




Zinc–Air Batteries





Zinc–Air Batteries

Introduction, Design Principles, and Emerging Technologies

Edited by Zongping Shao and Xiaomin Xu



Editors

Prof. Zongping Shao
Curtin University
WA School of Mines: Minerals, Energy
and Chemical Engineering
Kent Street, Bentley
6102 Perth
Australia

Dr. Xiaomin Xu
Curtin University
WA School of Mines: Minerals, Energy
and Chemical Engineering
Kent Street, Bentley
6102 Perth
Australia

Cover Image: © Adisak
Riwkratok/Shutterstock

All books published by WILEY-VCH are carefully
produced. Nevertheless, authors, editors, and
publisher do not warrant the information
contained in these books, including this book,
to be free of errors. Readers are advised to keep
in mind that statements, data, illustrations,
procedural details or other items may
inadvertently be inaccurate.

Library of Congress Card No.: applied for

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available
from the British Library.

Bibliographic information published by
the Deutsche Nationalbibliothek
The Deutsche Nationalbibliothek lists
this publication in the Deutsche
Nationalbibliografie; detailed bibliographic
data are available on the Internet at
<http://dnb.d-nb.de>.

© 2023 WILEY-VCH GmbH, Boschstr. 12,
69469 Weinheim, Germany

All rights reserved (including those of
translation into other languages). No part of
this book may be reproduced in any form – by
photoprinting, microfilm, or any other
means – nor transmitted or translated into a
machine language without written permission
from the publishers. Registered names,
trademarks, etc. used in this book, even when
not specifically marked as such, are not to be
considered unprotected by law.

Print ISBN: 978-3-527-35046-9
ePDF ISBN: 978-3-527-83791-5
ePub ISBN: 978-3-527-83792-2
oBook ISBN: 978-3-527-83793-9

Typesetting Straive, Chennai, India

http://dnb.d-nb.de
http://dnb.d-nb.de


v

Contents

Preface xi

1 Introduction to Zinc–Air Batteries 1
Qian Lu, Xiaohong Zou, and Yunfei Bu

1.1 Introduction 1
1.2 History of Zn–Air Batteries 3
1.3 Structure and Principle of Zn–Air Batteries 5
1.4 Evaluation of Zn–Air Batteries 18
1.4.1 Specific Capacity Density 18
1.4.2 Specific Energy Density 20
1.4.3 Power Density 21
1.4.4 Charge/Discharge Performance 22
1.5 Main Issues of Zn–Air Batteries 23
1.5.1 Air Cathode 23
1.5.2 Electrolyte 25
1.5.3 Zn Anode 26

Acknowledgments 28
References 29

2 Design of Oxygen Reduction Catalysts in Primary Zinc–Air
Batteries 35
Jie Yu and Meng Ni

2.1 Overview of Oxygen Reduction Catalysts 35
2.2 Precious Metal Catalysts 36
2.3 Single-Atom Catalysts 40
2.4 Carbon-Based Catalysts 44
2.4.1 Metal-Free Carbon 44
2.4.2 Transition Metal–Carbon Hybrid 48
2.5 Transition Metal Oxide Catalysts 51
2.5.1 Single-Metal Oxides 51
2.5.2 Spinel Oxides 53
2.5.3 Perovskite Oxides 56
2.6 Miscellaneous Catalysts (Cluster Catalysts, Molecular Catalysts) 58

References 61



vi Contents

3 Design of Bifunctional Oxygen Catalysts in Rechargeable
Zinc–Air Batteries 69
Xiaomin Xu and Zongping Shao

3.1 Oxygen–Redox Reactions and Catalyst Candidates 69
3.2 Carbon 71
3.2.1 Nonmetal-Doped Carbon 71
3.2.2 Transition Metal and Nitrogen Codoped Carbon 74
3.3 Metal Oxides 76
3.3.1 Simple Oxides 76
3.3.2 Spinel Oxides 77
3.3.3 Perovskite Oxides 78
3.4 Heterostructured Catalysts 80
3.5 Carbon-Based Composites 83
3.5.1 Metals and Alloys 84
3.5.2 Layered Double Hydroxides and Oxides 85
3.5.3 Sulfides, Nitrides, and Phosphides 88
3.5.4 Hybrids 90
3.6 Other Emerging Catalysts 93
3.6.1 Nitrides, Sulfides, and Selenides 93
3.6.2 Metal–Organic Frameworks 93
3.6.3 Covalent Organic Frameworks 94
3.6.4 MXene-Based Catalysts 94
3.6.5 High-Entropy Materials 95
3.7 Binder-Free Catalysts 95

Acknowledgments 99
References 99

4 Design of Three-Dimensional Air Cathode in Zinc–Air
Batteries 111
Yasir Arafat, Yijun Zhong, Moses O. Tadé, and Zongping Shao

4.1 Overview of 3D Air Cathode 111
4.2 Load of Carbon-Based Catalysts 113
4.2.1 Metal–Organic Frameworks 114
4.2.2 Covalent Organic Frameworks 120
4.2.3 MXenes 124
4.3 Load of Transition-Metal Compounds 127
4.3.1 Perovskites 127
4.3.2 Spinel Oxides 129
4.3.3 Pyrochlores 136
4.4 Design of Three-Phase Interface 141
4.5 Conclusions 144

Acknowledgments 144
References 144



Contents vii

5 Design of Zn Anode for Zinc–Air Batteries 155
Wending Pan, Meng Ni, and Dennis Y.C. Leung

5.1 Introduction 155
5.1.1 Brief Introduction to the Zinc Metal Anode of Zn–Air Batteries 155
5.1.1.1 Primary Zn–Air Batteries 156
5.1.1.2 Mechanically Rechargeable Zn–Air Batteries 158
5.1.1.3 Electrically Rechargeable Zn–Air Batteries 159
5.1.2 Problem Statement 161
5.1.2.1 Passivation of Zn Electrode 161
5.1.2.2 Dendrite Formation and Growth 161
5.2 Methods to Optimize Zn Anode for Zn–Air Batteries 162
5.2.1 Electrolyte Condition and Functional Additives 162
5.2.1.1 Adding Corrosion/Dendrite Inhibitors to Alkaline Electrolytes 163
5.2.1.2 Adding Polymers to Form Quasi-Solid Flexible Electrolytes 164
5.2.1.3 Using Novel Electrolytes 166
5.2.1.4 Other Solvents Instead of Water 171
5.2.2 Synthesis of High-Performance Zn Anode and Its Surface Coating

Layer 171
5.2.2.1 Morphology Control of the Zn–Metal-Based Anode 171
5.2.2.2 Zn Metal Modification by Additives 172
5.2.2.3 Metal Surface Coating Method 174
5.2.3 Other Protection Methods 177
5.2.3.1 Using a Flowing System 177
5.2.3.2 Zn–Metal Layered-Double-Oxide Anode 177
5.2.3.3 Physical Suppression Strategy 178
5.3 Conclusion and Perspectives 178

Acknowledgment 179
References 179

6 Design of Electrolyte for Zinc–Air Batteries 185
Zhongxi Zhao, Yanyi Ma, Yifan Cui, and Peng Tan

6.1 Liquid Electrolytes 185
6.1.1 Alkaline Electrolytes 185
6.1.1.1 Fundamentals of Alkaline Electrolytes 186
6.1.1.2 Challenges and Solutions of Alkaline Electrolytes 186
6.1.2 Neutral Electrolytes 190
6.1.2.1 ZnCl2-Based Electrolytes 190
6.1.2.2 ZnSO4-Based Electrolytes 194
6.1.2.3 KNO3-Based Electrolytes 194
6.1.3 Other Liquid Electrolytes 195
6.1.3.1 Water-in-Salt Electrolytes 195
6.1.3.2 Zinc Trifluoromethanesulfonate Electrolyte 197
6.2 Gel Polymer Electrolytes (GPEs) 197



viii Contents

6.2.1 Performance Parameters of GPEs 199
6.2.2 PVA Hydrogel Electrolytes 200
6.2.3 PAA Hydrogel Electrolytes 203
6.2.4 PAM Hydrogel Electrolytes 207
6.2.5 Other Gel Electrolytes 209

Acknowledgments 211
References 211

7 New Design of Zinc–Air Batteries 217
Yi He, Wenxu Shang, Wentao Yu, and Peng Tan

7.1 Flexible Zn–Air Batteries 217
7.1.1 Battery Configurations 217
7.1.1.1 Sandwich Type 217
7.1.1.2 Cable Type 219
7.1.1.3 Other Unique Types 219
7.1.2 Flexible Battery Components 220
7.1.2.1 Zn Electrode 220
7.1.2.2 Electrolyte Membrane 221
7.1.2.3 Air Electrode 221
7.1.3 Mechanical Analyses 225
7.1.3.1 End-to-End Distance 226
7.1.3.2 Bending Angle 227
7.1.3.3 Bending Radius 227
7.1.4 Challenges and Outlook 227
7.2 Hybrid Zn–Air Batteries (HZBs) 228
7.2.1 Operating Mechanism of the HZBs 228
7.2.2 Categories of the HZBs 229
7.2.2.1 HZBs Using Ni-Based Materials 233
7.2.2.2 HZBs Using Co-Based Materials 236
7.2.2.3 HZBs Using Ag-Based Materials 240
7.2.3 Whole Performance Evaluation and Balance of Hybrid Zn-Based/Air

Batteries 241
7.2.4 Summary 242
7.3 Zn–Air Flow Batteries (ZAFBs) 244
7.3.1 Zn Electrode Design 245
7.3.1.1 Zn Electrode Design for Mechanically Rechargeable ZAFBs 245
7.3.1.2 Zn Electrode Design for Electrically Rechargeable ZAFBs 248
7.3.2 Air Electrode Design 250
7.3.3 Battery Managements 252

Acknowledgments 254
References 254

8 Industrial Developments of Zn–Air Batteries 261
Jeongwon Kim and Guntae Kim

8.1 History of Zn–Air Batteries 261
8.2 Primary Zn–Air Batteries 263



Contents ix

8.2.1 Mechanically Rechargeable Zn–Air Batteries 264
8.2.1.1 Refuelable Type 265
8.2.1.2 Replaceable Type 268
8.2.2 Industrial Application Types 270
8.2.2.1 Electric Vehicles (EVs) 270
8.2.2.2 Energy Storage 272
8.2.3 Other Industrial Zn–Air Batteries 273
8.2.3.1 Metallic Power 273
8.2.3.2 ChemTEK/Zoxy AG 274
8.2.3.3 Powercell Corporation 274
8.2.3.4 Evonyx 274
8.3 Rechargeable Zn–Air Batteries 275
8.3.1 Electrically Rechargeable Zn–Air Batteries 275
8.3.2 Industrial Zn–Air Batteries 276
8.3.2.1 AER Energy Resources 276
8.3.2.2 Zinc Air Power Corporation 277

References 278

Index 281





xi

Preface

Electrochemical energy storage and conversion technologies, which can mitigate the
gaps between supply and demand of electricity, will continue to play a critical role
in humanity’s pursuit of a green and sustainable energy future. One extraordinary
example is battery technologies, among which Li–ion batteries are the best known
and have transformed portable electronic devices and dominated the consumer
market ever since their introduction in the 1990s. Regrettably, the maximum energy
density of the currently available Li–ion batteries is still not sufficient to meet the
demands of emerging markets, such as electric vehicles. Very recently, metal–air
batteries are receiving a great deal of interest as an alternative option because they
show extremely high energy densities that far exceed the best that can be offered
by Li–ion batteries. In particular, zinc–air batteries (ZABs) have attracted growing
attention, which, compared with Li–ion batteries, feature additional advantages
such as lower cost, higher safety, and better environmental friendliness. While the
past decades have witnessed significant research efforts in developing advanced
ZABs with improved performance in terms of energy efficiency, cost reduction, and
durability, challenges hindering the wider-scale deployment of the ZAB technology
still remain. With respect to this, a specified book contribution on the fundamentals
and applications of ZABs, which is currently not seen, should be highly useful to
facilitate the research and development of the ZAB technology in the long run.

This book provides a comprehensive and up-to-date introduction to ZABs,
covering past, present, and future developments and spanning both fundamental
and applied research. In particular, design principles regarding the key components
of ZABs ranging from air cathode to zinc anode and to electrolyte are emphasized.
A special focus is given to the recent advances in the cathode catalysts achieved
by cutting-edge materials, engineering processes, and technologies. Furthermore,
industrial developments of ZABs are overviewed and emerging new design of
ZABs is also introduced. We hope that this book could serve as a handy tool for
students, researchers, and instructors working in battery technologies, materials
science, and electrochemistry, and for industry and government representatives
for decision making associated with energy and transportation. We also hope that
this book will stimulate wider general interest and promote further development in
electrochemical energy storage and conversion technologies.



xii Preface

We express our sincere gratitude to all the contributors to this book who are
actively engaged in research at the forefront of ZABs. We are also very grateful
to the Wiley-VCH editorial staff and extend special thanks to Shaoyu Qian and
Katherine Wong for their professional assistance and strong support during the
preparation of this book. Finally, we welcome any constructive comments for
further improvements to this book.

Zongping ShaoPerth, Australia
Xiaomin XuMarch 2022
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Introduction to Zinc–Air Batteries
Qian Lu1, Xiaohong Zou2, and Yunfei Bu1

1Nanjing University of Information Science and Technology, Jiangsu Collaborative Innovation Center of
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Environmental Science and Technology, No. 219 Ningliu Road, Nanjing 210044, P. R. China
2Nanjing Tech University, Jiangsu National Synergetic Innovation Center for Advanced Materials (SICAM),
State Key Laboratory of Materials-Oriented Chemical Engineering, College of Chemical Engineering, No. 30
South Puzhu Road, Nanjing 211816, P. R. China

1.1 Introduction

With the rapid development of society, people’s dependence on energy sources
is increased continually in terms of daily life and transportation [1]. Up to now,
nonrenewable energies, such as fossil energy (oil, natural gas, and coal) and nuclear
energy, account for 80% of energy consumption, thus inevitably causing serious
environmental pollution (green-house gas, SO2, and NOx) and rapid consumption
of reserve resources [2]. Therefore, it is urgent to develop renewable clean energy,
including solar energy, tidal energy, wind energy, and hydropower, to substitute for
traditional fossil energy in power grid [3, 4]. Generally, this renewable energy is
regarded as intermittent energy, which is highly dependent on resource conditions,
such as season, climate, and region; so, we should pay more attention to efficient
energy storage and conversion technology to achieve continuous energy output.

Among the numerous energy storage and conversion devices, electrochemical
storage and conversion systems, such as Li-ion/nickel-metal hydride (NIMH)/
lead–acid battery, Li–sulfur battery, and metal–air battery, show the advantages
of high-energy-conversion efficiency and high-energy density [5]. Devices using
Li-ion/NIMH/lead–acid batteries as power sources can be seen everywhere in
daily life, including mobile phones, laptops, unmanned aerial vehicles, wireless
headphones, and even electronic vehicles. Given the great impact of Li-ion batteries
on the whole society, the 2019 Nobel Prize in chemistry was awarded to three pio-
neers, including John B Goodenough, M. Stanley Whittingham, and Akira Yoshino,
owing to their great achievement in rechargeable Li-ion batteries [6]. Although
Li-ion battery has achieved great success, the low-energy-storage density, high cost,
limited reserves of lithium, and insufficient safety for the usage of volatile organic
electrolyte remain the biggest headaches in the field of electric vehicles or other

Zinc–Air Batteries: Introduction, Design Principles and Emerging Technologies, First Edition.
Edited by Zongping Shao and Xiaomin Xu.
© 2023 WILEY-VCH GmbH. Published 2023 by WILEY-VCH GmbH.
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Figure 1.1 The gravimetric and volumetric energy density of various types of secondary
batteries. Source: Lee et al. [11]/Reproduced with permission of Royal Society of Chemistry.

portable devices [7, 8]. Therefore, it is imperative to develop other rechargeable
batteries with safety, high-specific-energy density, and cost-efficient, such as
Li–sulfur battery, metal–air battery, and solid-state Li–metal battery. Among these
batteries, metal–air battery is regarded as the next-generation energy-storage system
owing to the low cost and high-energy density, while Li–sulfur battery and solid-state
Li–metal battery just exhibit the advantage of high-energy density [9, 10]. As shown
in Figure 1.1, the gravimetric and volumetric energy density of metal–air batteries,
including lithium (Li), zinc (Zn), aluminum (Al), and iron (Fe), are significantly
higher than other conventional rechargeable batteries [11, 12]. Although Li–air bat-
tery shows the highest theoretical energy density of 3458 Wh kg−1, unfortunately, the
volatilization of organic electrolyte and instability of lithium metal, when exposed to
oxygen or water, were encountered for Li–air battery with open system, thus causing
poor cycle stability [13]. For Fe–air and Al–air batteries, its actual specific energy
and energy density are considerably lower than the theoretical value owing to large
polarization voltage, its rechargeability is relatively poor in alkaline conditions,
and rapid self-discharge through hydrogen-evolution reaction is encountered in
alkaline conditions [14, 15]. In contrast, Zn–air battery shows obvious advantages
for practical application [16], including (i) actual energy density reaching up to
500–600 Wh kg−1 (theoretical energy density of 1086 Wh kg−1), which is twofold
of advanced lithium-ion batteries; (ii) the discharge platform is extremely stable,
which could achieve stable output voltage; (iii) the battery with aqueous electrolyte
is safe and environment-friendly; (iv) the cost of Zn–air batteries was decreased by
using the zinc metal which is abundant reserves and low cost [16]. Up to now, Zn–air
battery has been successfully applied to hearing aid, urban sightseeing vehicles, and
postal vehicles. To accelerate and standardize the application of Zn–air batteries in
electric vehicles, the Ministry of Industry and Information Technology of China has
also approved the “The industry standard of Zn–air battery for electric vehicles”
(GB/T 18333.2-2015).
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1.2 History of Zn–Air Batteries

The first battery with zinc metal as the anode was developed by Volta in 1796 [17].
In the early nineteenth century, the zinc metal and MnO2 were applied as the
anode and cathode for zinc–manganese dry battery, respectively, with the shape
of beaker, while the hybrid NH4Cl and ZnCl2 were served as the electrolyte [18].
Based on this, Maiche developed the first primary model of Zn–air battery in 1878
by replacing the MnO2 with platinum-loaded porous carbon, indicating the first
appearance of zinc–air battery [19]. Owing to the usage of weak acid NH4Cl aque-
ous solution as electrolyte, the output-discharge current density for this primary
zinc–air battery is just 0.3 mA cm−2. Few years later, a Walker–Wilkins battery with
first reported gas-diffusion layer consisting of porous carbon black was further
designed [20]. In the Walker–Wilkins battery, aqueous potassium hydroxide and
nickel were employed as electrolyte and current collectors of the gas-diffusion layer,
respectively. At that time, the atmospheric oxygen was identified as the reactant
for oxygen-reduction reaction (ORR). In 1932, Heise and Schumadcher redesign a
waterproof porous carbon as the air cathode and a NaOH aqueous solution with
20% concentration as the electrolyte [21]. As a result, this Zn–air battery could
achieve high-discharge current density of 10 mA cm−2, which marks its practical
commercial applications in many fields, including railway signaling equipment and
lighthouse. Since the 1970s, the primary coin-type Zn–air battery with low-power
density is widely applied in hearing aids, revealing the Zn–air battery entered into
our daily life [22]. With rapid development of high-efficient gas-diffusion layer,
Zn–air batteries have made great progress in discharge current density reaching up
to 1000 mA cm−2 in pure oxygen atmosphere, while the electrode thickness was just
0.12–0.5 mm [23]. The high-power density of Zn–air batteries shows application
prospects in the field of electric vehicles.

When operating in air atmosphere, the alkaline electrolyte would react with
CO2 to form the solid K2CO3, which could block the gas-diffusion layer [24].
Different from alkaline electrolyte, neutral solution with NH4Cl as the solute could
avoid the direct reaction between alkaline and CO2 in air to form the carbonates.
Until 1973, Jindra et al. found that 5 M NH4Cl aqueous solution could serve as a
quasi-neutral electrolyte to achieve sufficient buffering capacity for primary Zn–air
battery [25]. However, the ionic conductivity of neutral electrolyte is relatively
poor, thus the Zn–air battery with neutral electrolyte shows low-power density.
Alkaline electrolytes (e.g. KOH, NaOH, and LiOH aqueous solutions), which
are widely applied in commercial primary Zn–air batteries, are the essential
component to achieve high-energy density and power density owing to their
high ionic conductivity and high catalytic activity of ORR [26]. For example,
the KOH aqueous solution with mass concentration of 35% shows high ionic
conductivity of 0.55 S cm−1 and low viscosity of 2.2339 mPa s at 25 ∘C, which could
provide excellent electrochemical kinetics and mass transfer for Zn–air battery
[27]. More importantly, the catalytic activities of ORR and oxygen-evolution
reaction (OER) in alkaline electrolytes is evidently better than that in neutral
electrolytes.
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Above researches about pristine Zn–air batteries just focus on the discharge
performance. From 1997 onwards, rechargeable Zn–air batteries with alkaline
electrolytes came into sight by researchers [28]. Commonly, 6 M KOH mixed with
0.2 M ZnCl2/Zn(CH3COO)2 was widely applied as the electrolyte for rechargeable
Zn–air batteries [12]. In 2000s, the flexible rechargeable Zn–air batteries with
polymer electrolytes consisting of polymer and KOH were proposed to satisfy the
demands for flexible electronics [29]. The researches on polymer with the ability to
bind water have been intensely explored to achieve long lifespan [30]. Recently, a
large number of researches about bifunctional electrocatalysts involving both the
ORR and OER, including single-atom catalysts, carbon materials, perovskite oxide,
spinel oxide, and transition-metal compounds, have been proposed for reducing
the potential gap between charge and discharge of Zn–air batteries, thus achieving
high-energy efficiency [31–33]. With the emergence of high-efficient bifunctional
oxygen electrocatalysts, the commercialization process of rechargeable Zn–air
batteries has been accelerated. The timeline of the development of Zn–air batteries
is shown in Figure 1.2.

Up to now, the rechargeable Zn–air batteries have made great progress in the
field of electric vehicles. The Electric Fuel company in Israel developed a mechan-
ically rechargeable Zn–air battery for electric buses, showing an energy density
of 200 Wh kg−1, which is reaching up to the advanced Li-ion batteries at present
[34, 35]. In addition, the Mercedes Benz cars with mechanically rechargeable
Zn–air batteries could be able to drive up to 425 km on one charge [36]. The key
technology for mechanical rechargeable Zn–air battery is the recovery of zinc anode
after deep discharge. To overcome the issues of zinc replacement, a zinc paste
circulating Zn–air battery with specific energy density of 228 Wh kg−1 was designed
by Metallic Power Inc., while the spent zinc paste was reduced to fresh zinc paste
outside the battery [37]. Other companies, including EOS Energy Storage, ZincNyx
Energy Solutions, and Fluidic Energy, also contributed to the development of
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Figure 1.2 Timeline of the development of Zn–air batteries.
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Zn–air batteries in practical applications [38]. In addition to electric vehicles, the
Zn–air battery could also be applied in wearable devices, unmanned aerial vehicles,
communication base stations, electric bicycles, etc.

1.3 Structure and Principle of Zn–Air Batteries

Generally, Zn–air battery is regarded as an alkaline fuel cell, which is composed of
three main components—air electrode as cathode involving catalytic active layer
and gas-diffusion layer, zinc metal as the anode, and porous separator immersed
with alkaline electrolytes, such as 6 M KOH mixed with 0.2 M ZnCl2/Zn(CH3 COO)2
aqueous solution [39, 40]. In detail, a porous separator is also provided to build a
physical barrier between cathode and anode to avoid short circuits, while the elec-
trolyte acts as the medium for the transmission of OH− between anode and cathode
[41]. In addition, the gas-diffusion layer is applied to improve the transfer rate of oxy-
gen to catalysts surface, while the catalytic active layer could facilitate the reaction
rate between oxygen and OH− [42]. During electrochemical discharge process, the
reduction of oxygen molecules to OH− occurs by ORR, while reversible OER occurs
during OER process [43]. For zinc anode, which served as the counter electrode, the
spontaneous chemical reaction between zinc and OH− occurs to produce ZnO dur-
ing discharge process, while the ZnO is decomposed to zinc and OH− during charge
process [43]. In general, zinc metal is regarded as the main active species to achieve
electric energy output for pristine Zn–air battery, also called Zn–air fuel cell. For the
air electrodes with different catalysts, there are three types of Zn–air batteries mod-
els, including pristine Zn–air batteries, two-electrode rechargeable Zn–air batteries,
and three-electrode rechargeable Zn–air batteries [44], as shown in Figure 1.3. The
sandwich structure of cathode/separator/anode for these three typical batteries are
same, while the component of catalytic active layer in air cathode is different.

For pristine Zn–air battery, only ORR occurs on air electrode (Figure 1.3a) [45].
The ORR in alkaline electrolyte is a complex reaction process with multielectron-
involved elementary reactions. During the ORR process, molecular oxygen,
adsorbed on catalysts surface via the bidentate configuration, is reduced to OH−

through a 4-electron pathway (see Eq. (1.1)) [46]. Otherwise, molecular oxygen,
adsorbed on catalysts surface via the end-on one oxygen atom coordination mode, is
reduced to HO2

− through a 2-electron pathway (see Eq. (1.2)) [47]. In general,
the 2-electron oxygen-reduction pathway, which is usually applied to produce
the hydrogen peroxide (H2O2), is regarded as the side reaction for 4-electron
oxygen-reduction pathway. The 2-electron pathway may cause tremendous energy
loss and inferior discharge durability for Zn–air batteries [48]. Therefore, it is
desirable to develop ORR catalysts with 4-electron pathway regarding the activity
and stability. When evaluating ORR performance, the electron-transfer number
also needs to be calculated with the exception of limiting current and half-wave
potential [49]. From the 4-electron ORR equation, the consumption of H2O and
production of OH− occur for the electrolyte, thus causing the increase of local
pH values on cathode surface. The equilibrium potential of 4-electron ORR is
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calculated to 0.405 V vs. reversible hydrogen electrode (RHE) based on the redox
pair O2/O2− [50].

Cathode reaction:

ORR by 4-electron pathway∶ O2 + 2H2O + 4e− → 4OH−;E0 = 0.405 V vs. RHE
(1.1)

ORR by 2-electron pathway∶ O2 + H2O + 2e− → HO2
− + OH− (1.2)

During discharge process, the zinc metal first loses two electrons to form the
Zn2+, which is further combined with OH− to form the soluble Zn(OH)4

2− (see
Eqs. (1.3) and (1.4)). Finally, the formed Zn(OH)4

2− is decomposed into H2O,
OH−, and insoluble ZnO at supersaturated Zn(OH)4

2− concentrations on anode
surface (see Eq. (1.5)) [51]. When a load is connected to the battery, the generated
electron on anode side transfers to air cathode through external circuit, and the
4-electron ORR on air cathode further occurs. From the anode overall reaction
equation (see Eq. (1.6)), the consumption of OH− and production of H2O occur
for the electrolyte [51]. Combined with above cathode reaction, the OH− would
spontaneously transfer from cathode to anode surface during discharge process
to overcome the concentration polarization. Therefore, alkaline electrolyte with
high ionic conductivity is chosen as the commercial electrolyte. In addition, the
distance between cathode and anode is also an important parameter for discharge
performance [52]. Based on the redox pair Zn/Zn2+, the equilibrium potential of
anode reaction is calculated to be −1.25 V vs. RHE [53].

Anode reaction:

Zn → Zn2+ + 2e− (1.3)

Zn2+ + 4OH− → Zn(OH)4
2− (1.4)

Zn(OH)4
2− → ZnO + H2O + 2OH− (1.5)

Anode overall reaction∶ Zn + 2OH− → ZnO + H2O + 2e−;E0 = −1.25 V vs. RHE
(1.6)

Combining the anode and cathode reaction, the theoretical open-circuit voltage of
Zn–air battery should be 1.65 V, where E𝜃 = E0

cathode–E0
anode. Generally, the actual

open-circuit voltage of Zn–air battery is just 1.4–1.5 V owing to the existence of polar-
ization potential under working conditions [54]. The overall discharge reactions
of Zn–air battery is actually the reaction between zinc and oxygen to generate the
ZnO (see Eq. (1.7)). In other words, there is just consumption of zinc metal during
discharge process. If sufficient zinc metal is provided and the durability of ORR cata-
lysts is excellent, the pristine Zn–air battery could continuously discharge for a long
term [55]. Therefore, the mechanical replacement of zinc metal after deep-discharge
process with fresh zinc metal could achieve the rechargeability of pristine Zn–air bat-
tery. This mechanically rechargeable Zn–air battery has been proved to be a desirable
choice for application in electric vehicles [56, 57], and this is discussed in detail later.

Overall reactions∶ 2Zn + O2 → 2ZnO;E𝜃 = 1.65 V (1.7)
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For electrochemically rechargeable Zn–air battery, there are two configurations
involving two-electrode (Figure 1.3b) and three-electrode (Figure 1.3c) [58].
Generally, two-electrode rechargeable Zn–air battery shows similar configuration
to the pristine Zn–air battery. For two-electrode rechargeable Zn–air battery, its
catalytic active layer in air cathode mainly consists of bifunctional ORR/OER
electrocatalyst, while that of just ORR electrocatalyst for pristine Zn–air battery
[59]. Therefore, screening the bifunctional electrocatalysts with both high-efficient
ORR and OER activities is necessary for these rechargeable batteries. To assess the
bifunctional activity, the potential gap (ΔE) between half-wave potential of ORR
and overpotential of OER at 10 mA cm−2 is proposed, which is an important param-
eter for evaluating the bifunctional electrocatalysts [60–62]. In general, lower ΔE
value implies higher bifunctional activity [49]. The anodic and cathodic reactions
during discharge process are same as that of pristine Zn–air battery mentioned
above. During charge process, the OH− is converted to O2 on air cathode and the
surface ZnO is subsequently reduced to zinc metal on anode. Similarly, the OH−

produced on anode side transfers to cathode side to make up its consumption of
OH−. The generated O2 is finally transmitted outside through the gas diffusion layer
to accomplish the whole discharge/charge process [63]. Unfortunately, the uneven
deposition of soluble Zn(OH)4

2− on zinc anode is observed during charge process,
thus inevitably causing the growth of zinc dendrite [64]. In addition to the stability
of bifunctional electrocatalyst, zinc dendrite is also a key factor for the cycle life
of Zn–air battery [65]. The discussion about the adverse impact of zinc dendrite in
Section 1.5.3 is continued.

In general, it is hard to design a bifunctional electrocatalyst with both excellent
ORR and OER activities owing to the completely reversible reaction process [55].
The high-efficient ORR or OER catalysts have been developed intensely in the
past few years [66, 67]. Although the bifunctional catalysts could be achieved by
physical mixing of ORR catalysts with OER catalysts, the random stack of two type
of catalysts would affect the actual discharge/charge performance [55]. In addition,
numerous ORR catalysts, such as carbon materials, may be decomposed during OER
process with high-charging potential [63, 68]. For example, the Zn–air battery with
heteroatom-doped carbon materials exhibited excellent discharge performance,
including high-power density and high-discharge voltage; however, the power
density and discharge voltage are rapidly decreased after first charge process owing
to the decomposition of low-crystalline carbon catalyst under high-charge voltage
[69]. In addition, the electrolyte turned from clear to yellowish-brown, revealing the
electrochemical degradation of carbon-based catalysts [63, 68]. The three-electrode
Zn–air battery consisting of air-discharge electrode, air-charge electrode, and
zinc anode is proposed to overcome above issues for two-electrode Zn–air battery
(Figure 1.3c) [15]. When assembling the three-electrode Zn–air battery, the ORR
catalysts and OER catalysts are dropped on gas-diffusion layer to obtain two air
electrodes, respectively [70]. Then the two air electrodes form a sandwich structure
with zinc metal, while two separators are also inserted between two cathodes and
one anode. The air electrode with ORR catalysts and OER catalysts are served as
the cathode during discharge and charge process, respectively, and the principle of
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discharge and charge for three-electrode Zn–air battery is same as the two-electrode
Zn–air battery. During the charge process, the air electrode with ORR catalysts is
inoperative, thus avoiding the adverse impact on subsequent discharge performance
after charging operation [44]. Although three-electrode Zn–air battery is superior to
the two-electrode battery in cycling performance, the tedious configuration would
increase the overall weight and volume of Zn–air batteries, which is unfavorable for
the gravimetric and volumetric energy density.

As revealed by the overall reactions of Zn–air battery, zinc anode is the main
active species to achieve the electric energy output. In many commercial zinc-based
dry cells, the gelled mixture of zinc pellets in range of 50–200 mesh is served as the
anode [71]. The size of zinc pellets has been proved to be a key factor for Zn–air
battery in view of inter-particle contact and reaction activity [72]. In principle,
high surface area of zinc pellets means better electrochemical activity. However,
the small zinc pellets with high surface energy are easily corroded by the alkaline
electrolyte, thus causing serious self-discharge [72]. Dai et al. revealed that the zinc
particles with grain size of above 200 mesh show the highest rate capacity owing to
the low internal electrical resistance in anode pack [17]. Meanwhile, Metallic Power
Inc. reported an electrolytic technique to prepare small dense zinc pellets with size
of 0.5–0.6 mm for mechanically rechargeable Zn–air battery, while the spent zinc
pellets could be electrochemically reduced to fresh one for further discharge cycles
on-site [73]. The zinc pellets are dispersed on alkaline electrolyte to form the liquid
electric fuel, which is pumped into the anode side of cell. Moreover, the morphology
of zinc metal is also an important influence factor for the discharge energy density
of Zn–air batteries [74–76]. For example, the Zn–air battery with fibrous form of
zinc shows higher discharge capacity and voltage than commercial zinc particles
[77]. For the usage of these zinc powder in Zn–air batteries, the zinc particles or
zinc fibers are processed into the rod and plate to form zinc anode for pristine or
rechargeable cylindrical and prismatic Zn–air batteries, as shown in Figure 1.4
[77]. This zinc anode always exhibits abundant pore structure for the permeation of
alkaline electrolyte, thus achieving fast-discharge reaction. For rechargeable Zn–air
battery, after converting the zinc metal to ZnO under desirable depth of discharge

(a) (b)

Figure 1.4 The digital photographs of (a) rod form and (b) plate form zinc anode for
zinc–air batteries. Source: Zhang [77]/Reproduced with permission of Elsevier.
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(DOD), electrochemically reducing the ZnO to fresh zinc electrode is an efficient
strategy to realize the rechargeability of Zn–air battery [78].

Aqueous electrolytes, especially alkaline electrolytes, have been widely applied
in commercial Zn–air batteries [79]. The alkaline electrolytes show high conduc-
tivity, high catalytic activity for both air cathode and zinc anode, and excellent
low-temperature activity than neutral electrolyte. The alkaline concentration is an
important parameter for Zn–air battery to determine the ionic conductivity [80].
When the alkaline concentration is relatively low, the poor reaction activity and
high ion-transfer impedance of electrolyte would be observed, while high-alkaline
concentration would also block the ion-transport rate owing to high viscosity of
electrolyte [81]. Therefore, there exists optimal alkaline concentration to achieve the
highest ionic conductivity. More importantly, KOH electrolyte shows higher ionic
conductivity, lower viscosity, and higher oxygen-diffusion coefficients than NaOH
and LiOH electrolytes, which have been widely applied in Zn-based batteries [82].
As shown in Figure 1.5a, the 30 wt% KOH electrolyte (about 7 M) shows the highest
conductivity of 0.64 S cm−1 at room temperature, and the conductivity increases
with the temperature [56, 83]. Fortunately, the 30 wt% KOH electrolyte also achieves
fairly high conductivity of 0.22 S cm−1 when the temperature decreases to −15 ∘C,
revealing that the Zn–air battery with alkaline electrolyte could operate in a wide
temperature range. In addition to aqueous electrolytes, polymer electrolytes, which
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Figure 1.5 (a) The conductivity of alkaline electrolyte under different KOH concentrations
and temperatures, Source: See and White [83]/Reproduced with permission of Elsevier.,
(b) the conductivity of gel polymer electrolyte under different KOH concentrations. Source:
Zhang et al. [84]/Reproduced with permission of Elsevier., and the (c) cross section and
(d) top-view images of nonwoven separator for Zn–air battery. Source: Kritzer and Cook
[85]/Reproduced with permission of IOP Publishing.
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are formed by conducting salts and polymers, are designed to eliminate the air
cathode flooding for aqueous batteries. In general, the conducting salts is mainly
KOH and polymers consists of polyvinyl alcohol (PVA) [86], poly(acrylic acid)
(PAA) [87], poly(ethylene glycol) (PEG) [88], polyacrylamide (PAM) [89], and
polyacrylate [87]. The ionic conductivity mechanism of polymer is the ionic motion
in the chain segment, therefore, constructing the amorphous phase in the polymer
above the glass transition temperature (Tg) is beneficial for the ionic conductivity
of polymer electrolyte [90]. In addition, PAA-based polymer electrolyte with 35 wt%
KOH exhibits high conductivity of 0.46 S cm−1 at room temperature (Figure 1.5b)
[84], which is even comparable to the aqueous electrolytes. As reported, the polymer
electrolyte is a desirable choice for flexible Zn–air batteries owing to its superior
flexibility and mechanical strength [79].

The separator, as an electrochemically inactive component in Zn–air battery, is
applied to physically isolate the cathode and anode. In general, separator is a critical
component for Zn–air battery, which should satisfy the criteria of low ionic and high
electrical resistance to allow fast ion transfer between cathode and anode [91, 92].
Moreover, separator should have low-contact angle with aqueous electrolytes, high
chemical stability toward the corrosion and oxidation of electrolytes, and high
mechanical strength to resist the zinc dendrite attack [13, 92]. Only the separator
meeting above requirements can effectively improve the performance of Zn–air
battery, including high security, high-discharge capacity, and long-term durability.
Nonwoven polymers, such as polypropylene (PP), polyethylene (PE), polyamide
(PA), and PVA, have been widely applied as the separator for traditional aqueous
alkaline Zn–air batteries [85]. These nonwoven separators always show high poros-
ity of 75%, which could achieve high electrolyte retention and low ionic resistance
[85]. At present, laminated nonwoven separators, such as Celgard 5550, with a
trilayer structure (PP/PE/PP) as shown in Figure 1.5c,d, while PP and PE layers
are respectively applied to maintain the integrity of separator and shut down the
battery when thermal runaway, is typically used in commercial coin type of Zn–air
batteries [85]. When battery is short circuited, the PE layer would melt under high
temperature and further closes the pores to shut down the battery, thus realizing
safe operation. Given that the separator is an inactive component for Zn–air battery,
its thickness and weight should be exactly controlled when applied for commercial
application.

Owing to the low solubility of oxygen in the aqueous electrolyte, the active oxygen
mainly diffuses in through the gas-diffusion layer during discharge process, and
transfers out through the gas-diffusion layer during charge process to achieve the
oxygen exchange between catalyst surface and external atmosphere, not the liquid
electrolyte [93]. The charge and discharge reactions mainly occur at the three-phase
interface between electrolyte, electrode, and oxygen (Figure 1.6) [39, 43, 94].
During discharge process, the oxygen is first diffused to catalysts surface to form
the O2* and further reduced to OH* at the catalysts surface, and then, the OH− is
desorbed from the catalysts surface and diffused to electrolyte, while the electrons
required for surface reaction from O2* to OH* are provided by external conductive
skeleton [94, 95]. Therefore, porous carbon black is needed in catalytic active layer
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Figure 1.6 Schematic illustration of three-phase interface reaction for discharge and
charge process.

considering the electron transfer and oxygen diffusion. The charge process is
opposite to the discharge process, in detail, the OH− absorbed from electrolyte is
converted to oxygen through the OER catalysts and the oxygen is diffused outside
through the gas-diffusion layer, while the generated electron is transferred from
catalysts surface to zinc anode through external conductive skeleton [96]. The distri-
bution of electrolyte and oxygen inside the air cathode determines the transmission
distance of reactant and internal resistance, and the area of three-phase inter-
faces directly determines the active catalytic areas for ORR and OER inside the air
cathode. Therefore, the formation of abundant efficient three-phase interfaces inside
the air electrode is beneficial for the overall utilization rate of the electrocatalyst, thus
improving the charge/discharge performance. If the three-phase interface is dam-
aged, the discharge performance would seriously be decreased owing to trace oxygen
in electrolyte is not sufficient to maintain the reaction [40, 97]; in addition, the
generated oxygen could not be diffused outside and adhered to on catalysts surface,
which isolates the catalysts from direct contact with the electrolyte, thus decreasing
the charge performance owing to the catalytic active site is covered [96]. Therefore,
maintaining the stability of the three-phase interface during charge/discharge
process has also a direct impact on the cycle stability of Zn–air battery.

Based on above discussion about three-phase interface, the structural design of
high-efficient air electrode, which accounts for the transfer of oxygen gas, has a
great influence on its charge/discharge performance. In general, the hydrophobic
air electrode is applied for Zn–air battery to build three-phase transfer interface,
as shown in Figure 1.7 [20]. There is a hydrophobic region in air electrode for gas
diffusion, and this porous region could serve as the carrier to store the oxygen gas
[98]. Owing to the hydrophobic features of the porous carrier, electrolyte cannot fill
the unpressurized gas chamber. At present, porous carbon, including carbon fiber,
carbon-woven cloth, nonwoven fabric, activated carbon, and acetylene black, and
polytetrafluoroethylene (PTFE) are first mixed, and further rolled and hot-pressed
into a gas-diffusion layer, in which porous carbon provides gas chamber and PTFE
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Figure 1.7 Schematic diagram of
air electrode. Source: Harting
et al. [20]/Reproduced with
permission of Walter de Gruyter
GmbH.
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guarantees the hydrophobicity [99, 100]. The gas resistance is proposed to evaluate
the performance of gas-diffusion layer owing to the oxygen being the critical active
species during discharge process [101]. Generally, low gas resistance means fast
oxygen-transfer rate during discharge process, which could ensure high-discharge
rate performance. In addition, the mechanical strength of gas-diffusion layer should
be considered owing to the repeated charge and discharge operations that could
damage its inner structure [102]. For the catalytic active layer, the catalysts are
hydrophilic to form the electrolyte film on catalysts surface, while the film serves as
the depletion layer to achieve the OH− exchange between catalysts and electrolytes
[103]. The core of catalytic active layer is the bifunctional electrocatalyst, which
could determine the overall performance of Zn–air battery [16]. In addition, the
current collector, such as metal foam and mesh, is introduced between gas-diffusion
layer and catalytic active layer to ensure the efficient transfer rate of electrons
to or from external circuit [104]. A zigzag structure between the contact faces
of gas-diffusion layer and catalytic active layer is formed to achieve continuous
transmission network. At the contact interface, the high-efficient air electrode
must meet the condition that there is a large amount of gas within the chamber,
and building an interconnected channel between the thin electrolyte film and gas
chamber is necessary [104]. Therefore, the air electrode must be a thin porous
electrode with different hydrophobicity on both sides, in which the hydrophobic
side should possess sufficient air holes for the transfer of oxygen to catalysts surface
and the hydrophilic side should build enough electrolyte permeation channel for
the species exchange between electrolyte and catalysts.

The emergence of miniaturized electronic devices, such as hearing aids, urges
researchers to develop long-lasting energy supply. Zn–air batteries with high-energy
density, low cost, and stable output voltage show obvious advantages in these elec-
tronic devices [105]. Up to now, the coin type of pristine Zn–air battery has been
successfully applied as the power supply for hearing aids. As shown in Figure 1.8,
coin type of batteries generally consists of the following components—air cathode,



14 1 Introduction to Zinc–Air Batteries

Separator

Mesh Teflon foil

Filter paper Air hole

Positive pole

Zinc powder
anode

Synthetic seal

Negative pole

Figure 1.8 Schematic diagram of the coin type of Zn–air battery. Source: Harting
et al. [20]/Reproduced with permission of Walter de Gruyter GmbH.

zinc anode, separator, electrolyte, insulating ring, and packaging shell. As previously
described, air cathode is composed of catalytic active layer, gas-diffusion layer, and
current collector [20]. In this coin type of battery, the waterproof layer (Teflon foil)
serves as the gas-diffusion layer to prevent the electrolyte leakage. It is noteworthy
that the volume and mass of air cathode could be ignored, while the zinc anode is the
main component for this commercial battery owing to the zinc metal being the only
consumptive active species, which also determines the discharge capacity of Zn–air
battery. In addition, zinc powder rather than zinc foil is used as the anode owing to
its large contact area with electrolyte. This type of Zn–air battery just discharges for
a long time under low-current density, thus it can only be used in miniaturized elec-
tronic devices. To prevent battery aging, the air hole is always sealed by tape, and the
tape needs to be removed before use. If the sealing tape is removed, the coin type of
battery must be discharged until complete consumption of zinc anode owing to the
adverse influence of CO2 in atmosphere, and the detailed information is discussed
in section of 1.5.2.

For electrochemically rechargeable Zn–air battery, the commercialization process
has been impeded by the large charging overpotential owing to the inferior catalytic
activities for OER electrocatalysts, and its energy efficiency is generally lower
than 65% as laboratory reported [31]. In general, low-energy efficiency means
low-energy utilization, while the side reactions, such as water electrolysis, would
be occurred. Therefore, the high-efficient bifunctional electrocatalysts need further
exploration to promote the commercial electrochemically rechargeable Zn–air
battery. As previously mentioned, the mechanically rechargeable Zn–air battery
is a desirable choice for electric vehicles [106]. Electric Fuel Ltd. has developed a
mechanically rechargeable Zn–air battery for electric vehicles from the targets of
price, safety, performance, and quick refueling [107]. As shown in Figure 1.9a, a
static replaceable anode cassette containing the slurry of zinc particles is covered
by isomorphic separator envelope and further embedded into a current collection
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Figure 1.9 (a) Schematic diagram of mechanically rechargeable Zn–air battery by Electric
Fuel Ltd. Source: Goldstein et al. [107]/Reproduced with permission of Elsevier.
(b) the battery module containing 47 individual Zn–air batteries. Source: Goldstein
et al. [107]/Reproduced with permission of Elsevier.

frame which is modified with high-efficient oxygen-reduction catalysts flanked on
two sides, while the gap between catalyst layer and anode cassette was filled with
potassium hydroxide solution [107]. As discussed above, zinc metal serves as the
only electric fuel during discharge process, while exchanging spent electric fuel
after deep discharge with fresh electric fuel could achieve charging performance of
Zn–air battery, and this process is called refuel or mechanically recharge. Within
the anode cassettes, zinc particle with high surface area and high-tapped density is
tightly compacted onto a current collector to achieve a robust anode. The high sur-
face area of zinc particles is beneficial for the discharge performance, however, the
small zinc particles with high activity would react with electrolyte, thus inevitably
causing negative self-discharge. Therefore, the corrosion rate of zinc particles
should be controlled by the electrolyte addictive to lower the self-discharge rates
[108]. The time of refueling process for this type of Zn–air battery is comparable to
that of gasoline refueling for fuel vehicle, revealing it could be applied in the field
of electric vehicles.

After deep discharge at 80% DOD, the zinc metal is completely oxidized to ZnO
based on the overall discharge reaction. The spent electric fuel could be electrochem-
ically recharged outside the Zn–air battery to achieve the regeneration of zinc anode
in zinc electrowinning cells. As reported, suitable morphology and size of zinc par-
ticles could be obtained at the electrowinning current density of 100–200 mA cm−2

within the voltage of 2.2 V, which could achieve high-energy efficiency for cycled
Zn–air batteries [107]. To achieve regeneration of zinc anode, the residual solid ZnO,
which is collected from the dead Zn–air battery after deep discharge, is first dissolved
in a KOH solution to obtain the soluble K2Zn(OH)4 as following Eq. (1.8):

ZnO + 2KOH + H2O = K2Zn(OH)4 (1.8)

Then, the soluble K2Zn(OH)4 is electrolyzed in a zinc electrowinning cell to
regenerate the zinc particles as following Eq. (1.9):

K2Zn(OH)4 = Zn + 2KOH + H2O + 1∕2O2 (1.9)

After electrowinning process, the zinc particles are collected and recompacted into
the current collector frame. Finally, the recycled anode cassettes are inserted into a
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fresh separator envelope, and further embedded into the previous current collection
frame with original catalysts flanked on two sides, thus realizing a mechanically
charging cycle. To achieve the application in electric vehicle, 47 individual Zn–air
batteries are constructed into a basic module, as shown in Figure 1.9b [107], while a
simple air-cooled thermal management system is inserted in the module casing.

The static ZnO particles would block the contact channels between the remainder
of fresh zinc particles and electrolyte, thus preventing further discharge reaction.
Therefore, the spent zinc particles and other side products should be cleaned up
in time to allow direct contact between fresh zinc metal and electrolyte. Recently,
flowing bed is proposed to achieve the regeneration of zinc particles [109], however,
the parallel bipolar plate cannot well solve the problem of blocking spent zinc
particles. Therefore, a tapered-end structural Zn–air battery with unparallel bipolar
plate is designed, while air cathode covered with separator is tightly compacted onto
the vertical plate, and its front and side sectional views are exhibited in Figure 1.10
[110]. During discharge process, alkaline electrolyte containing zinc pellets contin-
uously falls to the hopper through a narrow opening (<3 mm), and further flows
from the top of cell to bottom. The catalytic active region is on the top of cell, while
it mainly serves as the reservoir for the zinc pellets. When reacted with oxygen,
the zinc pellets continuously decreased in size and meanwhile flowed downwards
by their own gravity. After deep discharge, the mixture of solid ZnO, side product,
unreacted zinc metal, and electrolyte flowed out from bottom of the cell. Signifi-
cantly, replacing the spent electrolyte mixture with the fresh electric fuel containing
electrolyte and zinc pellets could be accomplished by pump to achieve refueling.

The spent electrolyte is pumped to a storage tank for further regeneration by
applying a combined electrochemical and mechanical treatment. In detail, slight
mossy zinc metal is electrochemically deposited on a porous nickel substrate
under a constant current density and flow speed. Most regenerated zinc particles
(about 80%) could not be adhered to the porous substrate owing to their own
weight [110]. These regenerated zinc particles are further collected at the bottom
of the electrolysis. Subsequently, the collected zinc particle is mechanically pressed
into a cylindrical pellet, which is mixed with alkaline electrolyte and readded into
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Figure 1.10 Schematic diagram of Zn–air battery with a tapered-end structure.
Source: Cooper et al. [110]/Reproduced with permission of SAE International.


