voltage Zn-ion
batteries have attained a relatively high energy density, ranging
from 200 to 440 W h kg~ '. This is attributed to their narrow
electrochemical stability potential window and inherently low
theoretical capacity. It is evident that numerous challenges
persist in achieving groundbreaking advancements in both
high-capacity and high-voltage Zn-ion batteries due to their
intrinsic limitations. Therefore, dedicated efforts are required
to explore strategies that enable the simultaneous achievement
of high-voltage and high-capacity Zn-ion batteries.

3.3. Design strategies for high-energy-density Zn-ion batteries

3.3.1. High-energy-density cathode materials. Certainly,
the energy density of a battery is contingent upon both its
capacity and voltage. Consequently, the pursuit of cathode

This journal is © The Royal Society of Chemistry 2024
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materials with elevated energy density mandates the identification
of substances characterized by both high voltage and high capa-
city. Although some materials (such as o-MnO,, MnV,Og,
C0y.247V205-0.944H,0) have been reported to have relatively high
capacities and voltages in recent years,”** these electrode mate-
rials based on the insertion-type mechanism are still not consid-
ered as promising candidates for high-energy-density Zn-ion
batteries. Their capacity is constrained by the inherent structure
of the cathode material. For these cathode materials operating
through the insertion mechanism, theoretical capacity is limited
by the high mass of their active materials and low electron transfer
numbers. Moreover, the actual capacity is further diminished due
to restricted redox active sites, low charge transfer capabilities, and
slow reaction kinetics within the cathode material’s structure.
Although the anode of a Zn-ion battery can offer an ideal negative
electrode potential (—0.763 V), the cathode’s slow redox reactions
result in a low positive electrode potential. Consequently, the
overall Zn-ion battery exhibits a low operating voltage. In light of
these challenges, exploring and optimizing new storage mechan-
isms characterized by multiple electron transfers, low active
material mass, and high electrode potential are deemed effective
strategies for achieving high-energy-density Zn-ion batteries.
3.3.2. Optimizing the conversion reaction mechanism.
Compared with cathode materials based on the insertion-type
mechanism and the coordination-type mechanism, the cathode
materials based on the conversion-type mechanism have greater
advantages and adjustability in terms of the electron transfer
number, active material mass, and electrode potential. For Zn//
MnO, batteries, the cathode performs the redox process based on
the insertion-type mechanism under normal alkaline conditions.
The inherent structural limitations of insertion-type cathode
materials pose significant challenges in realizing high-energy-
density Zn//MnO,, batteries. To address this issue, in 2019, Chao
et al. proposed an innovative approach for a Zn//MnO, battery.>*®
This novel design is grounded in the MnO,/Mn** conversion
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mechanism and utilizes a high-concentration acid (pH < 1) as
the electrolyte, aiming to achieve a Zn//MnO, battery with high
energy density. The newly proposed conversion mechanism based
on MnO,/Mn*" is depicted in eqn (17)-(19). Leveraging the high
theoretical capacity (616 mA h g™ ') and theoretical electrode
potential (1.991 V vs. Zn**/Zn), this battery attains an exceptionally
high practical capacity (570 mA h g~ '), a substantial output voltage
of 1.95 V, and an unprecedented energy density of 1100 W h kg™ *
(Fig. 17a). This strategy of optimizing the conversion-type mecha-
nism opens up new ways to increase energy density.
Cathode:

Mn*" + 2H,0 < 4H' + MnO, + 2e~ E, = 1.228 V vs. SHE

(17)
Anode:

Zn*" +2e” o Zn E,= —0.763 V vs. SHE

(18)
Overall:

Zn*" + 2H,0 + Mn*" < Zn + MnO, + 4H" E =1.991 V vs. Zn/Zn*
(19)

While the MnO, dissolution/deposition process within the
MnO,/Mn*" conversion mechanism opens up new possibilities
for high-energy-density Zn-ion batteries, it introduces the com-
plexity of a liquid-solid phase reaction. To navigate this com-
plexity, effective design strategies for the liquid-solid phase
interface become crucial.>*” Examining the MnO, dissolution/
deposition process during charge and discharge reveals two
elementary reactions: MnO, to Mn®*" and Mn*" to Mn>". Con-
sequently, the diffusion and aggregation of Mn®", Mn**, and H"
at the liquid-solid interface significantly impact the dischar-
ging voltage and platform of the Zn//MnO, battery. It is
noteworthy that during discharge, the ion insertion mechanism
may prevail over the conversion mechanism. The reversible
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Fig. 17 Optimizing the conversion reaction mechanism. (a) Performance comparison of various Zn-based batteries. Reproduced with permission from
ref. 246. Copyright 2019 John Wiley & Sons. (b) Charging and discharging curves of Zn//Te batteries and schematic diagram of their six-electron
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MnO, deposition/dissolution capability is intricately tied to the
specific surface area of the current collector and the number of
redox active sites. To optimize performance, precautions
should be taken to avert the excessive generation of a MnO,
layer on the cathode surface. This is essential, as an overly thick
MnO, layer can compromise cathode conductivity, leading
to diminished reaction reversibility and sluggish reaction
kinetics. At the same time, the use of strong acidic electrolytes
will also cause the side reaction of HER on the zinc anode.>*®
For each of the factors mentioned above, it will adversely affect
the output voltage, coulombic efficiency, and energy efficiency
of Zn-MnO, batteries. To circumvent the challenges associated
with MnO, dissolution/deposition in Zn-MnO, batteries follow-
ing the conversion mechanism, researchers typically adopt a
specific battery configuration. However, this approach inevita-
bly leads to increased volume and mass of the battery. Sub-
sequent to the pivotal findings in this domain, numerous
researchers have proposed innovative strategies. These include
designing decoupled electrolytes and incorporating liquid flow
devices, all aligned with the conversion mechanism, to address
the aforementioned issues. These strategic designs have suc-
cessfully elevated the output voltage of Zn//MnO, batteries
beyond 2.0 V, achieving an extraordinary energy density ran-
ging from 600 to 1700 W h kg~ ".>*?%°

While optimizing the conversion mechanism in a strong
acidic electrolyte can improve the energy density of Zn-MnO,
batteries, it comes with a trade-off. The strong acidic electrolyte
has the drawback of corroding the electrode and inducing the
side reaction of HER on the zinc anode. This underscores the
importance of balancing electrolyte conditions to ensure both
performance enhancement and prevention of undesired side
reactions. In this regard, optimizing the conversion mechanism
in a mild, less corrosive electrolyte can both achieve high energy
density and increase battery durability. Conversely, employing a
low-acidity electrolyte introduces its own set of challenges. The
reduced acidity can also lead to low Coulombic efficiency in the
battery due to the competing side reaction between OER and
MnO, deposition during charging. In order to inhibit the occur-
rence of OER, the Mn”" concentration in the electrolyte should be
adjusted to a range that is conducive to the reversible MnO,/Mn>*
reaction.>> Following this, the researchers implemented a cath-
ode composed of a Mn**-rich multivalent manganese oxide layer
supported on carbon cloth. The presence of oxygen vacancies in
this cathode material serves to diminish local oxygen mobility
and restrain the onset of OER. Simultaneously, the abundance of
Mn** enhances the dynamics of electron transfer.””* In addition,
the nature of anions in the electrolytes contributes to influencing
the electrochemical behavior of the Zn//MnO, battery utilizing the
conversion mechanism. In a mild electrolyte containing
CH;COO™, the coordination of CH;COO™ facilitates the direct
conversion of Mn>" into MnO, during the charging process,
bypassing the intermediate state of Mn®". This also greatly
improves the reversibility of the battery.>>>*** However, the
use of CH;COO™ will reduce the output voltage of the battery,
so an appropriate CH;COO ™ concentration needs to be used. In
addition, adding redox mediators such as KI to the electrolyte
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can promote the dissolution of residual MnO, in the electrolyte,>*>
thereby promoting the output performance of Zn-based batteries.
Hence, the use of redox mediators also provides a new direction
for optimizing the conversion mechanism.

Additionally, beyond the mentioned MnO, cathodes relying
on the conversion mechanism, diverse conversion cathodes
have emerged and been investigated for Zn-ion batteries in
recent years, encompassing halogens (Cl,, Br,, and I,) and
chalcogens (S, Se, and Te).**>*°%>%%2% Te_one of the chalcogen
elements, is used as an example to further illustrate the opti-
mization strategy of the conversion mechanism. Given Te’s
plentiful valence state transitions spanning from —2 to +4 and
its substantial intrinsic conductivity of 2 x 107> S m™", a Zn-ion
battery employing Te as the cathode boasts an exceedingly high
theoretical capacity of 1692 mA h g ' (under six electron
transfers) and the prospect of a high electrode potential.***
Yet, the present Zn-Te battery, with Te as the cathode material,
only demonstrates a modest output voltage of 0.59 V.>** This
low output voltage is caused by the fact that the conversion
reaction of Te is limited to the redox of Te®> /Te® rather than the
expected positive valence state transition from Te’ to Te™,
which also limits the progression of the Zn-Te battery toward
high output voltage and high energy density.>*>*%* Recently, Zhi
and his colleagues successfully activated the required reversible
Te® /Te®/Te**/Te*" redox behavior and the transfer of up to six
electrons by using high-concentration Cl-containing electrolytes
(Fig. 17b).>®* This Zn-Te battery has three flat discharge plat-
forms (at 1.24, 0.77 and 0.51 V respectively), and its total
capacity can reach 802.7 mA h g~'. In addition, a modified
ionic liquid was used as the electrolyte, which improved the
stability of Te**/Te** and enhanced the cycle stability, thereby
achieving an impressive energy density of 542 W h kg .

3.3.3. Innovation of battery configurations. The conversion
mechanism of cathode materials can be effectively optimized in
strong acidic electrolytes, thereby achieving high energy density
in Zn-ion batteries. However, strong acidic electrolytes will greatly
corrode the zinc anode and promote the occurrence of the side
reaction of HER. Therefore, a decoupling strategy is implemented
to segregate the strongly acidic environment on the cathode side
from the strongly alkaline electrolyte on the zinc anode side. This
not only ensures high energy density while maintaining battery
stability but also effectively suppresses side reactions such as
HER and OER, along with mitigating excessive zinc anode dis-
solution. The strategy significantly broadens the electrochemical
stability potential window of the battery, reaching 3.4 V. Addi-
tionally, it introduces a low anode electrode potential (Zn/
Zn(OH),*", —1.199 V vs. SHE) (Fig. 18a). In addition, the output
performance of such decoupled cells will also be affected by the
ion exchange membrane used.”®® For instance, a bipolar
membrane comprising a proton exchange membrane (PEM)
and an anion exchange membrane (AEM) serves the dual purpose
of slowing down pH changes in the catholyte and anolyte.
Simultaneously, it ensures that the catalyst Ni*" remains exclusive
to the cathode.®® Additionally, while the bipolar membrane
effectively reduces the distance between the cathode and
the anode, its high cost and limited ion storage space render

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00295k

Open Access Article. Published on 10 April 2024. Downloaded on 1/19/2026 6:48:16 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

View Article Online

Review Article

a Anion Cation b
A v
.MnO >
: 2 LS ° PHIS Current collector
2 o000
: H ok H @ X~ ©® <x @OH Z"(O:)' e ......°00000000
/ 5 S0
§ » /X () % 3 e+ S , Hydrogel electrolyte
; b ovn*® oH® | & v v
E : W, soz 0 <= © rena s s Hydrogel electrolyte N.a o @
S ) e Zn °
: ° ol Zn anode
b OH- H*
Innovative strategy in battery configuration Innovative strategy in battery configuration
(lon exchange membrane) (Hydrogel electrolyte)
c
Anion Cation
- v
:Mnoz pH<1 P pH>13
[ ) ) ) .
2
s b M;o2 H@®X- ® < @O0k Zn(OH){
8 A S ® . L
° s b ¥ N\ ® 8 ®
(] L L L] oH® || £ S
P E : N/ SO @ < <=0Nat o _/ °
° ° ) v zn ® .
: - o~ PY ® o
» OH- H*

3

2,

Innovative strategy in battery configuration
(Liquid flow device)

Fig. 18
battery. (c) Decoupled batteries using liquid flow devices.

the Zn//MnO, battery, configured with two membranes and three
chambers, unsuitable for consumer electronics applications. But
because the middle neutral chamber of this battery can hold
enough ions for transport, this battery can provide a high discharge
capacity of up to 3000-6000 mA h. Therefore, Zn-ion batteries with
this configuration are regarded as the most promising solution for
large-scale energy storage, specifically for storing electricity gener-
ated by wind and photovoltaic power systems.>*82¢

While ion exchange membranes effectively decouple the
electrolyte in Zn-ion batteries, their high cost significantly
limits their widespread application. The use of low-cost hydro-
gels instead of ion exchange membranes offers a promising
approach to decoupling electrolytes (Fig. 18b). Because the
water content in the hydrogel is relatively low, the ion mobility
inside it is relatively low. Therefore, the zinc anode and cathode
can be effectively separated even without the use of the ion
exchange membrane.*®” At the same time, because hydrogel
materials have the advantages of mechanical flexibility and
good electrochemical stability, Zn-ion batteries using hydrogels
as the electrolyte have a great practical application value, such
as being used as flexible and wearable batteries.>*”"**® More-
over, employing a decoupled hydrogel electrolyte can effectively
augment the operating voltage and energy density of battery
devices. For instance, in a Zn//MnO, battery utilizing hydrogels
as the electrolyte, its operating voltage can reach 2.4 V, and the
energy density can reach an impressive 1700 W h kg~ *.>*° Yet,
when utilizing a hydrogel electrolyte, addressing challenges like
compromised battery cycle stability and diminished voltage
efficiency arising from the crossover of cathode and anode ions
is imperative.

This journal is © The Royal Society of Chemistry 2024

Innovative strategies in battery configuration. (a) Decoupled battery based on the ion exchange membrane. (b) Hydrogel-based decoupled

While ion exchange membranes and hydrogel electrolytes
can effectively decouple battery devices, ion crossover between
the anode and the cathode poses a persistent challenge.
Throughout the battery’s charging and discharging processes,
water in the electrolyte decomposes into OH~ and H'. Driven by
the electric field, H" passes through the cation exchange
membrane, neutralizing the alkaline electrolyte, while OH™
moves through the anion exchange membrane, neutralizing
the strongly acidic electrolyte. Therefore, strategies are needed
to further address the ion crossover problem. In this regard,
integrating the respective advantages of flow batteries and
decoupled batteries provides a very promising strategy to avoid
ion crossover (Fig. 18c). In recent years, various high-energy-
density Zn-ion batteries based on this integration strategy have
been proposed, such as Zn//Br,, Zn//MnO,, Zn//V, Zn//Fe, Zn//
Ce, and others.”**”7 The introduction of liquid flow devices
provides new possibilities for realizing high-energy-density Zn-
ion batteries.

3.4. Design strategies for long-cycle-life Zn-ion batteries

3.4.1. Modification of the zinc anode. The cycle life of Zn-
ion batteries is predominantly influenced by the performance
of the zinc anode. In the context of zinc anodes, three critical
challenges affecting cycle stability - namely, dendrite for-
mation, HER, and passivation - arise during the redox cycles
of Zn-ion batteries, consequently diminishing the overall cycle
longevity of these batteries (Fig. 19a).”%732782%% Generally
speaking, zinc dendrites exhibit a needle-like morphology,
and their needle-like tips can provide charge centers for sub-
sequent dendrite growth and gather positive and negative ions
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with higher ion concentrations to form more and more zinc
dendrites. When harmful dendrites grow to a certain extent,
zinc dendrites may pierce the separator, leading to serious
consequences such as battery short circuit. Throughout the
charging process of the Zn-ion battery, the water in the electro-
lyte undergoes a HER reaction on the Zn anode, driven by the
reduction potential. This HER reaction significantly diminishes
the coulombic efficiency of the Zn-ion battery, and the sub-
stantial production of hydrogen inevitably elevates the internal
pressure within the battery. Concurrently, the HER side reac-
tions generate a substantial number of OH™ ions near the zinc
anode, resulting in the generation of irreversible by-products
like Zn(OH),, ZnO, and Zn,(OH)SO,-nH,O on the electrode
surface.”"”>284 Irreversible by-products cover the surface of the
zinc electrodes, preventing subsequent reactions from occur-
ring and passivating the zinc anode. To enhance the overall
cycle life of the Zn-ion battery, it is imperative to address the
challenges associated with the zinc anode. One effective strategy
involves the introduction of specific additives into zinc anodes, a
straightforward yet impactful approach for enhancing anode
reversibility (Fig. 19b). The incorporation of these additives
mitigates issues related to zinc dendrite growth, suppresses
HER side reactions, and moderates surface passivation. For
instance, the introduction of metallic mercury as an additive into
a zinc anode proves effective in inhibiting HER side reactions and
self-corrosion, leveraging mercury’s inert nature towards hydro-
gen evolution. Although the introduction of mercury can effec-
tively suppress the side reaction of HER, due to its high toxicity
and environmental problems, the use of mercury in many battery
products has been banned. As an alternative to the potentially
harmful mercury, various elements like Sn, Bi, Ni, In, and N are
introduced as additives into zinc anodes. This strategic inclusion
serves to inhibit the side reaction (HER) and enhance the
reversibility of the Zn electrode.?*** % Moreover, incorporating
certain metal oxides like Bi,O;, BaO, Ca(OH),, In(OH);, and
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[Zn,4Al(OH),4],(CO3)-nH,0, among others, as additives to the zinc
anode has demonstrated effectiveness in suppressing the HER
and improving the performance of Zn anodes.”” The above-
mentioned metal/nonmetal elements or metal oxides have a
higher hydrogen overpotential than zinc, so the introduction of
these substances can effectively suppress the HER side reaction.
For instance, by incorporating Bi,O; as an additive to the zinc
anode, Brousse et al. employed in situ XRD technology to demon-
strate the attainment of uniform Zn** deposition. This was
attributed to the reduction of Bi,O; to metallic bismuth prior
to Zn*>* deposition, establishing a nanoscale conductive network
that optimized current distribution.”®® Incorporating carbon
materials, like activated carbon or carbon black, into zinc anodes
as additives is recognized as an effective strategy to prevent
passivation and enhance the reversibility of zinc anodes. For
example, Li and colleagues demonstrated that the introduction of
activated carbon as an additive into zinc anodes can significantly
inhibit the production of irreversible by-product Zn,SO,(OH)e:
nH,0, thereby improving the reversibility of the zinc anode.**°
At the same time, researchers also found that these activated
carbons with rich pore structures can also accommodate the
deposition of irreversible by-products and Zn dendrites to a
certain extent, thereby helping to improve the cycle life of Zn-
ion batteries.

Surface modification of electrodes emerges as a very effective
strategy for enhancing the cycling stability of the Zn anode
(Fig. 19¢). This approach enhances the accessibility of the zinc
anode bulk and surface, mitigates the occurrence of side reac-
tions, and augments the reversibility of the zinc anode.”"*%'
In recent years, researchers have formulated diverse protective
layers, encompassing organic materials, metals, and metal
compounds, to improve the longevity of the Zn-ion battery by
modifying zinc anodes. Notably, Kang and co-workers used a
CaCOj; coating with porous structure as a protective layer for the
zinc anode to achieve uniform zinc stripping/plating.>®” This
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approach proves effective in suppressing zinc dendrite growth,
preventing short circuits, and ultimately enhancing the cycle
stability of Zn-ion batteries. The zinc anode coated with a
porous nano-CaCOj; layer was then assembled into a Zn-MnO,
battery. This coated zinc anode exhibited remarkable perfor-
mance in capacity retention, delivering 177 mA h g~ " even after
1000 cycles at a current of 1 A g~ ". In stark contrast, a battery
assembled with a pure Zn anode under identical conditions
provided a lower capacity of 124 mA h g~ . In addition, Mai et al.
used atomic layer deposition technology (ALD) to successfully
coat an ultra-thin TiO, layer on the zinc anode.’*® The amor-
phous TiO, coating with high conductivity can serve as a
protective layer for the zinc anodes to suppress irreversible by-
products and side reactions (HER), thus promoting the cycle
stability of the Zn-ion battery. The zinc electrode with a TiO,
coating was incorporated into a Zn-MnO, battery, exhibiting
exceptional cycle stability. It retained 85% of its capacity even
after undergoing 1000 cycles at a current density of 3 mA cm 2.

The design of the structure of zinc anodes plays a crucial
role in achieving reversibility as it directly influences the gen-
eration of zinc dendrites, the overall structural changes of the
electrodes, and the internal resistance levels (Fig. 19d).*°%3'°
For instance, introducing a porous structure to achieve zinc
anodes with high specific surface area is beneficial to improving
the contact between the Zn electrode and the electrolyte, thereby
reducing ion transmission distances and significantly improv-
ing zinc utilization. Moreover, a zinc anode with high surface
area minimizes the deposition overpotential of Zn**, effectively
restraining the generation of Zn dendrites and the generation of
the by-product. Various configurations of zinc anodes with
substantial specific surface areas, including sheets, fibers, rib-
bons, spheres, and foams, have been documented.*'" Taking a
cue from this, Rolison and colleagues crafted a three-
dimensional, sponge-like zinc anode characterized by a highly
porous structure, aiming to enhance the utilization of zinc
anodes.’’* The three-dimensional porous structure, featuring
a high specific surface area, facilitates a more uniform distribu-
tion of charge during battery charging and discharging. This
design proves effective in inhibiting the growth of zinc den-
drites. In addition, this three-dimensional porous structure can
limit the deposition of Zn>* inside the pore channels, which
further reduces the generation of zinc dendrites during charge
and discharge. Leveraging its distinctive three-dimensional
framework, the sponge-like zinc anode exhibits a dendrite-free
performance even under high-rate cycling conditions, reaching
up to 188 mA h g~ . Building upon this foundation, Rolison and
collaborators subsequently refined this innovative three-
dimensional porous sponge-like zinc anode, culminating in
the development of a nickel-3D zinc rechargeable battery with
high safety and high energy density.*’* In battery performance
tests, the Ni-3D Zn battery was able to provide high specific
energy competitive with commercial lithium-ion batteries. In
addition, this Ni-3D Zn battery can achieve ultra-long cycle life
and therefore has a great practical value.

3.4.2. Electrolyte optimization strategy. Because battery
stability is closely related to the electrolyte, finding a suitable
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electrolyte system is crucial to achieving long-cycle-life Zn-ion
batteries.?®**'* 33 The cycling stability of Zn-ion batteries is
significantly affected by the type and concentration of the zinc
salt in the electrolytes. Presently, a myriad of zinc salts, like ZnSO,,
Zn(CH;COO),, ZnCl,, ZnF,, Zn(ClO,),, Zn(NOs),, and Zn(CF3S0s),,
have been explored and developed for use in Zn-ion batteries.**®
Among these reported zinc salts, the wide application of ZnCl, and
ZnF, is limited due to their low solubility. For Zn(NO;),, because
nitrate ions are strong oxidants that can cause electrode corrosion,
Zn(NO;), is rarely used.** In addition, Zn(CH;COO), cannot
provide better battery performance and Zn(ClO,), has a high zinc
dissolution/deposition overpotential, which also limits the further
application of these two types of zinc salts. Therefore, the most
commonly employed zinc salt at present is ZnSO,, because it has
the advantages of cheap price and high solubility in water, and can
provide the possibility of realizing high battery stability. However,
ZnSO, solution as the electrolyte of Zn-ion batteries will produce
Zn,(OH)sS0,-nH,0, which will lead to the loss of battery
capacity.*** Recent research indicates that Zn(CF;S0;), serves as
a promising electrolyte for Zn-ion batteries. In a study by Chen
et al., electrochemical tests under identical conditions revealed
that the CV curves conducted in a 1 M Zn(CF3SO3), solution
displayed a reduced peak spacing corresponding to zinc deposi-
tion/dissolution and a higher peak current density compared to
those tested in a 1 M ZnSO, electrolyte.”® These findings suggest
that employing the Zn(CF;S0s), electrolyte is advantageous for
improving battery reversibility. This phenomenon can be attribu-
ted to the voluminous nature of CF;SO; , which limits the
presence of H,O around zinc ions and diminishes the solvation
effect. Consequently, this promotes charge transport and transfer.
Therefore, enhancing zinc salt concentration proves effective in
bolstering the cycle stability of Zn-ion batteries by curbing water
splitting activity and related irreversible side reactions. However, it
is crucial to strike a balance, as excessively high electrolyte
concentrations lead to heightened solution viscosity, resulting in
reduced ionic conductivity. Moreover, the cost of high-
concentration zinc salts, although beneficial, remains a factor that
needs consideration for widespread adoption. In a recent devel-
opment, Xu and colleagues devised a high-concentration electro-
lyte comprising 20 mol L™ LiTFSI and 1 mol L™" Zn(TFSI),.**
This electrolyte can achieve dendrite growth-free cycling with
nearly 100% coulombic efficiency during the redox process. Its
application in a Zn-LiMn,0, battery demonstrates an exceptional
energy density of 180 W h kg™, with capacity retention exceeding
80% after over 4000 cycles. The synergy between experimental
findings and theoretical simulations indicates that elevated TFSI™
concentrations foster the creation of a tight ion pair (Zn-TFSI)"
between Zn”* and TFSI™. Concurrently, it inhibits the formation of
(Zn-(H,0)e)**, thereby enhancing the cycling stability of Zn-ion
batteries.

Moreover, the introduction of additives into the electrolyte is
another avenue to enhance the cycle stability of Zn-ion bat-
teries. For instance, the inclusion of MnSO, in the ZnSO,
electrolyte serves as an effective measure to prevent the cathode
from dissolving in the Zn-MnO, battery.">> Furthermore, incor-
porating additives proves instrumental in addressing issues
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related to Zn anodes that impact battery cycle stability, including
the generation of Zn dendrites, the occurrence of HER, and the
formation of by-products.>®¢**>734¢ various types of additives
(such as dimethyl sulfoxide,**” polyacrylamide,**® arginine,®*°
polyethylene oxide,** urea,*®" lignin sulfate,>> etc.) have been
reported to be feasible for improving the cycle stability of the
battery. For example, Hu and colleagues added nontoxic xylitol as
an additive to the traditional ZnSO, electrolyte to achieve
dendrite-free stripping/plating of zinc metal anodes.*** According
to experimental tests and theoretical simulations, the introduc-
tion of a small amount of xylitol (100 mM) effectively regulates
the interaction between Zn>* ions, H,O molecules, and SO,*~
ions through the rearrangement of hydrogen bonds. Concur-
rently, xylitol molecules exhibit a preference for adsorption on
the zinc surface, creating a shielding buffer layer that delays
sedimentation and hinders the planar diffusion of Zn>" ions. For
batteries containing xylitol molecules, their cycle stability is
significantly better than the cycle stability of batteries that do
not use additives. How to stabilize the pH environment between
the electrode and the electrolytes while suppressing dendrite
growth and side reactions is also a key point in achieving the
high cycle stability of Zn-ion batteries. In a recent study, Parkin
and collaborators introduced a multifunctional additive, ammo-
nium dihydrogen phosphate, which not only suppressed the
generation of Zn dendrites and side reactions but also main-
tained a stable pH environment (Fig. 20).>*® Electrochemical
investigations, coupled with theoretical calculations, reveal that
NH," in the additive exhibits a preference for adsorption on the
zinc electrode surface, creating a “shielding effect” that
diminishes contact between the zinc electrode surface and
H,0. Additionally, the interaction between (H,PO,)” and NH,"
contributes to pH stabilization at the electrode-electrolyte inter-
face. This multifunctional additive facilitates highly reversible
zinc plating/stripping behavior in Zn//Zn and Zn//Cu cells.
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3.4.3. Cathode modification. For some organic small mole-
cule compounds with redox active centers, although their
solubility in aqueous electrolytes is low, their reduction pro-
ducts are usually easily dissolved in the electrolyte after battery
discharge. The solubility of these organic small molecules,
along with their corresponding reduction products, in the
electrolyte significantly influences the cycle life of the Zn-
organic battery. Therefore, using appropriate methods to avoid
the solubility problems of small organic molecules and their
corresponding reduction products is an effective strategy to
improve battery cycle stability. In this regard, linking or graft-
ing small organic molecules onto the polymer backbone pro-
vides a promising way to avoid the dissolution of organic
molecules. Because polymers have high molecular weight, their
solubility in aqueous electrolytes is generally very low. At the
same time, this grafting method does not affect the redox active
centers of small organic molecules. In other words, the use of
polymer molecules as carriers not only reduces the solubility of
small organic molecules but also maintains their own redox
activity. As an illustration, a Zn-ion battery incorporating
poly(1,5-naphthalenediamine) as the polymer electrode mate-
rial demonstrates remarkable endurance, retaining 91% of its
initial capacity even after 10 000 cycles at a substantial current
density of 10 A g ".*** In addition to using chain polymers as
carriers, small organic molecules with redox active centers can
also be grafted onto covalent organic framework materials
(COFs). Utilizing COFs as carriers endows small organic mole-
cules with the advantageous attributes of high specific surface
area and exceptional stability inherent to COFs. This enhance-
ment facilitates the swift transport of ions during charge and
discharge processes, contributing to an extended cycle life.>*>73%°
As an illustration, Kurungot and colleagues employed a
hydroquinone-linked B-ketoenamine COF as zinc ion anchors
in Zn-organic batteries.*** Owing to the high porosity and stable
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Fig. 20 Optimization of electrolytes using additives. (a) Schematic diagram of the zinc deposition process in a 1 M ZnSO,4 electrolyte. (b) Cycle
performance of Zn//Zn symmetrical batteries in 1 M ZnSO, electrolytes. (c) Schematic diagram of the zinc deposition process in 1 M ZnSO,4 and additive
electrolyte. (d) Cycle performance of Zn//Zn symmetrical batteries in 1 M ZnSO,4 and additive electrolyte. Reproduced with permission from ref. 353.

Copyright 2023 John Wiley & Sons.

4900 | Chem. Soc. Rev.,, 2024, 53, 4877-4925

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00295k

Open Access Article. Published on 10 April 2024. Downloaded on 1/19/2026 6:48:16 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

structure of the COF, the battery maintains an impressive 95% of
its initial capacity after enduring 1000 cycles at a substantial
current density of 3750 mA g~ .

4. Design strategies for
high-performance Zn—-air batteries

Zn-air batteries have garnered widespread research interest due
to their remarkable theoretical energy density (1086 W h kg™,
intrinsic safety associated with aqueous electrolytes and stable zinc
anode, cost-effectiveness of abundant Zn ore (20 times less than Li),
and the straightforward preparation, storage, and environmentally
friendly nature of Zn.******>7* Significantly, Zn-air batteries offer
the potential for synergy with other energy storage systems, providing
complementary advantages. In terms of commercial viability, Zn-air
batteries are widely regarded as holding substantial promise, garner-
ing extensive attention over the past decade. Despite the escalating
reports on Zn-air batteries, challenges persist, including the sluggish
kinetics and instability of the air electrode, limited Coulombic
efficiency of the anode, and the generation of dendrites. These
issues contribute to limited discharge capacity, low energy density,
and shortened cycle life. To address these challenges and achieve
Zn-air batteries with high performance, diverse design strategies
have been proposed and developed. The subsequent sections will
delve into various approaches aimed at enhancing the capacity,
output voltage, energy density, and cycle life of Zn-air batteries.

4.1. Design strategies for high-capacity Zn-air batteries

4.1.1. Optimizing the actual capacity. The decline in actual
capacity observed in Zn-air batteries should be attributed to

a 0, OH-
ORR
T GBS &
-~ Oxygen slectrocatalyst _
Teewvveve v o
OER

© OH-

nv)

Single atom
Dapy 4

XXATXA
High-entropy
Cs

Low symmetry
Molecular point group

View Article Online

Review Article

factors such as sluggish kinetics of oxygen electrocatalysis (both
ORR and OER), restricted contact area between the electrocatalyst
and oxygen, and inadequate cathode conductivity.”**”> Hence,
enhancing the kinetics of O electrocatalysis at the electrocatalyst’s
surface/interface and improving the mass transfer efficiency and
conductivity of the cathode electrode (as depicted in Fig. 21a) are
crucial for optimizing the practical capacity of Zn-air batteries.
Various strategies, including atomic-level modulation engineering
and structural design, have been proposed to address these
challenges.

High-performance oxygen electrocatalysts with bifunctional
properties (ORR/OER) play a pivotal role in facilitating the
practical application of Zn-air batteries.*”® The oxygen electro-
catalytic reaction typically takes place at the three-phase inter-
face involving gas (O,), solid (catalyst), and liquid (electrolyte).
The intrinsic activity of this reaction is intricately linked to the
electronic structure on the surface of the solid electrocatalyst.
Consequently, optimizing the adsorption/desorption behavior
of the reaction intermediate, reducing the energy barrier of the
reaction, and expediting OER and ORR kinetics necessitate
precise tuning of the electronic structure. This underscores
the significance of atomic-level modulation engineering.®”” 3%
Currently, numerous reports have surfaced regarding the appli-
cation of atomic-level engineering strategies to improve the
OER and ORR kinetics in electrocatalysts.'>'*%¢™1%* This
approach aims to augment the capacity of Zn-air batteries.
Various atomic-level engineering strategies, such as heteroatom
doping, defect engineering, and hybrid structure construction,
are considered as effective methods to promote oxygen
electrocatalysis (Fig. 21b). Heteroatom doping involves the
incorporation of heteroatom elements characterized by distinct
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Fig. 21 Tuning the local electronic structure and surface/interface properties of oxygen electrocatalysts through atomic-scale modulation engineering.
(a) The schematic delineates the operational principles governing the oxygen electrocatalyst at the three-phase interface. (b) Schematic diagram of the
content of atomic-scale modulation engineering. (c) Relationship between symmetry of atomic modulation and electrocatalytic performance. (d) The
specific capacity normalized with the consumed zinc for HESA and Pt/C (20%) at 100 mA cm~2. Reproduced with permission from ref. 411. Copyright

2023 Springer Science & Business Media.
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electronegativity and atomic size in the crystalline structure of
the foundational electrocatalyst. This process serves to finely
tune the catalyst’s inherent electronic configuration, conse-
quently influencing its catalytic performance.’>™'° As an
illustration, high-entropy single-atom-doped carbon catalysts
exhibit exceptional catalytic performance in both OER and ORR,
surpassing the capabilities of Pt/C and RuO, catalysts.*'" Their
utilization in Zn-air batteries yields significantly increased
specific capacity compared to a benchmark RuO, and Pt/C
electrocatalyst (779 mA h gz, " versus 765 mA h gz, ', respec-
tively) (refer to Fig. 21c and d). Concurrently, defect engineering
stands as a widely acknowledged method for adjusting the
electronic structure of host materials.”'>*”>"">™*17  gurface
defects play a pivotal role in the modulation of electron density
in proximity to the Fermi level, facilitating enhanced orbital
hybridization. This effect yields a surplus of unsaturated coor-
dination sites and dangling bonds. Moreover, at the hetero-
structure interface, there is room for efficient adsorption of
electron-donating and electron-withdrawing groups, conse-
quently promoting rapid electrocatalytic rates characterized by
high reaction kinetics.”'® Crucially, the fabrication of hetero-
structures stands as a rational strategy for attaining bifunctional
properties in catalysts.*"®

Strategies involving atomic-scale engineering for oxygen
electrocatalysts exhibit notable enhancements in OER/ORR
catalytic performance,**>**" mitigating the concentration polar-
ization issue in Zn-air batteries. Nonetheless, the exclusive
reliance on atomic engineering to modify the surface/interface
of electrocatalysts falls short of fully optimizing the actual
capacity of Zn-air batteries. This discrepancy arises from the
variance between the operational conditions of the rotating disk
electrode (RDE) and the authentic working environment of air
electrodes in Zn-air batteries. In RDE tests, the swift rotation of
the RDE minimizes mass transfer resistance, thereby alleviating
concentration polarization and maximizing the intrinsic cataly-
tic activity of the bifunctional electrocatalyst. In contrast, the
static conditions prevalent in the air electrodes of Zn-air
batteries highlight reactant diffusion resistance as a pivotal
factor influencing mass transfer efficiency.*** Despite the devel-
opment of advanced OER/ORR electrocatalysts, enhancing the
practical capacity of Zn-air batteries for real-world applications
remains imperative. Therefore, in tandem with the atomic-scale
design of oxygen electrocatalysts, a concurrent focus on opti-
mizing the electrode structure is essential to enhance mass
transfer efficiency,"*® ultimately realizing the goal of augment-
ing the actual capacity of the battery. Typically, air cathodes are
fabricated through drop-coating or spray-coating processes,
establishing a constrained two-dimensional interface between
the gas diffusion layer and the electrocatalyst layer. However,
the inadequacy in leveraging the active site and maintaining
stable interfacial contacts renders the air cathode prone to
inactive reactivity, leading to diminished battery capacity. To
address this issue, Yu et al. advocated the use of asymmetric air
electrodes, allowing the catalytic process to also take place
inside the gas diffusion layer.*** The asymmetric configuration
of the air cathode facilitates gas diffusion and electrolyte
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permeation within this 3D conductive framework. This inter-
connected 3D framework structure markedly amplifies the
active site density and expedites mass transfer. Consequently,
the Zn-air battery featuring an asymmetric air cathode demon-
strates an elevated capacity (800 mA h g, ') compared to its
symmetric cathode counterpart (749 mA h gz, ).

4.1.2. Innovation of battery configurations. A pivotal chal-
lenge inherent in conventional two-electrode Zn-air batteries
stems from the bifunctional oxygen electrocatalyst in the air
electrode. This catalyst serves dual functions, namely, facilitating
the OER and the ORR. Despite the temporal distinction in the
occurrence of OER and ORR during battery charge and discharge
cycles, both reactions take place at the same electrode as well as
entail contrasting requirements.*”***® In kinetic terms, the
efficiency of OER catalysts hinges on a superhydrophilic environ-
ment, fostering the catalytic reaction at the interface. This
environment facilitates the expeditious release of O2 bubbles
on the catalyst surface.****** Conversely, ORR catalysts necessi-
tate the maintenance of a relatively hydrophobic environment
coupled with an efficient gas diffusion path. This configuration
supports the occurrence of the OER at the gas-liquid-solid
interface, preventing the submersion of active sites by
water.***"**® From a thermodynamic point of view, OER and
ORR, which are mutually reversible reactions, both have high
overpotentials. Hence, under highly oxidative conditions during
the OER process, bifunctional catalysts are prone to oxidation,
leading to a subsequent reduction in their ORR activity.**”
Simultaneously, the adsorption of reaction intermediates during
the OER and ORR on the catalyst surface diminishes the available
active sites. This reduction in active sites contributes to the
sluggish nature of both OER and ORR reactions.**® Presently,
substantial research efforts are dedicated to crafting highly
efficient bifunctional catalysts tailored for Zn-air batteries.**°
Nonetheless, the conflicting demands of the ORR and OER
in cathodes remain unresolved, resulting in the majority of
reported Zn-air batteries exhibiting discharge capacity below
5 mA h cm 2" To tackle the aforementioned challenges,
researchers subsequently introduced a three-electrode configu-
ration to augment the capacity of Zn-air batteries. This configu-
ration incorporates two distinct air electrodes dedicated to the
OER and ORR, respectively. Positioned between these electrodes
is the zinc electrode. In the charging process, the OER electrode is
linked to the zinc anode, while during discharge, the ORR
electrode connects to the Zn anode. Dai and colleagues effectively
engineered rechargeable Zn-air batteries, exploring both two-
electrode and three-electrode configurations."*® NiFe layered
double hydroxide/carbon tube composites and CoO/carbon nano-
tube (CNT) hybrids were used as OER and ORR catalysts,
respectively. Battery performance test results show that Zn-air
batteries with three-electrode configurations have higher capacity
than two-electrode Zn-air batteries.

An additional significant challenge encountered in two-
electrode Zn-air batteries arises from the zinc anode. The
formation of zinc dendrites and the occurrence of HER on
the Zn electrode surface during the charging process contribute
to diminished Coulombic efficiency and short circuits.>****

This journal is © The Royal Society of Chemistry 2024
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Moreover, elevated discharge depths of the metallic zinc plate
per cycle can induce uneven charging/discharging, resulting in
shape alterations and irreversible damage of the Zn electrode
throughout repeated cycles.*>> Recent research efforts predo-
minantly center on developing protective layers for zinc anodes,
aiming to impede dendrite growth and mitigate hydrogen
evolution.**®>*** Nevertheless, these studies conducted each
cycle at a low depth of discharge to extend cycling stability, a
practice that fails to meet the capacity demands essential for
the anode in practical Zn-air batteries.*’> Therefore, only after
solving the problems of anode and cathode simultaneously,
Zn-air batteries can have high discharge capacity, and then it is
possible to meet the requirements of actual commercialization.
To address the challenges inherent in traditional two-electrode
Zn-air batteries, a three-electrode Zn-air battery was devised.
This configuration includes a hydrophilic charging cathode, a
hydrophobic discharge cathode, and a Zn-free anode (Fig. 22).**°
This innovative three-electrode Zn-air battery capitalizes on the
decoupling of the cathode, facilitating rapid OER and ORR
kinetics. The separation of cathodes allows the OER and ORR
processes to unfold on distinct cathodes, preventing the oxida-
tion of the ORR electrocatalyst. Simultaneously, a Zn-free anode,
comprising tin-plated copper foam, is employed. This anode
induces growth along the (002)Zn plane, effectively curbing
hydrogen evolution and mitigating zinc corrosion. Consequently,
the novel three-electrode Zn-air battery demonstrates an
impressive high capacity of 800 mA h cm > per cycle and a

Hydrophobicity
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minimal voltage gap between charge and discharge platforms,
measuring at 0.66 V.

4.2. Design strategies for high-voltage Zn-air batteries

4.2.1. Decoupling the electrolyte. In the context of Zn-air
batteries, the primary factor contributing to low output voltage
is the electrolyte employed in the battery system. Typically, an
aqueous solution of 6-7 M potassium hydroxide is utilized as
the electrolyte for Zn-air batteries under standard conditions.
This choice is made to optimize ionic conductivity and enhance
both the OER and ORR kinetics.*®¢ In this alkaline environment,
as per the Nernst equation, the theoretical voltage of the Zn-air
battery is limited to 1.65 V,**” and its usual actual operating
potential is only about 1 V.**® Compared with the operating
voltage of aqueous Li-air batteries (about 3.5 V), the actual
operating voltage of Zn-air batteries is only one-third.**® In
contrast, the ORR reaction in acidic electrolytes can provide a
higher redox potential, resulting in a higher overall output
voltage of the Zn-air battery.**® Furthermore, in acidic electro-
Iytes, the issue of carbonate clogging, stemming from the
reaction of CO, in the air with alkaline electrolytes, can be
alleviated. Nevertheless, the use of acidic electrolytes poses
challenges, as metallic zinc is prone to corrosion and undergoes
a vigorous hydrogen evolution reaction. Achieving a high output
voltage in Zn-air batteries within acidic electrolytes necessitates
meticulous optimization of the electrolyte and the implementa-
tion of adequate protection measures for the zinc anode. In this
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Fig. 22 Working principle and performance of three-electrode Zn—air batteries. (a) Illustration delineating the operational principle of a three-electrode
Zn-air battery. Its overall structure includes three parts: a hydrophilic charging cathode, a hydrophobic discharge cathode, and a Zn-free anode. During
charging, the anode is linked to the hydrophilic charging cathode, while in discharge the anode is connected to the hydrophobic discharging cathode. (b)
Anode design that inhibits hydrogen evolution and produces dendrite-free (002)Zn growth. (c) High-resolution electron microscope image of (002)Zn.
(d) Comparison of capacity and stability between three-electrode Zn—air battery and other Zn—air battery systems. Reproduced with permission from ref.
456. Copyright 2023 John Wiley & Sons.
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context, the decoupling of electrolytes emerges as an effective
strategy for realizing acidic Zn-air batteries and, consequently,
attaining elevated output voltages. For example, Manthiram and
colleagues reported acidic Zn-air batteries with a decoupled air
cathode,'®" which is expected to eliminate the low output
voltage problem of traditional Zn-air batteries (Fig. 23a-c).
The decoupled Zn-air battery comprises a zinc electrode, an
alkaline electrolyte on the anode side, a NASICON-type Li-ion
solid electrolyte (LTAP), an acidic electrolyte on the cathode
side, and a distinct air cathode featuring a Pt/C electrocatalyst
dispersed on the gas diffusion layer for ORR and an IrO, thin
film grown on the Ti mesh for OER. Within this system, the
LTAP serves the primary function of separating the acidic
cathode electrolyte and the alkaline anode electrolyte, concur-
rently establishing ion channels. While LTAP does not directly
conduct Zn** ions, it acts as an ion “messenger” for Li*, ensuring
charge balance on both sides of the cathode and anode. Further-
more, the segregation of the ORR catalyst used in the discharge
reaction and the OER catalyst employed in the charging reaction
circumvents the oxidation of the ORR catalyst during high-
voltage charging, effectively mitigating dissolution and oxidation
issues associated with the ORR catalyst. On the other hand, the
isolated OER catalyst does not contain carbon and binders, thus
ensuring that the OER catalyst has good mechanical integrity in
high-pressure oxidation environments.*** It turns out that the
implementation of the decoupling strategy can also effectively
avoid the problem of carbonate produced by the reaction of
alkaline electrolytes with CO, in the air. Significantly, this
approach empowers this Zn-air battery to achieve a high voltage
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of nearly 2.0 V. Nevertheless, it is pertinent to acknowledge that
while utilizing solid electrolytes or other isolation membranes to
decouple the electrolyte in the Zn-air battery effectively enhances
the battery’s output voltage, the associated costs of these solid
electrolytes and membranes are typically higher.

4.2.2. Light-assisted strategy. Enhancing the output per-
formance of Zn-air batteries through external light holds
potential for sustainable utilization of renewable energy. Con-
sequently, the utilization of light energy with the help of Zn-air
batteries has garnered significant attention and interest. How-
ever, successfully integrating light energy and Zn-air batteries
remains an exceptionally challenging endeavor.*®® To realize
the combination of light energy and Zn-air batteries, rational
selection of oxygen electrocatalysts with light-absorbing ability
is essential. Confining Ni;,Ps nanoparticles in N-doped carbon
nanotubes promotes strong coupling of the two materials, and
the entire hybrid material exhibits a relatively sensitive
response to light irradiation.*®* Following the incorporation
of the photoresponsive oxygen catalyst into a Zn-air battery, the
overall battery exhibited enhanced output performance in the
presence of light. In the context of light conditions, semicon-
ductor materials with specific energy levels undergo excitation
of electrons and holes, thereby facilitating reduction and
oxidation reactions. For instance, photoanodes such as BiVO,
or o-Fe,03, when subjected to light, effectively enhance OER
kinetics, resulting in a substantial reduction in the charging
voltage of the Zn-air battery.*®®> Notably, the Fe,O; photoanode
demonstrated a charging voltage of 1.43 V under illumination,
significantly below the theoretical charging voltage of 1.65 V.
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Fig. 23 Design strategies for high-voltage Zn-air batteries. (a) Schematic diagram of how a decoupled Zn-air battery works during discharge. (b)
Illustration depicting the charging process of a decoupled Zn-air battery. (c) Rate performance of decoupled Zn-air batteries. Reproduced with
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The solar-assisted strategy effectively mitigates the high char-
ging voltage issue in Zn-air batteries. Furthermore, leveraging
additional light energy, Chen and colleagues achieved unpre-
cedented full use of light energy throughout the discharging/
charging process of a Zn-air battery (Fig. 23d and e).*®° A light-
involved Zn-air battery was engineered, employing TiO, and
poly(1,4-di(2-thienyl))benzene (PDTB) grown on carbon paper
as independent cathodes. During discharge, the PDTB cathode
is illuminated, exciting photoelectrons to the conduction band
of PDTB, thereby facilitating the ORR process as well as elevat-
ing Zn-air battery’s output voltage. Conversely, during charging,
the holes in the valence band of the illuminated TiO, electrode
are deactivated by the applied voltage and then participate in
the OER process. With the aid of light, the light-involved Zn-air
battery provided a remarkably low charging voltage of 0.59 V
and a record-high discharge voltage of 1.90 V. Despite the
effective enhancement of Zn-air battery output voltage through
light-assisted strategies, research on light-involved Zn-air
batteries remains limited, primarily due to the scarcity of
photosensitive O, catalysts. Furthermore, a comprehensive
understanding of the mechanisms governing Zn-air batteries
involving light is currently underexplored. Nevertheless, the
convergence of photochemistry, electrocatalysis, and batteries
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in the utilization of light energy in Zn-air batteries represents a
significant interdisciplinary research avenue.

4.3. Design strategies for high-energy-density Zn-air batteries

4.3.1. Integration strategy. In recent years, rechargeable
Zn-air batteries have once again garnered significant research
attention, leading to notable advancements in their develop-
ment. Characterized by an exceptionally high theoretical energy
density of 1086 W h kg™ ', these batteries also exhibit out-
standing safety features. Because energy density is related to
capacity and operating voltage, achieving high energy density
requires increasing both capacity and operating voltage. For
Zn-air batteries (Fig. 24a), they can usually achieve a high
discharge capacity, but the working voltage is difficult to be
further improved because their theoretical potential is only
1.65 V. Conversely, certain traditional Zn-M batteries (where M
denotes a metal or metal oxide/hydroxide) may present
enhanced operating voltage despite possessing a low capacity.
Notably, examples like Zn-Mn, Zn-Ni, and Zn-Ag batteries
exhibit this characteristic owing to their redox pairs featuring
high potential. The synthesis of electrode materials that
amalgamate the cathode reactions in both Zn-air and Zn-M
batteries has led to the development of a hybrid Zn battery,
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characterized by a high-energy density. This innovative battery
design enables the concurrent attainment of elevated capacity
and operating voltage.*®”"** Fig. 24b illustrates the operational
concept of the integrated Zn-air battery. Resembling the funda-
mental configuration of a Zn-air battery, this integrated system
comprises a Zn anode, an electrolyte, and a cathode featuring
active materials. Using the hybrid Zn-air/Ni configuration as an
illustration, where Ni(OH), serves as cathode’s active ingredient,
the cathode undergoes the faradaic redox reaction characteristic
of Zn-Ni batteries, alongside the electrocatalytic oxygen
reduction/oxidation reactions typical in Zn-air batteries (see
Fig. 24c). During the discharge process of the integrated Zn-air
battery, the initial step involves the reduction of transition metal
hydroxide (NiOOH) on the cathode electrode, succeeded by the
ORR. The charging process involves the sequential occurrence of
Ni(OH), oxidation and the OER. Concurrently, at the anode, Zn
oxidation and Zn>" ion reduction reactions occur during the
redox process. The faradaic redox reaction in Zn-Ni batteries
contributes to reversible pseudocapacitive current within a con-
fined potential range. Consequently, integrated Zn-air batteries
exhibit higher discharge voltages compared to their Zn-air
counterparts. Simultaneously, the electrocatalytic ORR in inte-
grated Zn-air batteries facilitates a heightened discharge capacity
by leveraging ambient air oxygen. By amalgamating the merits of
Zn-Ni batteries and Zn-air batteries, the integrated Zn-air bat-
teries achieve concomitant elevation in voltage and capacity,
resulting in superior energy density compared to traditional
single Zn-based batteries. This integration approach holds sig-
nificant appeal for various practical applications demanding high
energy density, notably in electric vehicles. The augmentation of
voltage is particularly advantageous for facilitating swift accelera-
tion in electric vehicles, while enhanced energy density contri-
butes to prolonged driving endurance. It is worth noting that
while cathodic redox reactions in integrated Zn-air batteries
adhere to similar principles, involving changes in the valence
state of metal elements, the specific reactions differ across
various metal elements. In an integrated Zn-air battery incorpor-
ating nickel (Ni), the cathode undergoes redox reactions resulting
in NiOOH as the final product during the charging process.
Specifically, the cathode experiences redox reactions between
NiO and NiOOH or Ni(OH), and NiOOH. Conversely, for Zn-air
batteries containing cobalt (Co) or silver (Ag) elements, the
ultimate products are high-valence oxides (namely, CoO, and
AgO) formed in the redox reactions. In summary, this integration
strategy effectively enhances the energy density of the Zn-air
battery by amalgamating the strengths of the Zn-M battery,
characterized by high discharge voltage, and the Zn-air battery,
recognized for its high capacity.

4.3.2. Innovation of battery configurations. Energy density
is determined by both capacity and operating voltage. Zn-air
batteries typically operate with an output voltage of approxi-
mately 1 V, emphasizing the necessity of attaining elevated
output voltage for achieving high energy density. The constrained
practical output voltage of Zn-air batteries predominantly stems
from the low redox potential associated with the oxygen
reduction reaction in alkaline electrolytes. Researchers have
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collectively directed their endeavors towards improving the over-
all performance of Zn-air batteries, with a particular emphasis on
crafting catalysts for air cathodes that are both highly active and
stable. Additionally, strategies such as electrode structure design
and the incorporation of electrolyte additives aim to prevent the
corrosion of the Zn anode.”®*”>*”7 While progress has been
made through these strategies, fundamental challenges stem-
ming from alkaline electrolytes persist. Recent investigations
indicate that near-neutral aqueous electrolytes present a viable
solution, enabling the preservation of highly reversible zinc
stripping/plating behavior. This adaptation allows neutral Zn-
ion batteries to manifest improved output performance.*’®*”
Nevertheless, the unsatisfactory performance of neutral Zn-air
batteries should be attributed to sluggish kinetics of the OER and
ORR processes in neutral electrolytes. This drawback becomes
particularly pronounced when considering the low battery vol-
tages, typically around ~1.00 V.**® Theoretically, air electrodes
demonstrate a more positive voltage of approximately 1.23 V vs.
SHE in strongly acidic electrolytes. Zn-air batteries operating in
acidic electrolytes also circumvent the issue of CO, poisoning.
However, while the utilization of acidic electrolytes enhances the
air cathode voltage, it concurrently accelerates the corrosion of
the zinc anode. In this regard, decoupling electrolytes is regarded
as a very promising approach to solving the above problems. By
decoupling the electrolyte, a high discharge voltage can be
achieved while maintaining the stability of the zinc anode. For
example, Zhang and collaborators documented a hybrid Zn-air
battery characterized by prolonged life and elevated operating
voltage (Fig. 24d-f).**' This hybrid Zn-air battery uses a double
hydrophobic membrane with proton shuttle shielding function
to decouple the electrolyte, so that the zinc anode is in the neutral
electrolyte and the air cathode is in the acidic electrolyte. Hybrid
Zn-air batteries operate by achieving stable electrochemical
stripping and plating of Zn with neutral anolytes, coupled with
high-potential oxygen redox reaction in acidic catholytes. This
integration of a double-hydrophobic membrane with a proton-
shuttling shielding function selectively facilitates the transport of
hydrophobic bis(trifluoromethanesulfonyl)imide anions, effec-
tively preventing the undesired cross-transport of protons. Con-
sequently, the hybrid Zn-air battery demonstrates an
exceptionally high output voltage of 1.50 V in ambient air and
provides a notable energy density of 1243.6 W h kg™ ' based on
the Zn anode.

Despite the effective decoupling of the alkaline electrolyte in
Zn-air batteries achieved through the use of an ion exchange
membrane, the substantial cost associated with this membrane
has significantly constrained its large-scale application. At this
point, low-cost hydrogel electrolytes are viewed as a promising
alternative.*®> Hydrogel electrolytes, owing to their compara-
tively low water content, impede ion migration and prevent the
crossover of ions in decoupled hydrogel electrolytes. This
characteristic effectively mitigates the mixing of anode and
cathode electrolytes without the need for additional mem-
branes. In addition, using hydrogel electrolytes to replace
alkaline water electrolytes can form flexible and stretchable
Zn-air batteries, which have broad practical application
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prospects in wearable devices, robots, etc. These types of zinc-
air batteries that use hydrogels as the electrolyte are called
quasi-solid-state Zn-air batteries. These quasi-solid-state Zn-
air batteries mainly have two configurations: sandwich type and
cable type.">®'37*® In sandwich-type quasi-solid-state Zn-air
batteries, hydrogel electrolytes are positioned between the air
electrode and the zinc electrode. This configuration ensures
stable performance output even when subjected to various bend-
ing or twisting conditions. Conversely, cable-type quasi-solid-
state Zn-air batteries embrace a coil design, positioning the zinc
electrode at the center and completely surrounded by the hydro-
gel electrolyte. The air electrode, featuring the catalyst layer, is
encased around the outer periphery. Presently, quasi-solid-state
Zn-air batteries demonstrate remarkable resilience to intricate
mechanical forces and deformations. Additionally, their output
performance can be customized by interconnecting battery packs
in either series or parallel configurations. Despite substantial
enhancements in the output performance of quasi-solid-state Zn-
air batteries in recent years, the semi-open form of the air
electrode poses a challenge, potentially resulting in the depletion
of H,O within the hydrogel electrolyte. The advent of all-solid-
state electrolytes emerges as an appealing solution to address
these issues. All-solid-state systems can deliver high energy
density to the power supply in the form of bipolar stacked
electrodes and provide higher volumetric energy density by
reducing dead space. As an illustration, Lee and colleagues
showcased a practical Zn-air pouch battery featuring a cathode
composed of (101) faceted copper phosphorus sulfide [CPS(101)],
coupled with an antifreeze chitosan biocellulose serving as the
superionic conductor electrolyte.*** The employed CPS(101)
demonstrates exceptional activity and stability, surpassing
30000 cycles for reversible ORR and OER. Its performance out-
shines the performance of Pt/C and RuO, catalysts. Simulta-
neously, the hydroxide superionic conductor, comprising
polymerized chitosan biocellulose, exhibits noteworthy electrical
conductivity (86.7 mS cm™ ' at 25 °C) along with robust mechan-
ical and chemical stability. The resulting commercially viable all-
solid-state Zn-air batteries, at 1 A h scale, achieve an ultrahigh
battery-level energy density of 460 W h kg..; " and 1389 W h 17",

4.4. Design strategies for long-cycle-life Zn-air batteries

4.4.1. Modification of the zinc anode. Presently, the
anodes employed in commercial Zn-air batteries consist of a
slurry derived from zinc powder. While this anode facilitates
ample contact between electrolytes and zinc anodes, its rever-
sibility is notably compromised by the generation of dendrites
and the occurrence of the concurrent side reaction. Conse-
quently, substantial endeavors have been devoted to enhancing
the reversibility of zinc anodes. Building upon insights from
lithium anode research in lithium metal batteries, diverse
strategies have been documented to address issues related to
zinc dendrites and side reactions. A commendable zinc anode,
in essence, should exhibit the following attributes: (1) elevated
electrical conductivity, (2) minimal HER activity, (3) outstand-
ing electrochemical stability, and (4) a substantial affinity for
zinc coupled with heightened reversibility.**> To obtain highly
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reversible zinc anodes, diverse strategies have been used to
improve the electrochemical reversibility of these anodes. In
this section, we will mainly introduce the two strategies of
structural design of zinc anodes and modification of the zinc
anode interface with additives or coatings.

By structurally designing the electrode, the zinc anode with a
continuous pore network architecture can be developed, thereby
enhancing the stable phase change between ZnO and Zn
throughout the charge and discharge cycles. Simultaneously,
the three-dimensional framework structure, characterized by its
high specific surface area, elevated electronic conductivity, and
fully exposed zinc affinity sites, proves advantageous for the even
deposition of zinc and mitigates the risk of uncontrolled zinc
dendrite proliferation.****” Moreover, the utilization of zinc
foam featuring a three-dimensional pore structure proves effec-
tive in mitigating passivation issues, thereby enhancing the
accessibility of zinc to 90%. Compared with the traditional zinc
powder, the introduction of continuous nanoporous structures
into zinc electrodes has been proven to be able to effectively
stabilize the electrochemical transformation between metallic Zn
and ZnO, thereby exhibiting excellent battery cycle stability. For
example, Chen’s team synthesized a Zn electrode with a bicon-
tinuous nanoporous structure.*®® This nanoporous zinc can
stabilize the phase transition of zinc during charge and discharge
while retaining a continuous network of conductive pores. Con-
versely, in the initial charge and discharge cycles, the zinc powder
lacking a nanoporous structure exhibited a notable alteration in
surface morphology. Subsequently, the nanoporous zinc anode
was assembled into a Zn-air coin cell, and the electrochemical
performance test results showed that the Zn-air battery with a
nanoporous anode achieved enhanced charge-discharge beha-
vior and high energy efficiency after 80 cycles.

Modifications at the anode interface, including the incor-
poration of additives and coatings, represent another effective
strategy for enhancing the reversibility of zinc anodes.*3°*°
The introduction of small amounts of additives into the zinc
anode brings about a substantial enhancement in its electro-
chemical reversibility, resulting in the enhanced long-term
cycling performance of the Zn-air battery. Specifically, incorpor-
ating carbon-based materials with expansive specific surface
areas into zinc anodes offers ample zinc-philic sites for Zn
nucleation. This approach helps prevent the formation of Zn
dendrites, ensuring the uniform deposition of Zn>* on the
electrode. For example, Yang et al. introduced graphene into a
zinc anode and prepared a Zn/graphene composite electrode. >
This Zn/graphene composite anode can effectively prevent Zn
corrosion in harsh electrolytes. Simultaneously, Zn-air batteries
employing Zn/graphene composites as anodes exhibit lower
overpotential and more consistent electrochemical behavior
compared to Zn-air batteries utilizing pure zinc anodes over
extended charge and discharge cycles. This outcome under-
scores the positive impact of introducing graphene additives
in mitigating the self-corrosion and dendrite generation of Zn
anodes. In addition, Qian and colleagues improved the reversi-
bility of zinc during charge and discharge by coating a chemical
buffer layer on the zinc metal anode."®® Its chemical buffer layer
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is constructed by uniformly dispersing ZnO nanorods in the
graphene skeleton. For the buffer layer, the adsorption affinity
of graphene to zinc ions and the role of ZnO nanorods as
uniformly deposited crystal nuclei cooperate with each other
to achieve the purpose of reducing passivation and dissolution
at the zinc anode interface, thus achieving the reversible pre-
cipitation—-dissolution behavior of zinc. The integration of a zinc
anode with a buffer layer into a Zn-air battery resulted in robust
stability over 100 cycles, characterized by minimal voltage
fluctuations. As the deposition time of Zn** increases, the zinc
anode featuring a buffer layer maintains a relatively flat elec-
trode surface, in stark contrast to the evident dendrite for-
mation observed on the surface of the zinc electrode lacking a
buffer layer. Consequently, the Zn anode with a buffer layer
demonstrated an impressive long-term cycling performance,
lasting for 450 hours in an alkaline Zn-air battery. Overall, this
chemical buffering strategy provides new ideas and strategies
for developing Zn-air batteries with long cycle life.

4.4.2. Electrolyte optimization strategy. In aqueous Zn-air
batteries, the solvation structure of Zn*" can be adjusted by
changing the types of solvents and salts in the electrolyte.
Additionally, the use of additives aids in the generation of a
stable electrode/electrolyte interface.>'® Notably, the dissolu-
tion/deposition behavior of zinc electrodes is closely linked to
the solvation structure of Zn ions. For instance, the addition of
LiOH to the KOH electrolyte has proven effective in substantially
extending the cycle life of Zn-air batteries.*>* The introduction
of Li" into the electrolyte extends cycle life primarily by virtue of
Li"s pivotal role in the dissociation of intermediate zincate
species during the charging process, consequently mitigating
the charging overpotential. Moreover, the design of water-in-salt
electrolytes is regarded as an effective strategy for electrolyte
modification. This approach aims to optimize the solvation
structure of Zn>', thereby enhancing the reversibility of Zn.
Water-in-salt electrolytes mean that the volume and mass of
H,O0 in the system are much smaller than that of the dissolved
salt.”®® In water-in-salt electrolyte systems, the conventional
solvation sheath is not established due to an insufficient
number of H,O molecules. In these systems, all available H,O
molecules actively participate in the ion solvation shell. There-
fore, water-in-salt electrolytes that do not contain free water
molecules can effectively suppress various side reactions caused
by water during charging and discharging. However, achieving
high-concentration electrolytes still faces huge challenges. Cur-
rent highly concentrated electrolytes are expensive to prepare,
and state-of-the-art formulations either lack zinc ions or rely on
halogen salts. These factors have greatly limited the large-scale
application of the water-in-salt strategy. Recently, Lu et al.
prepared a highly concentrated aqueous electrolyte from zinc
acetate, which has poor water solubility but is cheap and
environmentally friendly, by introducing hydrotropic agents
(such as potassium acetate, urea, acetamide).’®> This strategy
provides a reference for the subsequent design of high-
concentration aqueous electrolytes.

Recently, the exploration of high-concentration Zn salts, such
as ZnCl,, Zn(ClO,),, Zn(CF380;),, Zn(Ac),, Zn(OTF),, Zn(TFSI),,
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and ZnSO,, as non-alkaline electrolytes is emerging as a promising
avenue to enhance the cycling stability of Zn-air batteries.*** %!
Zn-air batteries utilizing highly concentrated non-alkaline elec-
trolytes demonstrate superior reversibility compared to conven-
tional alkaline Zn-air batteries, primarily attributed to the
reduction of by-reactions. For example, Wang and his colleagues
achieved an efficient and stable operation of Zn-air batteries
using a high-concentration Zn(OTF), aqueous solution as the
electrolyte.’”® In particular, owing to the use of the high-
concentration aqueous electrolyte, the traditional four-electron
process in alkaline Zn-air batteries is transformed into a novel
two-electron Zn-0,/Zn0, electrochemical process. Under the
influence of the electric field, hydrophobic OTF anions tend to
establish a Zn**-rich/H,O-poor inner Helmholtz layer (IHL) on
the surface of the air electrode (Fig. 25a). The Zn**-rich/H,O-
poor environment, on the one hand, diminishes the opportu-
nities for H,O molecules to participate in electrode reactions.
On the other hand, this environment also provides better
contact with Zn>" for the intermediate species generated by
the redox reaction of the oxygen cathode. Theoretical calcula-
tions and kinetic simulation results indicate that the formation
of superoxide species takes place from the weak interaction
between OTF anions and Zn** in the high concentration elec-
trolyte (Zn(OTF),). This interaction promotes the subsequent
highly reversible ZnO, chemical reaction. Consequently, a two-
electron oxygen reduction mechanism is realized in the high-
concentration aqueous electrolyte instead of the four-electron
oxygen reduction mechanism in alkaline electrolytes. Conse-
quently, this non-alkaline Zn-air battery with the Zn(OTF),
electrolyte achieved stable operation for 1600 hours at a current
density of 0.1 mA cm 2 and 160 hours at a current density of
1 mA cm™? in ambient air (Fig. 25b). Moreover, Wang and
colleagues engineered a H,O-proof and Zn>*-conducting SEI
layer by elevating the content of the Zn(OTf), electrolyte and
incorporating trimethylethyl ammonium trifluoromethanesul-
fonate (Me;EtNOTF) as an additive (Fig. 25¢c).>>* The develop-
ment of this SEI layer notably enhances the electrochemical
output performance of the Zn-based battery. The assembled Zn-
air battery demonstrates a high energy density of 325 W h kg™*
and maintains robust cycling stability over 300 cycles.

4.4.3. Innovation of battery configurations. Apart from the
issues of Zn dendrite generation, hydrogen production, and Zn
corrosion at the Zn electrode, which impact the stability of the
traditional two-electrode Zn-air battery, the conflicting demands
of OER and ORR also contribute to the long-term cycling stability
of the Zn-air battery. The primary reason for the influence of the
ORR/OER reactions on the cycling performance of the traditional
two-electrode Zn-air battery is the occurrence of the OER/ORR on
the same air cathode in the discharge/charge processes.”®* In
general, the open circuit voltage of Zn-air batteries in the
discharge process typically hovers around 1.2 V. However, owing
to the substantial overpotential associated with the OER process,
the charging voltage of Zn-air batteries must be elevated to
approximately 2.0 V or even higher.”” The strong oxidizing
environment during high voltage charging can cause oxidation
and deactivation of the ORR catalyst. Furthermore, the gas

This journal is © The Royal Society of Chemistry 2024
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produced during the OER in the charging process can adversely
affect and compromise the electrode structure. This may result in
mechanical damage to the electrode, catalyst loss, and ultimately
render the battery inoperable. In addressing this issue, construct-
ing three-electrode Zn-air batteries by segregating the OER and
ORR offers an effective strategy.'”® The three-electrode configu-
ration involves two distinct air cathodes dedicated to the OER
and ORR, respectively. The zinc anode is positioned between OER
electrodes and ORR electrodes. During charging, the OER elec-
trode is connected to the zinc anode, while during discharging,
the ORR electrode is connected to the zinc anode. This strategic
setup proves effective in enhancing the cycling life of the Zn-air
battery.

Substituting traditional alkaline aqueous electrolytes with
hydrogel electrolytes proves to be an effective strategy in improv-
ing the long cycle life of Zn-air batteries.>*>*°® Unfortunately, to
date, the development of high-performance hydrogel electro-
lytes has severely lagged behind the development of bifunc-
tional catalysts.’®” Conventional polyvinyl alcohol (PVA)-based
hydrogel electrolytes encounter challenges such as low ionic
conductivity, limited stretchability, and inadequate water reten-
tion capacity.’®® In order to obtain hydrogel electrolytes with
better performance, researchers began to try to modify PVA. For
example, combining PVA with additives with high hydrophilicity
and/or alkali resistance (such as guar hydroxypropyltrimonium
chloride,’® quaternary ammonium®'®) can greatly improve the
ionic conductivity and stability of PVA. In addition, if other
polymers with excellent water retention capabilities, such as
polyacrylic acid (PAA)*'* and polyacrylamide (PAM),>'? are com-
bined with PVA, it can also improve the water retention capacity
of PVA. As an illustration, Zhong and colleagues synthesized
alkaline gel polymer electrolytes via multiple cross-linking reac-
tions involving polyacrylic acid (PAA), polyvinyl alcohol (PVA),

This journal is © The Royal Society of Chemistry 2024

graphene oxide, alkali, and potassium iodide (KI) (Fig. 26a).>**

The developed hydrogel electrolyte surpasses conventional PVA gel
electrolytes in terms of mechanical strength, ionic conductivity,
and H,O0 retention capacity. Moreover, the incorporation of iodide
ions alters the conventional oxygen evolution pathway on the air
electrode, resulting in a thermodynamically more favorable route.
With this optimized alkaline gel electrolyte, the flexible Zn-air
battery achieves an extremely low charging potential of 1.69 V and
maintains long-term cycling stability for 200 hours (Fig. 26b and c).
Considering that the stability of a battery is determined by multi-
ple factors, subsequent research should also invest more efforts in
electrolyte design and battery configuration while developing high-
performance electrocatalysts.

5. Design strategies for Zn—CO,
batteries and other Zn-based batteries

Since the industrial revolution, the levels of CO, in the atmo-
sphere have continued to rise, far exceeding the upper limit
recommended by environmentalists (350 ppm)."”® At the same
time, CO,, as the main greenhouse gas and acidic gas, is closely
related to the environment and ecology. High concentrations of
CO, in the atmosphere will change the global climate and
increase the acidity of the ocean, thereby causing damage to
the marine ecosystem. But from another perspective, if there
are suitable environmentally friendly technologies that can
realize the conversion and utilization of CO,, CO, will be the
most abundant and cheapest C1 raw material in nature. It is
noteworthy that Takechi et al. have recently ascertained that the
incorporation of CO, positively influences the energy density of
Li-air batteries,”"* since the presence of CO, contributes to the

rapid consumption of superoxide anion radicals and slows
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down the filling of Li,CO; in the cathode. This research result
shows that it is possible to design metal-CO, batteries and use
them as a platform to convert CO,."®* In metal-CO, batteries,
the typical operational mechanism involves the oxidation of the
metal at the anode. Subsequently, the generated electrons are
conveyed through an external circuit to the cathode, where they
participate in the reduction of CO,. Compared with commonly
used CO, conversion and utilization technologies, metal-CO,
battery technology is unique in that it combines CO, conver-
sion with energy generation, rather than pure energy input.
Amidst the array of presently documented metal-CO, bat-
teries, Zn-CO, batteries stand out as a promising environmen-
tally efficient option due to their avoidance of organic electrolytes.
As an emerging Zn-based battery, there are currently few reports
on Zn-CO, batteries. Because of the chemical inertness of CO,
molecules, current design strategies for Zn-CO, batteries mainly
focus on the design of efficient electrocatalysts.”®>"” As an
illustration, Hou and colleagues devised a gas diffusion strategy
to craft nitrogen-doped porous carbon polyhedra featuring minute
quantities of isolated iron atoms."”® The optimized electrocatalyst,
featuring Fe-N; sites, demonstrates outstanding performance in
CO, reduction, achieving a CO faradaic efficiency of 96% at —0.5

4910 | Chem. Soc. Rev., 2024, 53, 4877-4925

V, coupled with remarkable stability. Its CO,-to-CO conversion
efficiency surpasses that of nearly all previously documented non-
noble metal single-atom electrocatalysts relying on nitrogen-doped
carbon. This exceptional performance can be ascribed to the
enhanced intrinsic activity and the heightened exposure of active
sites. The augmented exposure of catalytic sites results primarily
from size adjustments designed to amplify the electrochemical
surface area. Simultaneously, the heightened intrinsic activity
stems predominantly from nitrogen species doping, inducing
alterations in the electronic structure. Subsequently, the synthe-
sized material was integrated into a Zn-CO, battery as a cathode
catalyst, yielding robust battery performance characterized by a
notable power density of 526 mW cm > and an open circuit
voltage of 0.727 V. Additionally, Wang et al introduced and
successfully implemented a reversible Zn-CO, battery, capitalizing
on the reversible conversion between carbon dioxide and liquid
HCOOH facilitated by a bifunctional Pd cathode (Fig. 27)."”°
Leveraging their abundant edge and pore structure, the three-
dimensional porous Pd nanosheets, upon preparation, manifest a
highly electrochemically active surface. This characteristic facil-
itates selective CO, reduction during discharging and HCOOH
oxidation at low overpotential. When Pd nanosheets are assembled

This journal is © The Royal Society of Chemistry 2024
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into Zn-CO, batteries as cathode catalysts, the charging voltage is
only 1V, the cycle durability can exceed 100 cycles, and the energy
efficiency can be as high as 81.2%.

Apart from the emerging Zn-CO, batteries,”"® recent years
have witnessed the proposal and development of various other
Zn-based batteries, such as the Zn-acetylene battery, Zn—nitrate
battery, and several hybrid battery configurations. For these
emerging Zn-based batteries, current design strategies mainly
focus on the design of cathode electrocatalysts and innovation
of battery configurations.”>* Illustratively, Zhang et al
employed copper dendrites, known for their superior catalytic
performance in acetylene semi-hydrogenation, as the cathode
catalyst to establish a novel Zn-C,H, battery. This innovative
design integrates zinc oxidation at the anode with alkyne semi-
hydrogenation at the cathode.”" This new type of battery can
simultaneously achieve selective alkyne reduction and power
generation. The engineered Zn-C,H, battery demonstrates sig-
nificant open circuit potential and elevated energy density
throughout its charge and discharge cycles. Moreover, in the
stable discharge phase, the Zn-C,H, battery achieves excep-
tional faradaic efficiency and ethylene productivity, yielding
polymer-grade ethylene raw materials. Consequently, the
advancement of functional Zn-C,H, batteries not only intro-
duces innovative concepts and applications for next-generation
batteries but also presents a promising avenue for energy-
efficient and cost-effective alkyne removal technology in olefin
purification. Furthermore, some high-performance hybrid bat-
teries have also been proposed and developed through the
design of electrolytes. As an illustration, Xia and collaborators
devised Zn-air/iodide hybrid batteries, employing an innovative

This journal is © The Royal Society of Chemistry 2024

dual-network structured hydrogel as the electrolyte.**> The dual-
network structure in the electrolyte imparts enhanced mechan-
ical strength and heightened ionic conductivity to the material.
Notably, the incorporation of iodine species brings about more
favorable cathode kinetics in the iodide/iodate redox process
compared to oxygen electrocatalysis. Simultaneously, iodine spe-
cies influence the solvation structure of Zn>', contributing to
improved interface stability. Consequently, the assembled hybrid
battery demonstrates an outstanding long cycle stability of 110
hours and a commendable energy efficiency of 80%. While these
emerging Zn-based batteries are in the nascent stages of research,
further endeavors are imperative to explore diverse strategies
aimed at achieving optimal battery performance.

6. Conclusions and outlook

Exploring the energy storage mechanisms of batteries and
enhancing the performance of diverse battery types remain a
prevalent theme in the realm of energy storage. The pursuit of
these aims is intricately tied to both human life and societal
advancement. Zn-based batteries, recognized for their low cost,
environmental sustainability, inherent safety, and substantial
theoretical energy density, emerge as an ideal candidate for the
next generation of secure battery technologies. This review first
systematically summarizes various energy storage mechanisms
existing in Zn-based batteries, including insertion-type,
conversion-type, coordination-type, and catalysis-type mechan-
isms. Furthermore, the design strategies aiming at enhancing
their electrochemical performance in terms of output voltage,
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Fig. 28 Direction for future development of Zn-based batteries.

specific capacity, energy density, and cycle life are introduced.
In addition to these achievements discussed in this review
(Table 1), there are still many issues that need to be solved in
order to render high-performance Zn-based batteries. Because
of the complexity of battery processes and devices, more efforts
need to be invested to deeply understand the reaction mecha-
nism of Zn-based batteries. Concurrently, it is necessary to
realize that the excellent performance of Zn-based batteries
stems from the collective enhancement of each constituent
rather than isolated improvements in individual components.
The following points represent unsolved and important areas
in Zn-based batteries that require further research and explora-
tion (Fig. 28):

(1) Further understanding of energy storage mechanisms

While the insertion-type, conversion-type, coordination-type,
and catalysis-type mechanisms collectively encompass the spec-
trum of redox reactions occurring at the cathode in Zn-based
batteries, it is noteworthy that high-performance variants often
exhibit a concurrent presence of multiple reaction mechan-
isms, rather than being exclusively governed by a singular type
of redox reaction. Simultaneously, the intricate nature of the
constituents within Zn-based batteries contributes to heigh-
tened challenges in comprehending the underlying reaction
mechanisms. To glean insights into the factors influencing the
performance of Zn-based batteries and to facilitate the design
of high-performance variants, it is imperative to dedicate
increased efforts towards the exploration and comprehension
of the associated reaction mechanisms. In this regard, the
utilization of diverse advanced characterization techniques
and theoretical calculations opens avenues for enhanced com-
prehension of reaction mechanisms.

Despite recent advances in the performance of Zn-based
batteries, the mechanisms leading to electrode material deac-
tivation and battery failure processes remain elusive, posing a
constraint on further evolution of Zn-based battery technology.
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The seamless functionality of Zn-based batteries is intricately
linked to the stability of the zinc anode/electrolyte/cathode
interface. Consequently, substantial efforts are warranted to
elucidate the intricacies of the charge and discharge processes
occurring at this interface. Specifically, the employment of
diverse in situ characterization techniques, such as in situ
XRD, in situ Raman, in situ XAFS, and in situ TEM, is crucial
to monitor dynamic alterations at the electrolyte/electrode inter-
face. Such effort facilitates a comprehensive understanding of
the battery failure process. Furthermore, a profound compre-
hension of Zn-based battery failures serves as a valuable refer-
ence for the design of high-performance Zn-based batteries.

(2) Exploring new reaction mechanisms to achieve high
performance

Zn-ion batteries inherently benefit from the natural capacity
advantage offered by sulfur in conversion-type materials. How-
ever, the proposed sulfur redox reactions thus far exhibit
limited valence changes, resulting in a constrained electrode
potential. To enhance energy density, a promising approach
involves devising a novel conversion reaction mechanism that
facilitates a broader valence change range for sulfur in redox
processes. Achieving an expanded valence change range for
sulfur in redox reactions necessitates the minimization of side
reactions, such as the HER and OER. Consequently, the imple-
mentation of a high-concentration electrolyte, specifically a
water-in-salt configuration, emerges as an effective strategy to
circumvent side reactions. This approach successfully elimi-
nates undesired reactions, thereby widening the valence
change range for sulfur in the redox process.

In the realm of alkaline Zn-air batteries, the well-established
4e /O, chemistry is a cornerstone. Nevertheless, the incorpora-
tion of functional additives possesses the potential to induce
alterations in the Zn*' solvation sheath structure, hydrogen
bonding configuration, or the reaction pathway within the alka-
line electrolyte. By incorporating high-concentration additives,

This journal is © The Royal Society of Chemistry 2024
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the conventional four-electron process undergoes a transforma-
tion into a two-electron Zn-oxygen/Zn peroxide chemistry, exem-
plifying a notable alteration in reaction dynamics. These
changes, in turn, yield unexpected performance enhancements,
effectively overcoming inherent bottlenecks. Concurrently, the
adoption of a non-alkaline electrolyte not only circumvents the
constraints associated with an alkaline electrolyte but also
ensures excellent reversibility. The commendable performance
observed in non-alkaline Zn-air batteries signifies a promising
avenue for the design of sustainable batteries capable of pro-
longed and stable operation. The anticipation for innovative
electrolytes and novel reaction mechanisms is high, yet their
development poses a significant challenge.

(3) Developing Zn-based batteries with high energy density

High energy density in Zn-based batteries necessitates the
concurrent optimization of both capacity and voltage, as energy
density is inherently determined by the product of these two
factors. Cathode materials, including Prussian blue materials,
polyanionic compounds, and Co-based oxides, demonstrate
distinctive high-voltage features, yet their theoretical capacity
remains unsatisfactory. Consequently, a critical focus lies in
enhancing the actual capacity of cathode materials with high
voltage characteristics. Various strategies, including introduc-
tion of multispecies redox reactions and adjustment of ion
concentrations in the cathode material, can be employed to
reduce the proportion of inactive components and increase the
electron transfer number. This, in turn, enhances the intrinsic
capacity of redox-active materials. Conversely, addressing the
intrinsic low electrode potential of high-capacity cathode mate-
rials remains a persistent challenge. While maintaining stable
operation of the Zn anode, the introduction of various charge
carriers, such as AI’", Li*, Na’, etc., offers the potential to
establish a higher output voltage platform. It is essential,
however, to ensure the compatibility of introduced charge
carriers with the structure of the cathode material.

Beyond the investigation of cathode materials exhibiting
simultaneous high capacity and voltage, exploring innovative
battery configurations stands out as a highly promising avenue
for achieving elevated energy density in zinc-based batteries.
Currently, the predominant method for decoupling electrolytes
involves the utilization of ion exchange membranes. This
design approach facilitates a substantial increase in the
potential difference between anode and cathode, expanding
the stable electrochemical window of the electrolyte and, con-
sequently, realizing high-energy-density Zn-based batteries.
However, it is imperative to acknowledge the associated cost
escalation, primarily due to the expense of ion exchange
membranes commonly employed for decoupling. Future inves-
tigations should prioritize the development of more econom-
ical ion exchange membranes. Additionally, exploring the
feasibility of cost-effective gel electrolytes as substitutes for
ion exchange membranes holds promise as a crucial avenue
for further research. Furthermore, the integration of flow
devices presents an additional avenue for enhancing the energy
density of Zn-based batteries.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Review Article

(4) Designing Zn-based batteries with ultra-long cycle life

The growing demand for practical applications underscores the
increasing need for Zn-based batteries characterized by ultra-
long cycle life. Given the intimate connection between reversi-
bility at the zinc anode and the long-term cycling stability of Zn-
based batteries, an effective strategy to prolong cycle life
involves the careful adjustment of the zinc anode and its
interface with the electrolyte. Through the modification and
structural design of the zinc anode, it is possible to mitigate the
formation of zinc dendrites, prevent the occurrence of the side
reaction (HER), and restrict the production of irreversible by-
products. Moreover, the introduction of additives into the
electrolyte facilitates the effective modulation of the interface
between the zinc anode and the electrolyte, thereby enabling
the reversible dissolution and deposition of zinc.

The electrolyte also plays a crucial role in influencing the
cycle stability of Zn-based batteries. Currently, the decoupling
of electrolytes stands out as a highly effective approach to
enhance the cycle stability of Zn-based batteries. This method
involves isolating the cathode and anode in distinct electrolyte
environments, effectively mitigating the occurrence of side
reactions and preserving the stability of the electrode structure.
The two predominant methods for decoupling electrolytes are
through the use of ion exchange membranes and hydrogel
electrolytes. In the case of ion exchange membranes, the high
cost necessitates further research and development focused on
achieving more cost-effective alternatives. Regarding gel elec-
trolytes, considerations should extend to the water retention
effect and compatibility with both positive and negative
electrodes.

(5) Developing flexible and wearable Zn-based batteries with
high performance

The pursuit of flexible, wearable, and multifunctional Zn-based
batteries with innovative features, including self-protection,
self-healing, stretchability, photoelectric detection, shape mem-
ory, and thermal response, represents a highly promising
direction. This endeavor is poised to potentially shape the next
generation of electronic products. A primary challenge is man-
ifested in the development of solid or quasi-solid electrolytes
that concurrently exhibit robust mechanical strength, high ionic
conductivity, and multifunctionality. Addressing this challenge
requires not only the optimization of device structures but also
the incorporation of smart designs. These considerations aim to
improve compatibility between the multifunctional electrolyte
and the intelligent material, as well as other parts within battery
devices. The overarching goal is to realize multifunctional
devices without compromising electrochemical performance
significantly.

(6) Developing high-performance Zn-based batteries for
extreme-condition applications

While Zn-based batteries have found extensive applications in
the consumable electronics market, their performance experi-
ences significant degradation under extreme conditions,
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including polar expeditions, ocean exploration, and high-
altitude drone operations. As such, the imperative lies in the
development of Zn-based batteries characterized by heightened
performance in challenging environmental conditions, encom-
passing low and high temperatures, elevated pressure, humid-
ity, and radiation exposure. Extreme conditions frequently
influence the electrochemical behavior of specific components
within battery devices. For instance, low temperature may result
in diminished ion transport rates, while elevated temperatures
can induce undesirable side reactions. Therefore, in subsequent
research, it is important to design corresponding electrolytes
and electrode structures for specific extreme conditions.

(7) From laboratory research to industry implementation

Zn-based batteries hold considerable promise for sustainable
advancements in future energy and environmental initiatives.
Despite extensive research and development efforts in laboratory
settings, the transition from theoretical concepts to practical
implementation poses substantial challenges. It is crucial to
acknowledge that testing conditions in the laboratory substantially
differ from those encountered in practical applications. Therefore,
careful consideration of performance variations arising from dis-
parate testing conditions becomes imperative. Notably, the path
forward requires a holistic approach, emphasizing the synergistic
effects among battery components to enhance overall Zn-based
battery performance, rather than isolated improvements in indi-
vidual elements. Furthermore, the broad adoption of Zn-based
batteries calls for a thoughtful equilibrium between cost consid-
erations and the pursuit of performance enhancement.

Overall, the prospect of employing a singular strategy as a
panacea for addressing the myriad challenges inherent in Zn-
based batteries appears improbable. Clearly, the key to realiz-
ing large-scale applications entails the judicious integration of
diverse strategies. Nanotechnology, by introducing innovative
avenues, holds promise in mitigating these multifaceted issues.
Concurrently, the utilization of advanced characterization tech-
niques contributes significantly by furnishing additional
insights crucial for informed material design. Given the active
research landscape surrounding Zn-based batteries, concerted
endeavors in mechanism exploration, strategic design, and
battery engineering are vital to render their viability feasible.
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