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Abstract  

The growing demands for energy and the associated environmental pollution have sparked a great deal 

of interest in the development of clean energy technologies including fuel cells, metal-air batteries, 

supercapacitors, and hydrogen production. Among them, Zinc-air batteries (ZABs) are potential 

possibilities because of their low cost, high theoretical energy density, high-level safety, and 

environmental friendliness. In addition, zinc (Zn) is abundant in the environment and far less expensive 

than lithium metals. Thus, ZABs have been proposed as promising energy sources for grid-scale energy 

storage systems, as well as to replace or supplement lithium-ion batteries for next-generation electric 

vehicles. However, the development of rechargeable ZABs with high energy output and long lifespan 

remains a big challenge. For instance, a typical ZAB has a nominal cell voltage of 1.65 V, while most 

of the reported ZAB devices are capable of only 1.3 V or 1.4 V, which is much far below lithium-ion 

batteries. As a result, the energy density of ZABs is often lower than 1000 Wh kg-1, far away from the 

predicted value of 1353 Wh kg-1 (excluding oxygen). In this regard, it is vital to investigate the synthesis 

of advanced materials and unique structural designs to further increase the operating voltage and energy 

density of ZABs. Besides, due to the rapid development of lightweight and portable smart electronic 

devices, the miniaturization of ZABs with high energy density is highly desirable but challenging. To 

this end, this thesis mainly focuses on the development of high-performance catalyst and separator 

materials accompanied by engineering and configuration design to fabricate high energy-output ZAB 

systems including miniaturization ZABs at the microscale and asymmetric-electrolyte ZABs with high 

voltage.  

This work starts with an overview of the current status and scientific challenges of rechargeable ZABs. 

We first provide the operating principle and current configurations of ZABs, as well as their advantages 

and disadvantages. Then, the chemistry and major developments of key factors determining the 

performance of ZABs are conscientiously discussed, such as the Zn electrode, electrolytes, separators, 

and bifunctional air electrode. Briefly, an understanding of the issues hindering the electrochemical 

performance (e.g., efficiency, durability, and cycle-life) of ZABs are presented, which are mainly 
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caused by serious corrosion of the Zn electrode, unsatisfied bifunctional electrocatalysts, and the 

carbonate formation at the air cathode. Particularly, bifunctional electrocatalysts with high activity and 

durability on the air cathode are highly desirable, but they are challenging to create.  

To address this issue, a Co2+-coordinated porphyrin-based organic covalent framework (POF) was 

fabricated as an effective bifunctional electrocatalyst for ZABs by blending Co catalytic units into the 

POF and then hybridizing with conductive scaffold CNTs. Controlling the C-N coordination and the 

valence of Co units can regulate the bifunctional catalytic activity of the CoPOF@CNT catalyst. The 

CoPOF@CNT catalyst was then combined with a porous gas diffusion layer to create a high-

performance carvable air cathode. In a poly(vinyl alcohol-co-poly(acrylic acid) hydrogel (PVA-co-

PAA) electrolyte, the resultant air cathode demonstrated a high peak power density of 89 mW cm-2 and 

cycling durability for 110 cycles. Based on the high-performance carvable air cathode and highly 

adhesive PVA-co-PAA gel, a microimprint manufacture route was proposed for assembling an on-chip 

Zn-air rechargeable microbattery (μZAB), which avoids the difficulty of the catalyst integration on the 

chip at a target location. Impressively, the on-chip μZAB demonstrated a record-high volumetric power 

density of 570 mW cm-3 and a volumetric energy density of 413 Wh L-1, about 3 times that of a 

commercial compact primary ZAB. The on-chip μZAB also reaches a lifecycle capacity of 4.5 mAh, 

which is roughly double that of the current commercial on-chip tiny lithium-ion battery. Our method 

closes the gap between advanced material production and on-chip integration, opening the door for 

high-performance on-chip ZABs. 

After that, a quasi-solid-state ZAB with asymmetry-electrolyte (sAZAB) having both improved 

discharge voltage and substantially high energy density is presented. To achieve such a sAZAB, we 

proposed a combination strategy including the fabrication of a low-cost Zn2+-conductive 

polyimide (ZnPI) separator and an efficient COF-based bifunctional electrocatalyst 

(CoPOF@MXene). The coordination of carbonyl groups and Zn2+ ions renders ZnPI with 

highly selective transportation of Zn2+ ions. In terms of the bifunctional catalyst, the synergistic 

interaction between Co-Nx active sites and highly conductive MXene substrate contributes to 
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high catalytic activity in an acidic medium. The sAZAB was then assembled by using a Zn anode, 

a CoPOF@MXene based air cathode, and a ZnPI separator sandwiched in between the alkaline anolyte 

(PAA-co-PVA + 6 M KOH) and the acidic catholyte (PAM-co-PVA gel + 3 M H3PO4). As a result, the 

as-fabricated sAZAB demonstrated excellent rate performance and cycling stability (~100 h), as well 

as a high open-circuit voltage of up to 2.1 V and an average round-trip efficiency of 70%. Moreover, to 

improve the battery performance at a high discharge of depth, an optimized sAZAB with the enhanced 

power density and specific capacity was further constructed by combining the (002)-textured Zn 

electrode and Zn3(PO4)2-based catholyte. At a current density of 5 mA cm-2, the optimized sAZAB coin 

cell achieves an impressive specific capacity of 742.4 mAh gZn
-1 and an energy density of 1425.4 Wh 

kgZn
-1, outperforming reported conventional quasi-solid-state ZABs. At the cell level, an ultrahigh 

project energy density of 55.5 Wh kgcell
-1 is attainable, which has surpassed most of the reported works. 

This work closes the gap between fundamental research and the practical application of rechargeable 

ZABs, paving the way toward advances in materials science and structural engineering for 

electrochemical energy and storage systems. 

The presented study is a monography work containing two publications. One of them has been already 

published and the other one is under submission. The general background and main topic blocks are 

presented in chapters 2-4. 
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Zusammenfassung 

Der wachsende Energiebedarf und die damit verbundene Umweltverschmutzung haben ein großes 

Interesse an der Entwicklung sauberer Energietechnologien wie Brennstoffzellen, Metall-Luft-

Batterien, Superkondensatoren und Wasserstofferzeugung geweckt. Zink-Luft-Batterien (ZABs) sind 

aufgrund ihrer geringen Kosten, hohen theoretischen Energiedichte, hohen Sicherheit und 

Umweltfreundlichkeit eine potenzielle Möglichkeit. Darüber hinaus ist Zink (Zn) in der Umwelt 

reichlich vorhanden und weitaus preiswerter als Lithiummetalle. Daher wurden ZABs als 

vielversprechende Energiequellen für Energiespeichersysteme im Netzbereich sowie als Ersatz oder 

Ergänzung von Lithium-Ionen-Batterien für Elektrofahrzeuge der nächsten Generation vorgeschlagen. 

Die Entwicklung von wiederaufladbaren ZABs mit hoher Energieleistung und langer Lebensdauer 

bleibt jedoch eine große Herausforderung. So hat eine typische ZAB eine nominale Zellenspannung 

von 1,65 V, während die meisten der gemeldeten ZAB-Bauteile nur 1,3 V oder 1,4 V liefern können, 

was weit unter den Lithium-Ionen-Batterien liegt. Infolgedessen liegt die Energiedichte von ZABs oft 

unter 1000 Wh kg-1, weit entfernt von dem vorhergesagten Wert von 1353 Wh kg-1 (ohne Sauerstoff). 

In diesem Zusammenhang ist es wichtig, die Synthese fortschrittlicher Materialien und einzigartiger 

struktureller Designs zu untersuchen, um die Betriebsspannung und Energiedichte von ZABs weiter zu 

erhöhen. Aufgrund der raschen Entwicklung leichter und tragbarer elektronischer Geräte ist die 

Miniaturisierung von ZABs mit hoher Energiedichte sehr wünschenswert, aber auch eine 

Herausforderung. Aus diesem Grund konzentriert sich diese Arbeit hauptsächlich auf die Entwicklung 

hochleistungsfähiger Katalysator- und Separatormaterialien in Verbindung mit der Konstruktion und 

dem Konfigurationsdesign zur Herstellung von ZAB-Systemen mit hoher Energiedichte, einschließlich 

Miniaturisierungs-ZABs im Mikrobereich und asymmetrischen Elektrolyt-ZABs mit hoher Spannung.  

Diese Arbeit beginnt mit einem Überblick über den aktuellen Stand und die wissenschaftlichen 

Herausforderungen von wiederaufladbaren ZABs. Zunächst werden das Funktionsprinzip und die 

aktuellen Konfigurationen von ZABs sowie ihre Vor- und Nachteile beschrieben. Anschließend werden 

die Chemie und die wichtigsten Entwicklungen der Schlüsselfaktoren, die die Leistung von ZABs 
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bestimmen, gewissenhaft erörtert, wie z. B. die Zn-Elektrode, Elektrolyte, Separatoren und die 

bifunktionale Luftelektrode. Kurz gesagt, werden die Probleme, die die elektrochemische Leistung (z.B. 

Effizienz, Haltbarkeit und Zykluslebensdauer) von ZABs behindern, vorgestellt, die hauptsächlich 

durch schwere Korrosion der Zn-Elektrode, unzureichende bifunktionale Elektrokatalysatoren und die 

Karbonatbildung an der Luftkathode verursacht werden. Insbesondere bifunktionale 

Elektrokatalysatoren mit hoher Aktivität und Haltbarkeit an der Luftkathode sind sehr wünschenswert, 

aber schwierig herzustellen.  

Um dieses Problem anzugehen, wurde ein Co2+-koordiniertes organisches kovalentes Gerüst (POF) auf 

Porphyrinbasis als effektiver bifunktioneller Elektrokatalysator für ZABs hergestellt, indem 

katalytische Co-Einheiten in das POF gemischt und dann mit leitfähigen CNTs hybridisiert wurden. 

Durch die Steuerung der C-N-Koordination und der Wertigkeit der Co-Einheiten kann die bifunktionale 

katalytische Aktivität des CoPOF@CNT-Katalysators reguliert werden. Der CoPOF@CNT-

Katalysator wurde dann mit einer porösen Gasdiffusionsschicht kombiniert, um eine leistungsstarke, 

schnitzbare Luftkathode zu schaffen. In einem Poly(vinylalkohol-co-poly(acrylsäure)-Hydrogel (PVA-

co-PAA)-Elektrolyt wies die so entstandene Luftkathode eine hohe Spitzenleistungsdichte von 89 mW 

cm-2 und eine Zyklenfestigkeit von 110 Zyklen auf. Auf der Grundlage der leistungsstarken 

schnitzbaren Luftkathode und des stark haftenden PVA-co-PAA-Gels wurde ein Mikrodruck-

Herstellungsverfahren für die Montage einer wiederaufladbaren Zn-Luft-Mikrobatterie (μZAB) auf 

dem Chip vorgeschlagen, das die Schwierigkeiten bei der Integration des Katalysators auf dem Chip an 

einer bestimmten Stelle vermeidet. Beeindruckend ist, dass die On-Chip-μZAB eine rekordverdächtige 

volumetrische Leistungsdichte von 570 mW cm-3 und eine volumetrische Energiedichte von 413 Wh L-

1 aufweist, was etwa dem Dreifachen einer kommerziellen kompakten Primär-ZAB entspricht. Die On-

Chip-μZAB erreicht außerdem eine Lebenszykluskapazität von 4,5 mAh, was etwa doppelt so hoch ist 

wie die der derzeitigen kommerziellen winzigen On-Chip-Lithium-Ionen-Batterie. Unsere Methode 

schließt die Lücke zwischen fortschrittlicher Materialherstellung und On-Chip-Integration und öffnet 

die Tür für leistungsstarke On-Chip-ZABs. 
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Danach wird eine Quasi-Festkörper-ZAB mit Asymmetrie-Elektrolyt (sAZAB) vorgestellt, die sowohl 

eine verbesserte Entladungsspannung als auch eine wesentlich höhere Energiedichte aufweist. Um eine 

solche sAZAB zu erreichen, haben wir eine Kombinationsstrategie vorgeschlagen, die die Herstellung 

eines kostengünstigen Zn2+-leitenden Polyimid-Separators (ZnPI) und eines effizienten bifunktionalen 

Elektrokatalysators auf COF-Basis (CoPOF@MXen) umfasst. Die Koordination von Carbonylgruppen 

und Zn2+-Ionen macht ZnPI hochselektiv für den Transport von Zn2+-Ionen. Beim bifunktionalen 

Katalysator trägt die synergistische Wechselwirkung zwischen den aktiven Co-Nx-Stellen und dem 

hochleitfähigen MXen-Substrat zu einer hohen katalytischen Aktivität in einem sauren Medium bei. 

Der sAZAB wurde dann unter Verwendung einer Zn-Anode, einer Luftkathode auf CoPOF@MXen-

Basis und eines ZnPI-Separators, der zwischen dem alkalischen Anolyten (PAA-co-PVA + 6 M KOH) 

und dem sauren Katholyten (PAM-co-PVA-Gel + 3 M H3PO4) liegt, zusammengesetzt. Im Ergebnis 

zeigte die so hergestellte sAZAB eine hervorragende Ratenleistung und Zyklenstabilität (~100 h) sowie 

eine hohe Leerlaufspannung von bis zu 2,1 V und eine durchschnittliche Round-Trip-Effizienz von 

70%. Um die Batterieleistung bei einer hohen Entladetiefe zu verbessern, wurde außerdem eine 

optimierte sAZAB mit erhöhter Leistungsdichte und spezifischer Kapazität konstruiert, indem die 

(002)-texturierte Zn-Elektrode und der Zn3(PO4)2-basierte Katholyt kombiniert wurden. Bei einer 

Stromdichte von 5 mA cm-2 erreicht die optimierte sAZAB-Knopfzelle eine beeindruckende spezifische 

Kapazität von 742,4 mAh gZn
-1 und eine Energiedichte von 1425,4 Wh kgZn

-1 und übertrifft damit 

berichtete konventionelle Quasi-Festkörper-ZABs. Auf Zellebene ist eine ultrahohe Projekt-

Energiedichte von 55,5 Wh kgcell
-1 erreichbar, die die meisten der bisher veröffentlichten Arbeiten 

übertrifft. Diese Arbeit schließt die Lücke zwischen der Grundlagenforschung und der praktischen 

Anwendung von wiederaufladbaren ZABs und ebnet den Weg zu Fortschritten in der 

Materialwissenschaft und Strukturtechnik für elektrochemische Energie- und Speichersysteme. 

Bei der vorliegenden Studie handelt es sich um eine Monografie, die zwei Veröffentlichungen umfasst. 

Eine davon wurde bereits veröffentlicht, die andere ist in Vorbereitung. Der allgemeine Hintergrund 

und die Hauptthemenblöcke werden in den Kapiteln 2-4 vorgestellt. 
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Chapter 1: Motivation and Scope of This Work 

 

1.1 Motivation  

The shift from fossil fuels to clean renewable energy has been expedited by rapidly rising energy needs 

and increased awareness of climate change.1-5 Although solar and mechanical energy may be captured 

and converted to electricity, they are constrained to specific areas and time periods, making widespread 

use within the global energy mix a difficulty.6-9 In this regard, the development of electrically 

rechargeable energy storage (EES) technologies, specifically batteries, is of vital importance towards 

the integration effectively. Rechargeable batteries have been known for storing chemical energy and 

converting them to electrical power on demand. Lithium-ion batteries (LIBs) are currently dominating 

the rechargeable battery industry, with a wide range of uses in our everyday lives, including computers, 

cellphones, electric cars, and smart grids.10-12 However, the restricted energy density, high cost, safety 

difficulties arising from Li flammability and organic electrolytes, and a future Li supply crisis are all 

obstacles to the ongoing development of LIBs.13-15 As a result, developing more environmentally 

friendly, efficient, and safe rechargeable battery technologies is extremely desirable.16, 17 

Because of their low cost and high energy density, metal-air batteries (MABs), which are based on the 

coupled electrochemical processes of metal anodes and oxygen-consuming cathodes, have received a 

lot of interest as emerging EES technologies.18-20 During the past years, several metals have been 

utilized to prepare rechargeable MABs, including zinc (Zn), magnesium (Mg), aluminium (Al), iron 

(Fe), and alkaline metals such as Li, sodium (Na), and potassium (K).21-24 The theoretical 

gravimetric/volumetric energy density and cell voltage of various MABs are compared in Figure 1.1.25 

Li-air batteries can theoretically deliver the highest energy density (5928 Wh kg-1) and high cell voltage 

(2.96 V) due to the lightweight nature of Li. However, all MABs using alkaline metals suffer from 

safety issues because they are highly sensitive to water and oxygen.18 Aqueous Al- and Mg-air batteries 

can match the energy densities of Li-air batteries.21 However, due to their low reduction potentials (e.g., 
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-2.372 V for Mg and -1.662 V for Al), they have the problems of fast self-discharge via hydrogen 

evolution reaction (HER), resulting in severe parasitic corrosion on Mg and Al electrode surfaces.21 

Furthermore, Mg and Al electrodeposition in aqueous electrolytes is thermodynamically impossible, 

limiting their broad use. Zn-air batteries (ZABs) and Fe-air, on the other hand, are rechargeable and 

have great stability when used in an aqueous media.26 Owing to its greater volumetric energy density 

(6136 Wh L-1) and cell voltage (1.66 V), ZABs appear to be more viable for large-scale applications 

than Fe-air batteries. 

 

Figure 1.1. Comparison of various MAB technologies in terms of their theoretical specific energies, 

volumetric energy densities, and cell voltages. Reproduced with permission.25  

 

The primary ZABs have already been commercialized and are widely used in the medical and 

telecommunication areas, including as hearing aids, navigation lights, and railway signaling systems. 

27, 28 For broadening applications, it is necessary to upgrade primary ZABs into rechargeable ones that 

can be recycled for thousands of cycles. Although the development of practically rechargeable ZABs 

has achieved great progress, it is still a long way to their large-scale applications due to the low power-
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output capability. Current ZABs, for example, operate at roughly 1.0-1.2 V, much below the theoretical 

value of 1.65 V. At the same time, a charging potential of over 2 V is often in demand to revert 

electrochemical reactions during cycling, which results in low round-up efficiency of less than 60%.29 

This low energy efficiency mainly stems from the following issues 1) air electrodes suffer from 

insufficient catalytic activities, sluggish kinetics for the oxygen redox reactions, and the formation of 

solid carbonate deposit; 2) the Zn electrode faces the problems of dendrite growth, passivation, and 

severe corrosion, leading to a significant capacity decrease. Therefore, developing advanced electrode 

materials and battery structural designs are important for the practical applications of rechargeable 

ZABs. 

The oxygen reduction reaction (ORR) and oxygen evaluation reaction (OER) activities of oxygen 

catalytic materials at the air cathode are particularly important in determining the battery performance. 

In this regard, Pt- and/or Ru-based noble metals or their oxides (e.g., RuO2 and IrO2) are current state-

of-the-art electrocatalysts.30, 31 For instance, Pt is the best ORR electrocatalyst in both alkaline and acid 

electrolytes, whereas RuO2 and IrO2 have the best OER activity.32, 33 However, the high cost, inherent 

scarcity, and poor long-term durability of these noble-based electrocatalysts severely limit their 

widespread utilization. As a result, there has been a lot of interest in developing low-cost, high-

efficiency electrocatalysts made from earth-abundant elements to replace noble-metal-based 

catalysts.30-33 In the past decades, tremendous efforts and great progress have been made in the 

development of non-noble-metal electrocatalysts, including transition-metal-based materials, such as 

layered metal hydroxides,34-38 perovskite oxides,39-43 transition metal oxides/nitrides/borides,44-51 metal 

alloys,52-55 and metal-free heteroatom-doped carbon nanomaterials (e.g., heteroatom-doped graphene,56-

58 doped carbon nanotubes (CNTs),59-61 porous nanocarbon62-64). Although most of them hold great 

promise in energy-conversion reactions, only a few other electrocatalysts can outperform noble-metal-

based catalysts in terms of electrochemical performance. Particularly, a deep understanding of the 

catalytic processes and mechanism is still lacking, as well as the real active sites are poorly recognized. 

For example, heteroatom-doped metal-free carbon compounds have shown high electrocatalytic 

activity equivalent to noble metals. However, these materials are often generated using standard high-
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temperature carbonization or heteroatom doping techniques, making it difficult to precisely regulate the 

density of active sites and establish the veracity of active centers.65  

In this regard, covalent organic frameworks (COFs) linked by strong covalent bonds have presented the 

significant potential for new-generation energy-related electrocatalysis, such as highly crystalline 

materials with large surface area and tunable pore sizes, allowing for devolving highly ordered network 

structures with excellent mass transportability.66 Furthermore, using the right building blocks, linkage 

motifs, and synthesis routes, COFs can be used to design precisely controllable structures with desirable 

components and functions, making them an ideal platform for developing efficient electrocatalysts with 

predictable properties at the molecular level.67-69 By selecting the right building blocks, linking motifs, 

and synthesis methods, substantial progress has recently been achieved in the creation of efficient COF-

based electrocatalysis.66 Xiang et al., for example, synthesized a class of 2D COFs with metal (e.g., Fe, 

Co, Mn) macrocycles and employed them as metal-free electrocatalysts for ORR catalysis.68, 69 In both 

alkaline and acid media, these COF-based catalysts shown high catalytic activity, long-term stability, 

and away from any methanol-crossover/CO-poisoning effects. The COFs also include a lot of porous 

structures with open channels for effective gas permeability and ion transportation, which is beneficial 

for catalyzing ORR and OER. Furthermore, COFs can hybridize with conductive scaffolds (e.g., 1D 

CNTs, 2D MXene) through intermolecular interactions, resulting in efficient conductive channels and 

adequate effective surface area, enhancing their catalytic activity even further. All these merits render 

COFs more amazing catalytic characteristics than a simple blend of catalytic and conductive host 

materials. 

 

1.2 Thesis Objectives and Structures 

With the aim of improving the practical energy density of ZABs for extensive applications, the main 

objectives of this dissertation include (i) the evaluation of scientific and technical challenges for the 

practical applications and commercialization of ZABs, (ii) the development of advanced COF-based 

electrocatalyst and separator materials that stably operate in an alkaline and/or acidic electrolyte,  to 

produce an electrically rechargeable ZABs with excellent durability and highly energy-dense, and (iii) 
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corresponding engineering design of quasi-solid-state on-chip ZABs and high-voltage asymmetric-

electrolyte ZABs through combining these materials. As a result, in this thesis, we focused on the design 

and characterization of high-performance ZAB electrode and separator materials, as well as their 

physical, chemical, and electrochemical features. The integration of these materials accompanied by 

engineering techniques and structural design were then presented to fabricate high-energy-output ZAB 

systems.  

This thesis includes five chapters, in which Chapter 1 describes the thesis' motivation and scope. 

Chapter 2 provides an overview of the history, scientific principles, and problems of rechargeable 

ZABs, with a special focus on the material research paths necessary to develop long-lasting, high-

energy-density ZABs. Chapter 3 combines a high-performance carvable COF-based air electrode with 

a microimprint manufacturing route to create an on-chip zinc-air rechargeable microbattery, bridging a 

long-standing gap between advanced material synthesis and on-chip processing and opening the door 

for high-performance on-chip ZABs. Chapter 4 details an asymmetric-electrolyte ZAB constructed 

with a polyimide-based Zn2+-conductive separator and a highly active Co2+-coordinated COF 

electrocatalyst supported by a layered Ti3C2 MXene. The assembled battery shows enhanced operating 

voltage and energy density outperforming most of the conventional alkaline ZABs. Ultimately, 

Chapter 5 summarizes the major findings of this thesis and suggests some future research possibilities 

for developing high energy density rechargeable ZABs. 
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Chapter 2: Fundamentals of Rechargeable Zn-air Batteries 

 

2.1 History 

Zn-air batteries (ZABs) are well-known as one of the oldest and most economically feasible battery 

technologies available. In the 19th century, significant research activities devoted to the precursors of 

ZABs including both Zn-carbon batteries and fuel cells were gradually and constantly conducted. The 

concept was first proposed by Smee in 1840 based on the work by William Robert Grove and Robert 

Bunsen.70 Grove invented the Grove Cell in 1839, which consisted of Zn and Pt electrodes in diluted 

and mixed sulfuric and nitric acid solutions separated by a ceramic porous-pot structure. One year later, 

Bunsen improved the Grove Cell by using a cheaper carbon cathode to replace the Pt electrode.70 

Unfortunately, both the Grove and Bunsen cells suffered from the problem of evolving the noxious gas 

NO2 during the discharging process. Notably, Grove was also at work developing the first H2-O2 fuel 

cell (Figure 2.1) between 1838 and 1842, paving the way to develop the air electrode.71, 72 

 

Figure 2.1. Schematic of “gaseous voltaic battery” developed by William Robert Grove, which was 

widely recognized as the first H2-O2 fuel cell.71,72  
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In 1866, Georges Leclanché introduced manganese dioxide (MnO2) into the carbon cathode and 

invented the Leclanché cell consisting of a Zn alloy anode, a MnO2 and carbon composite cathode, and 

an ammonium chloride electrolyte.73 The Leclanché cell made great success in powering early 

telegraphs and telephones. At that time, an enhanced performance was observed when the jar was only 

half-full of electrolytes. Coincidentally, Leclanché exposed the cathode to the air and then created a 

special environment with a three-phase interface (e.g., gas, liquid, and solid), creating the prototype of 

the first primary Zn-air battery.74 In 1878, Frenchman L. Maiche used a platinized carbon electrode to 

replace the MnO2 electrode, truly realizing the first widely recognized Zn-air battery.74, 75 Then, a true 

gas diffusion electrode was presented in a so-called Walker-Wilkins battery made of porous carbon 

black and nickel current collector. In 1932, the first commercial products of primary ZABs were 

patented and introduced to the market by George Heise and Erwin Schumacher.76, 77 In this invention, 

Heise and Schumacher used the wax on the surface of the porous air cathode, successfully avoiding the 

flooding issue. Since then, the primary ZABs have become widespread and are commonly employed as 

"button cells" in timepieces and railway signal lights because of their high energy density of more than 

440 Wh/kg and long lifespan of over 3 years when sealed. Initially, the market for ZABs only comprised 

low current industrial electronics such as railway signals and navigational buoys. Beginning in the 

1960s, significant advances have been achieved in gas diffusion electrodes, paving the way for ZABs 

to new applications in medical and telecommunication. In 1977, the primary ZABs were further 

integrated into pagers and hearing aids, which eventually emerged as the main power source and 

dominated the market for forty years. The global market for primary ZABs exceeded $3 billion in 

2017.75 

Since the 1960s, extensive efforts have been devoted to developing ZABs for electric vehicle (EV) 

applications. For example, ZABs were used to power two concept automobiles shown by Gulf General 

Atomics (a mini-moke jeep with a 20-kWh battery) and General Motors (a 35-kWh battery). 

Regrettably, due to technological limits, they were never further developed. Pilot EV experiments using 

mechanically rechargeable Zn-air fuel cells (ZAFCs) have been running since the 1990s, with recycled 

zinc pastes physically removed and replaced with new ones. The Israeli business Electric Fuel devised 
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a unique Zn-air storage concept for solar energy in 1990 (Figure 2.2). In 1991, a Honda CRX powered 

by a 45-kWh ZAB won a 200-kilometer race for electric automobiles, attaining a top speed of 111 km/h 

while only utilizing 66% of its initial capacity.78 The German company ZOXY exhibited a ZAB-

powered vehicle in Utah in the end of the 1990s, with maximum mileages of 760 km at temperatures 

below freezing and 1650 km at higher temperatures.79 In 1995, 64 Deutsche Post vehicles were outfitted 

with ZAFCs that could be recharged manually.80, 81 Unfortunately, this concept was never further 

pursued because to the expensive expense of building a network of zinc replenishment stations. 

 

Figure 2.2. Roadmap and significant progress for the development of ZAB technology.  

 

Even though the feasibility of ZABs for EV applications were demonstrated by these aforementioned 

concept projects, the scale-up commercialization has yet to be adopted. The main challenges include a 

shortage of supplying and processing Zn fuel, limited battery lifetime, and low power output. At the 

end of the 20th century, high-performance and affordable Li-ion batteries raise, which eclipsed ZABs 

and eventually sapped researchers’ enthusiasm. As the future material supply of LIBs becomes 

uncertain, the development of advanced electrode materials and the huge energy demand have reignited 

great interest in rechargeable ZABs in both academia and industry. In 2010, the United States 

Department of Energy initiated an ARPA-E project for the development of electrically rechargeable 

ZABs. Several companies including Eos Energy Storage, ZincNyx Energy Solutions, and Fluidic 
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Energy attempted to commercialize ZABs for stationary storage applications and did excellent work. 

For example, EOS Energy Storage created an Aurora product with a 1 MW/4 MWh Zn-air battery for 

utility-scale grid storage that costs as little as 160 US dollars per kWh.25 Fluidic Energy offered 

approximately 250 MWh ZABs for storing photovoltaic solar energy in 500 distant settlements in 

collaboration with Caterpillar and Indonesia's state utility. In 2012, the first commercially rechargeable 

ZABs were achieved by NantEnergy (formerly Fluidic Energy). Despite the early start, rechargeable 

ZABs are still far from fulfilling their full potential due to their limited energy densities (∼35 Wh kg−1 

as of 2017).82 

Rechargeable ZABs are one of the possible alternatives for energy conversion and storage technologies 

as the need for flexible and wearable electronic devices grows. The development of rechargeable ZABs 

for power sources, on the other hand, is still in its early stages. As a result, much effort has gone into 

developing rechargeable ZABs with exceptional electrochemical performance. The future of 

rechargeable ZABs for both stationary and mobile applications is promising, but technical hurdles 

remain.18 The main challenges are the relatively low durability and energy density of rechargeable 

ZABs when practical applications are considered. It is critical in this case to increase the cycle stability 

of bifunctional oxygen catalysts and zinc electrodes while retaining high operating voltage and energy 

density, resulting in very energy-dense rechargeable ZABs with a long lifetime.83-85 In the following 

sections, we reviewed the battery configuration and operating mechanism of alkaline ZABs, as well as 

some of the main challenges influencing the battery performance. To improve the service life of 

rechargeable ZABs, it is of great importance to reduce or eliminate carbon in the air electrodes,86 since 

carbon-based materials tend to be corroded under the high concentration of alkaline electrolytes.87 To 

overcome these issues, commercial rechargeable ZABs need circulating electrolytes, electrolyte 

filtration, or multi-electrode designs to maintain long-term performance, which increases complexity 

and limits the system-level energy density.88-91 Therefore, this chapter discusses the special problems 

and techniques for developing electrodes for highly energy-dense rechargeable ZABs. 
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2.2 Battery Configuration and Operating Principle  

Typically, a ZAB comprises the following four main components including an air cathode, an aqueous 

KOH electrolyte, a separator, and a Zn metal anode. The air cathode, also known as a bifunctional air 

electrode (BAE), is made up of a porous gas diffusion layer (GDL) and a bifunctional catalyst layer, 

which is in charge of both the ORR and OER. The GDL functions as open channels for air permeation 

and as porous substrates for loading catalytic active materials, which surfer wettability has a great 

impact on determining the performance of the air electrode. The hydrophilic and hydrophobic properties 

of the GDL can be tuned using polymer binders (e.g., polytetrafluoroethylene (PTFE)), thus forming a 

liquid-gas-solid three-phase interface between the electrolyte, air, and catalyst.   

 

Figure 2.3. Working mechanism of a typical alkaline ZAB. The white and black arrows indicate 

electrochemical reactions during discharging and charging processes. Reproduced from with 

permission.92  

  

Figure 2.3 illustrates the operating principle of a typical alkaline ZAB. During discharging, the ZAB 

acts as a power generator via the electrochemical interaction of the Zn metal with the endless oxygen 

from the air. The oxygen spreads into the porous BAE and is then converted to hydroxyl ions by the 

ORR. Then, the resultant hydroxyl ions in the electrolyte migrate to the Zn anode, where they combine 

with Zn ions to produce soluble zincate ions (Zn(OH)
2- 

4 ). As the reaction proceeds, the solubility of 
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Zn(OH)
2- 

4  will reach its limit value, culminating in the precipitation of ZnO on the Zn anode's surface. 

Upon charging, the ZAB is responsible for storing energy via the OER that occurs at the air cathode, 

which is accompanied by the deposition of Zn. The elementary and overall reactions for an ideal alkaline 

ZAB are summarized as follows. 

The air cathode reaction: 

O2 + 2H2O + 4e− ↔ 4OH−, E = 0.40 V vs. SHE                                                                                   (2.1) 

The Zn anode reactions: 

Zn → Zn2+ + 2e−                                                                                                                                   (2.2) 

Zn2+ + 4OH− → Zn(OH)4
2−                                                                                                                   (2.3) 

Zn(OH)4
2− → ZnO + H2O + 2OH−                                                                                                              (2.4) 

Total:        

Zn + 2OH− → ZnO + H2O + 2e−, E = −1.25 V vs. SHE                                                                (2.5) 

The overall reaction: 

2Zn + O2 ↔ 2ZnO, E = 1.65 V vs. SHE                                                                                                (2.6) 

Table 2.1 presents the standard thermodynamic values of the main species during the operation of 

alkaline ZABs. Thermodynamically, the coupled redox reaction of a typical alkaline ZAB can yield a 

nominal cell voltage of 1.65 V versus a standard hydrogen electrode (SHE). Based on the generalized 

Nernst equation, the theoretical specific capacity (Q), specific energy (Nmass) and energy density (Nvol) 

of the ZAB can be calculated as follows: 

Q =
𝑛𝐹

𝑀𝑍𝑛
=

2∗96500/3.6

65.38
= 820 mAh g𝑍𝑛

−1                                                                                              (2.7) 

𝑁𝑚𝑎𝑠𝑠 =
𝑈𝑂𝐶𝑉∗𝑄∗𝑀𝑍𝑛

𝑀𝑍𝑛𝑂
=

1.65∗820∗65.38

81.38
= 1086 Wh kg𝑍𝑛𝑂

−1                                                                  (2.8) 

𝑁𝑣𝑜𝑙 = 𝑁𝑚𝑎𝑠𝑠 ∗ 𝜌𝑍𝑛𝑂 = 1086 ∗ 5.61 = 6093 Wh L𝑍𝑛𝑂
−1                                                                     (2.9) 
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Consequently, the ZAB can achieve a high theoretical energy density (6093 Wh L𝑍𝑛𝑂
−1 ) and high 

specific energy (1086 Wh kg𝑍𝑛𝑂
−1 ). Unfortunately, the practical working voltage is often below 1.2 V 

because of the internal loss of the battery and sluggish air-electrode reactions. A charging voltage of 2 

V or greater is frequently necessary to reverse electrochemical processes. Thus, most of the current 

rechargeable ZABs have a low round-up efficiency of less than 60%, which can be ascribed to the 

following issues: i) the lack of efficient bifunctional oxygen electrocatalysts to effectively catalyze the 

ORR/OER on air-electrodes; ii) the severe self-corrosion of Zn electrodes caused by the parasitic 

hydrogen evolution reaction: 

 Zn + 2H2O → Zn(OH)2 + H2                                                                                                          (2.10) 

iii) the dendrite formation and shape change caused by non-uniform dissolution and deposition of Zn 

during battery charging; iv) the persistent ingression of CO2 from air produces insoluble carbonate 

blocking the air channels in the GDL.  

 

Table 2.1 Standard thermodynamic values of the major species in a typical alkaline ZAB. 93 

Species 

Physical 

state 

Molar mass 

(g mol-1) 

Density 

(g cm-3) 

∆𝑓𝐻0 

(kJ mol-1) 

∆𝑓𝐺0 

(kJ mol-1) 

𝑆0 

(J mol-1 k-1) 

Zn s 65.38 7.14 0 0 41.63 

Zn2+ aq 65.38 --- -153.39 -147.1 109.8 

Zn(OH)
2- 

4  aq 133.43 --- --- -858.52 --- 

ZnO s 81.38 5.61 -350.46 -320.52 43.65 

O2 l 31.9988 --- -11.7 16.4 110.9 

H2O aq 18.02 1 -285.83 -237.14 69.95 

OH- aq 17.01 --- -230.015 -157.28 -10.9 

H+ aq 1.01 --- 0 0 0 
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Generally, rechargeable ZABs can be categorized into three varieties based on their configurations: 

conventional planar ZABs, Zn-air flow batteries, and flexible ZABs (Figure 2.4). The conventional 

planar configuration has a sandwich structure, which was originally designed for primary ZABs. This 

configuration allows for the simple assembly using plastic plates and gaskets, and quick disassembly 

of the electrode materials and electrolytes to be further investigated.94-96 Due to these advantages, this 

configuration is currently the most widely used one in academic activities. Although current 

rechargeable ZABs with traditional planar configurations have not yet entered the commercial market, 

they hold great potential as promising candidates for EVs that require minimal weights and volumes 

owing to their simplicity in design and prioritizing high energy density. 

 

Figure 2.4. Schematic illustration of various types of rechargeable ZABs: (a) conventional aqueous 

ZABs, (b) a Zn-air flow battery, and (c) a flexible ZAB. Reproduced with permission.97, 98  

  

Nowadays, the large-scale rechargeable ZABs for grid-scale energy storage usually use the flow battery 

configuration, which prioritizes long service lifetimes. The liquid electrolytes between the Zn and air 

electrodes are needed to be refreshed and pumped from time to time.97 The circulating electrolyte 

minimizes the degradation of the Zn electrode and removes insoluble carbonate particles on air 

electrodes, giving rise to significantly enhanced battery life and stable battery performance.99, 100 
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Therefore, higher cycling lifetimes can be achieved by rechargeable Zn-air flow batteries rather than 

conventional configurations using static electrolytes. Accordingly, due to the necessity for tubing, 

pumps, and additional electrolyte volume, the Zn-air flow batteries suffer from higher complexity and 

worse energy efficiency, leading to lower specific and volumetric energy densities for the overall device. 

Its bulky nature makes it suitable for large-scale grid storage applications without strict requirements 

of weight and space. Therefore, the flow battery configuration is currently the most successful type of 

rechargeable ZABs in practical applications.  

With the rapid development of wearable and portable electronics, flexible ZABs have gained great 

interest and are considered as a hot research direction.101, 102 To achieve this configuration, each 

component of the battery such as electrodes and solid-state electrolytes should be mechanically flexible 

while maintaining a stable electrochemical performance.98 Alternatively, the components of these 

flexible batteries can be configured into other forms such as coaxial cables, allowing the assembly of 

cable-type flexible batteries.103 The major challenge of current flexible ZABs is to develop a solid-state 

electrolyte with excellent ionic conductivity while maintaining mechanically durable. At the same time, 

the electrodes materials also need to undergo large deformation such as bending and twisting.62, 103-105 

 

2.3 Chemistry of Zn Electrode 

Given that ZABs are supplied with endless sources of oxygen from the air, the Zn electrode is critical 

in determining the overall capacity of the ZAB. An ideal Zn electrode should possess a high material 

utilization and be capable of high efficiency, thereby giving rise to outstanding capacity and 

reversibility. In the following sections, the fundamental insights into understanding these challenges 

and the strategies that recent studies devoted to overcoming them. 

2.3.1 Major Issues of Zn Electrodes 

Figure 2.5 shows that the performance of Zn electrodes is primarily restricted by four issues, including 

i) dendrite formation, ii) shape change, iii) surface passivation, and iv) hydrogen evolution. It is worth 
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noting that these four factors often interact one another and impact the battery performance over time, 

eventually resulting in battery failure.25  

 

Figure 2.5. Schematic of four major issues occurring at Zn electrode. Reproduced with permission.25  

 

i) Dendrite growth. Zinc dendrites refer to sharp and needle-like metallic protrusions that formed under 

certain conditions (e.g., high current density) during electrodeposition.106-109 Theoretically, the dendritic 

morphologies result from the inhomogeneous electrodeposition of Zn controlled by the concentration. 

In a strong alkaline electrolyte, the metal Zn will dissolve and generates a solution saturated or 

supersaturated with Zn(OH)
2- 

4 ions in the subsequent cycling process. During charging, the Zn species 

in the electrolyte are reduced and subsequently redeposited on the surface of Zn electrode, starting from 

the regions near electrolytes with a higher Zn ion concentration.109 Ideally, the Zn ion concentration 

distribution over the whole surface of the zinc metal electrode should be uniform. However, the charge 

distribution is usually non-uniform on Zn electrodes, resulting in concentration variations in local 

electrolyte regions near the electrode surface. Zn(OH)
2- 

4 ions are preferentially deposit on elevated 

surface regions and expand into initial protuberances in this situation. The tips of protuberances have 

higher potentials and consist of high-density low-coordination steps and links with low activation 

energy, facilitating rapidly dendrites growth.110 These needle-like dendrites can fracture and disconnect 

from the Zn electrodes, thus giving rise to losses in battery capacity. They could even puncture the 

separators and directly contact the air cathode if grows long enough, causing a short-circuit.  
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ii) Shape change. The shape change is formed due to the uneven zinc deposition at different locations 

on the zinc electrode upon charging. Along with long-time charging-discharging processes, the 

phenomena can lead to electrode densification followed by significant capacity loss.111, 112 Generally, 

shape change occurs as a consequence of non-uniform current distribution and reaction zones over the 

zinc electrode, as well as the convection driven by the electro-osmotic forces on the cell.113-116 

iii) Surface passivation. The surface passivation of Zn electrodes is the third issue related to the failure 

of the Zn electrode. Over repeat charging and discharging cycles, the concentration of Zn(OH)
2- 

4 ions in 

electrolytes reaches its solubility limit and precipitates insulating ZnO film on electrode surface.113, 117 

The formation of such an insulating layer not only raises the internal resistance of the battery but it also 

inhibits the discharge product and/or OH− ions from migrating. As a result, this phenomenon usually 

results in a voltage loss upon discharging and a rise in voltage during charging, thus decreasing battery 

efficiency. Zinc utilization is a common indicator for evaluating the performance of zinc electrodes, 

which is greatly influenced by the complete passivation and subsequent increased internal resistance.  

However, the zinc utilization for conventional powder-based electrodes is usually less than 60-80%.118-

120 For practical applications, it is urgent to further improve the zinc utilization value to 90% or higher. 

iv) Hydrogen evolution. The last performance-limiting phenomenon is the hydrogen evolution reaction 

(HER) that occurs on the Zn electrodes surface. The Zn/ZnO standard redox potential is -1.26 V vs. 

SHE in an aqueous KOH solution at pH 14, leading to a much higher overpotential than that of the HER 

(e.g., the redox potential for the HER is -0.83V). As a result, the HER process is thermodynamically 

favorable, which results in the corrosion of Zn electrode and the self-discharge of the battery. Therefore, 

the zinc electrode cannot be 100% charged, because the HER will consume electrons supplied to the 

zinc electrode during charging.  

𝐻2𝑂 + 2𝑒− ↔ 2𝑂𝐻− + 𝐻2                                                                                                                  (2.11) 

𝑍𝑛 + 2𝐻2𝑂 → 𝑍𝑛𝑂 + 𝐻2                                                                                                                  (2.12) 

Notably, in realistic conditions, the four issues discussed above often take place simultaneously in ZABs 

and reduce the battery performance progressively. For instance, shape change usually results in the 
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densification of Zn electrodes and thus increases the overpotential during charging. The higher charging 

potential promotes the formation of dendrite. At the same time, surface passivation also increases the 

shape change caused by the deterioration of current distribution.111-113 Moreover, the convective 

electrolyte flow stemming from the HER process can accelerate the shape change.112 Therefore, the 

improvement of Zn electrodes should be performed in consideration of specific battery designs. In this 

regard, the most suitable solution can be determined by different characteristics of the zinc electrode 

such as electrolyte volume, thickness, and porosity.  

 

Table 2.2. Strategies and their effects on the performance-limiting phenomenon of Zn electrodes 

Strategies The performance-limiting phenomenon on Zn 

electrodes 

Dendrite 

formation 

Shape 

change 

Surface  

passivation 

Hydrogen  

evolution 

Electrode structure design 

i) 3D electrode structure  

ii) Metal foams as the substrate 

Electrode composition optimization 

i) Adding heavy metals additives 

ii) Adding carbon additives 

iii) Polymer coating  

Electrolyte composition optimization 

i) Inorganic additives 

ii) Small molecule organic additives 

 

Suppressed 

Suppressed 

 

Suppressed 

------ 

Suppressed 

 

------ 

Suppressed 

 

Suppressed 

Suppressed 

 

Suppressed 

Suppressed 

Suppressed 

 

Suppressed 

Suppressed 

 

Suppressed 

Suppressed 

 

Suppressed 

Suppressed 

------ 

 

------ 

Promoted 

 

Promoted 

Promoted 

 

Suppressed 

------ 

------ 

 

------ 

Suppressed 

 

2.3.2 Strategies for Alleviating the Surface Side Reactions 

A perfect Zn electrode is capable of a long cycle life, a high specific capacity, and a high Columbic 

efficiency, in which capacity and Columbic efficiency are determined by the ratio of Zn utilization and 
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the extent of HER, respectively. In the last few years, numerous approaches have been explored to boost 

the effectiveness of Zn electrodes, including i) the structure design of Zn electrodes, for example, the 

introduction of 3D porous structure; ii) electrode composition optimization, such as polymeric binders, 

electrode additives, and coatings; and iii) electrolyte composition optimization, mainly the electrolyte 

additives. These strategies and their corresponding effects on the performance-limiting phenomenon 

are summarized in Table 2.2. Notably, these strategies are mostly centered on the improvement of zinc 

electrodes with static electrolytes, since the circulating electrolyte of the electrolyte in the Zn-air flow 

battery can greatly alleviate the problems of the Zn electrode. 

2.3.2.1 Designing 3D Electrode Structure  

Generally, a typical Zn electrode is made up of Zn foils or Zn powders. The geometry of the zinc 

electrode is important in affecting the performance of Zn electrodes.121, 122 An effective approach is to 

introduce a 3D porous structure, which increases the surface area of Zn electrodes, thereby enhancing 

the interface contact between electrodes and electrolytes. This method allows for a lower overpotential 

of Zn-deposition and suppresses the formation of Zn dendrites upon charging due to the increased 

surface area. Additionally, surface passivation can also be reduced by incorporating a 3D structure into 

the zinc electrode and/or current collector. For instance, Long et al. designed a 3D sponge-like Zn 

electrode that includes interconnected Zn domains and integral void space (Figure 2.6a).121 The 3D 

porous architecture not only maintains fully metallic and interconnects pathways within the core of the 

electrode structure, but also amplifies the electrified interface in 3D with uniform current distribution 

throughout the electrode structure (Figure 2.6b). Owing to these advantaged features, this sponge-like 

electrode reached a high Zn utilization of up to ~90%. Figure 2.6c compares the difference of a powder-

based Zn electrode and a 3D sponge-like Zn electrode.122 As a result, the capacity of 3D sponge-like 

cell maintained more than 90% of its initial value during discharging at 10 mA cm-2. During subsequent 

charging operation, over 95% capacity can be restored with a half-cycle voltage hysteresis of less than 

300 mV (Figure 2.6d). Thanks to the rich porous structure, ZnO is uniformly deposited in the void space 

of the electrode, endowing over 100 cycles operation at a depth of discharge of 40%.  
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Figure 2.6. (a) SEM images of a 3D sponge-like Zn electrode. (b) Schematic of the discharging and 

charging processes of 3D sponge-like and traditional Zn powder-based electrodes. Reproduced with 

permission.121 (c) Comparison between conventional powder electrodes and the 3D porous electrodes. 

(d) Discharging and charging profiles of the 3D sponge-like cell. Reproduced with permission.122 

 

Alternatively, metal foams with open pores (e.g., copper foam) are widely used as a current collector to 

construct 3D Zn electrodes as they possess high specific surface area, outstanding mechanical rigidity, 

and high porosity (ca. more than 95%). In this case, electrodeposition is usually employed to produce 

Zn coating into the metal foam.123, 124 For example, a 3D Zn/Cu foam electrodes was developed through 

the pulse Zn electrodeposition on porous copper foam, in which the interconnected skeleton can offer 

fast electron transfer and facilitate mass transport.125 As a result, the Zn utilization of the 3D electrode 

in primary Zn-O2 batteries reached about 92%. In a prototype Zn/Ni battery, such an electrode achieved 

superior cycling and rate performance. However, due to the challenges in achieving thick and uniform 

metal electrodeposition, the volumetric capacity density is normally far away from the theoretical value 

for conventional Zn electrodes. 
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It should be noted that the use of 3D Zn electrodes also has a disadvantage. The high surface area 

significantly accelerates the Zn corrode and facilitates the HER, which leads to increased self-discharge 

and worse Coulombic efficiency, as well as reduced battery life (Table 2.2).  

 

2.3.2.2 Optimizing the Composition of Zn Electrodes 

In addition to the structure design, optimizing the composition of Zn electrodes can also significantly 

improve their performance including i) the incorporation of heavy metals or heavy-metal 

oxides/hydroxides, ii) the addition of carbon additives or polymeric binders, iii) the introduction of 

polymer coating on the electrode surface. Table 2.2 compares and summarises the benefits and 

drawbacks of different techniques. 

First of all, the incorporation of heavy metals (e.g., Bi, In, Al, Sn, and Pb, etc.)126-129 or their 

oxides/hydroxides130-132 can greatly improve the electrical conductivity of Zn electrodes. For instance, 

Yang et al. reported a composite Zn electrode by hydrothermally synthesizing Zn-Al layered double 

oxides and then calcining them.129 In a Ni-Zn battery, such a Zn-Al composite electrode displayed high 

reversibility and long-term cycling stability for over 1000 cycles due to the increased electrode 

conductivity. It is reported that these metallic additives possess a higher overpotential for the HER than 

that of Zn and ZnO, thus enhancing battery life. Therefore, second metal additives are usually further 

introduced in the Zn-Al system to enhance the charge distribution in electrodes.127 As a result, the Zn-

Al-In ternary composite electrode exhibits higher HER overpotential and less shape change, giving rise 

to improved cycling performance.  

Secondly, the incorporation of carbon additives or polymeric binders in electrodes can also improve 

their electrical conductivity or surface area. In this regard, the use of polymer binders such as 

carboxymethyl cellulose (CMC),121, 133 polytetrafluoroethylene (PTFE),111, 121 and poly(vinylidene 

fluoride) (PVDF), 25, 134  can not only improve the surface area, but also increase the mechanical strength 

of Zn electrode, which is beneficial for reducing dendrite growth and avoiding shape change. It should 

be noted that due to their non-conductive nature, the use of polymeric binders increases internal 
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resistance and results in low zinc utilization. To address this issue, carbon-based additives have been 

explored because of their high conductivity and excellent chemical stability to the alkaline electrolytes. 

134-136 As expected, the use of carbon additives can significantly avoid surface passivation and improve 

zinc utilization. The zinc utilization significantly increased from 68% to 95% after adding 2 wt.% Super 

P carbon black.137 

Alternatively, coating polymer layer on Zn electrodes is another attractive strategy to improve the 

performance of Zn electrodes, which enables effective migration of OH− ions but blocks or reduces the 

Zn(OH)
2- 

4 migration during charging and discharging processes. The decreased rate of Zn(OH)
2- 

4 ions 

migration not only avoids shape change, but also suppresses dendritic growth by reducing concentration 

gradients during charging. For instance, Zhou et al. fabricated a polyvinyl alcohol 

(PVA)/poly(diallyldimethylammonium chloride) (PDDA) composite coating on the Zn electrode 

surface.138 As expected, the obtained electrode exhibited enhanced discharge capacity and reduced 

dendrite growth after 60 cycles as compared to a bare Zn electrode. Unfortunately, coating materials 

increase the bulk of Zn electrodes, resulting in decreased specific mass capacity. As a result, novel 

coating materials that may inhibit Zn dendrite formation while also increasing capacity are very sought. 

2.3.2.3 Electrolyte Composition Optimization  

Besides electrode additives, the utilization of electrolyte additives has also been intensively explored to 

overcome the challenges that occurred on Zn electrodes. As reported, the performance of Zn electrodes 

is greatly affected by the concentration of KOH.25 Typically, the optimal electrolyte for a ZAB is an 

aqueous KOH solution with a high concentration of roughly 6-7 M (or 25-30 wt.%), since it achieves 

the maximum electrolyte conductivity and the Zn/Zn2+ redox kinetics (Figure 2.7).139 However, along 

with the increase in concentration, the solubility of the ZnO discharge product rises, and so does the 

corrosion of Zn electrodes. To address this issue, a widely used and effective strategy is to pre-saturated 

KOH solutions with Zn(OH)
2- 

4 ions by dissolving ZnO powder. However, the precipitation of ZnO 

occurs slowly even in supersaturated Zn(OH)
2- 

4  solutions.  
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Figure 2.7. Summary of electrolyte conductivity, Zn/Zn2+ exchange current density, and ZnO solubility 

as a function of the KOH concentration. Reproduced with permission.25  

 

Therefore, various inorganic additives including KF, As3O4, K2HBO3, K3BO3, K2CO3, and K2CrO4 have 

been used in electrolytes to create low Zn solubility.111, 140 by adding these inorganic additives, the rate 

of shape change occurring on Zn electrode can be significantly reduced. Alternatively, small molecular 

organic additives including ionically Zn complexes, citric acid, sorbitol, and tetra-alkyl ammonium 

hydroxides,141-143 have also been explored in electrolytes to suppress dendrite growth and HER issues. 

During charging, these additives tend to be deposited into the Zn electrode's most electrochemically 

active regions during charging, decreasing these two occurrences. Unfortunately, decreasing the 

solubility of Zn species or increasing their supersaturation in electrolytes may enhance surface 

passivation of Zn electrodes. In other words, these methods can only be effective within specified 

parameters. 
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2.4 Separators 

In batteries, a separator normally acts as a physical barrier that separates the Zn electrode and air 

electrode, allows for ionic flow, and prevents physical contact of electrodes. The main role of the 

separator is to avoid short circuits caused by zinc dendrite formation during cycling. Generally, an ideal 

separator should possess the following features including i) being electrochemically stable and inactive 

in a strongly alkaline environment, 2) having a broad electrochemical stability window (ca., ≥2.5 V), 

and has low resistance and a high ionic conductivity.144, 145 However, up to now, the separators in ZABs 

have not received its deserved attention since most of them are usually taken from lithium-based 

batteries, but not designed specifically.  

For the specifical separator used in ZABs, a fine porous structure is crucial for allowing the migration 

of OH− ions yet preventing the transportation of Zn(OH)
2- 

4 ions.146, 147 But the transfer of Zn(OH)
2- 

4 ions 

through the separator may result in the formation of ZnO precipitates on the air cathode, thereby 

increasing the polarization of air electrodes. The commonly used separators in most studies of ZABs 

are polypropylene based porous membranes such as Celgard 5550 and Celgard 4560. These separators 

possess excellent mechanical strength to undergo dendritic penetration and have a wide working 

potential window.144, 145 Their shortcoming is the relatively large pore size, which is insufficient for 

preventing Zn(OH)
2- 

4 ions migration and thus leads to poor long-term durability. Therefore, developing 

the separators with high ionic selectivity is crucial, for example, the alkaline anion-exchange 

membranes. In this regard, a cationic polysulfonium membrane was designed to prevent Zn(OH)
2- 

4 ions 

from migrating to the air electrode.148 The obtained membrane showed a high ionic selectivity of OH− 

ions and was sufficient in preventing the crossover of zincate cations, enabling an increased discharge 

capacity as compared to a commercial Celgard separator. Unfortunately, the anion-exchange 

membranes have the problems of poor chemical reliability and high manufacturing costs, which 

hampers their practical applications. To this end, covering commercial separators with an inorganic 

barrier layer on has been proposed as an efficient strategy. Various inorganic compounds, such as CaF2, 

Al(OH)3, Mg(OH)2, and Mn(OH)2 have been investigated for improving the permeability of Zn(OH)
2- 

4

ions.149, 150  
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Figure 2.8. Schematic illustration of rechargeable ZABs with (a) alkaline aqueous electrolytes, (b) near-

neutral electrolytes, and (c) ILs. Reproduced with permission.151 (d) Schematic of a cable-type flexible 

ZAB assembled with gel polymer electrolyte. Reproduced with permission.103  

 

2.5 Electrolytes 

As compared to electrode materials, the role of electrolytes in ZABs is also significantly underestimated. 

Electrolytes are considered as the “blood” of batteries and have a profound impact on battery 

performance. An ideal electrolyte for rechargeable ZABs should possess the following features 

including i) high ionic conductivity and low electronic conductivity, ii) low electrode corrosion and 

good ion accessibility at the three-phase zone, iii) good electrochemical stabilities, and iv) low cost and 

safety. In ZABs, aqueous, ionic liquids, and semisolid-state electrolytes are the main three types of 

electrolytes (Figure 2.8). To date, ZABs mainly operate in aqueous alkaline electrolytes due to their 

strong ionic conductivity, high gas diffusion coefficients, and high solubilities of carbonates (K2CO3 or 

KHCO3) that are produced by the electrolyte reacting with CO2 from the air. As discussed above, 
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alkaline electrolytes lead to serious Zn corrosion and suffer from the negative effects of carbon dioxide 

(CO2). Non-alkaline electrolytes, such as near-neutral electrolytes, acidic electrolytes, and ionic liquids 

(ILs), have been developed to address these concerns.151 Furthermore, semisolid-state electrolytes have 

been extensively researched to realize flexibility and minimize battery leakage concerns, extending the 

possibilities of rechargeable ZABs for powering flexible and portable devices.103 

 

2.5.1 Aqueous Electrolyte 

Alkaline, acid, and near-neutral electrolytes are the three types of aqueous electrolytes found in ZABs. 

Among them, alkaline electrolytes are the most popular ones due to their better Zn-corrosion resistance, 

better electrochemical kinetics, higher ionic conductivity, and the wider availability of 

electrocatalysts.152 Typically, a 25-30 wt.% corresponding to 6-7 M KOH aqueous electrolyte is applied 

in ZABs to achieve desirable ionic conductivity and reaction kinetics for both the ORR and OER. 

Nevertheless, the phenomena of nonuniform dissolution and inhomogeneous redeposition of zinc occur 

upon cycling, which promotes dendrite growth and degrades the cycle life. In addition, due to the 

sensitivity to CO2 in the air, alkaline electrolytes suffer from the degradation issue that affects battery 

performance.153 Therefore, increasing attention has also been focused on developing non-alkaline 

electrolytes such as acidic and near-neutral electrolytes.  

Electrolytes with pH levels close to neutral should prevent the formation of zinc dendrite and avoid 

electrolyte carbonation.154, 155 The commonly used near-neutral electrolytes in ZABs applications are 

aqueous inorganic salts (e.g., ZnCl2 and NH4Cl) solutions. The first rechargeable ZABs using a near-

neutral electrolyte were reported by Thomas Goh et al. in 2014.155 The electrolyte with a pH of 6 

consisted of 2.34 M NH4Cl, 0.51 M ZnCl2, and a small amount of PEG and thiourea. As a result, no 

carbonate formation was observed after 120 cycles corresponding to 1440 h operation. Although Cl-

based neutral electrolytes have been proven for rechargeable ZABs, there are still several challenges. 

First, during battery charging, an inevitable chlorine evolution reaction occurs and competes with the 

OER due to the similar overpotential, resulting in a decreasing Columbic efficiency. Second, in near-
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neutral electrolytes, the ORR and OER reaction kinetics are substantially slower than that in alkaline 

electrolytes. Consequently, the ORR and OER polarization becomes larger, thereby decreasing the 

discharge voltage and increasing the charge voltage during cycling. As a result, optimizing catalytic 

processes in near-neutral electrolytes is extremely desirable for practical applications in ZABs. 

Very recently, Wang et al. proposed a rechargeable ZAB with a novel 2e− ORR process based on a non-

alkaline aqueous Zn(OTf)2 electrolyte.156 Owing to the establishment of Zn2+-rich and H2O-poor inner 

Helmholtz layer, the Zn utilization ratio (ZUR) in the adopted OTf− anions-based electrolyte achieved 

an impressive value of 83.1%, ten times higher than that in the common used KOH electrolyte (8.1%) 

(Figure 2.9a). Furthermore, the ZABs with OTf− anions-based electrolyte exhibited excellent cycling 

stability in the ambient atmosphere and essentially no visible pH change during charging and 

discharging processes (Figure 2.9b-c). The Zn2+-rich and H2O-poor structure, as well as the weak 

interaction between Zn2+ cations and OTf- anions, support a novel 2e-/O2 chemistry (Figure 2.9d). 

 

Figure 2.9. (a–b) Electrochemical performance of ZABs with Zn(OTf)2  and KOH electrolytes. (c) 

Discharge and charge curves of Zn(OTf)2 and ZnSO4 electrolytes based batteries, and their associated 

pH values during cycling. (d) Schematic of the mechanism of the inner and outer Helmholtz layer in 

various electrolytes, respectively. Reproduced with permission.156 (e) Working mechanism of an 

asymmetric-electrolyte Zn-air battery. Reproduced with permission.157 
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Similarly, acidic electrolytes also show promising potential in preventing electrolyte carbonation and 

short circuits produced by dendrite growth. By offering a greater ORR redox potential (1.23 vs SHE) 

than near-neutral electrolytes, the use of acidic electrolytes can avoid the catalytic limiting problem, 

increasing the output voltage and energy density of practical devices. However, metallic Zn undergoes 

serious dissolution accompanied by hydrogen evolution in an acidic media. In this regard, the design of 

alternative cell configurations can be considered as an interesting strategy. In 2016, Li and Manthiram 

first proposed an attractive concept of asymmetric-electrolyte ZABs by using decoupled electrolytes 

and a decoupled air electrode (Figure 2.9e).157 The use of acidic catholyte can effectively alleviate the 

common problems in alkaline electrolytes, such as carbonation and low cell voltage. Consequently, the 

asymmetric ZAB delivered a high working voltage of ~1.92 V and stably operated for more than 200 

h. The concept of asymmetric ZABs inspires a new route to achieve high-energy-density ZABs for 

future practical applications. 

2.5.2 Ionic Liquids 

In addition, ionic liquids (ILs) consisting of large organic cations and organic/inorganic anions, have 

also attracted special attention as effective electrolytes for rechargeable ZABs.158 Compared with 

aqueous electrolytes, ILs possess the advanced properties of superior thermal stability, wide 

electrochemical windows, and low vapor pressure owing to their intrinsically high concentrations. 

These superior properties can potentially address the issues of zinc corrosion, water loss, and CO2 

poisoning caused by aqueous electrolytes.158-161 However, the application of ILs-based electrolytes in 

rechargeable ZABs is still in its early stage with only a few systematic studies being conducted.  

ILs can be classified as either protic ILs or aprotic ILs depending on the ability to form a hydrogen bond 

network in the solvent. The aprotic ILs rely on the presence of hydroxide ions or protons, which are 

incompatible with the current O2 electrochemistry. By contrast, protic ILs that can dissociate protons 

are more favorable to support O2 electrochemistry through a 2e- process, generating hydrogen 

peroxide.162 Unfortunately, ILs also suffer from a low conductivity ranging from 0.1-40 mS cm-1 due to 

their low ionic mobility caused by high viscosity.162 Consequently, both the Zn/Zn2+ and O2/O2
- 

chemistry are kinetically sluggish. Therefore, to address these issues, the optimization of IL 
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composition by adding additives such as water and ethylene glycol is of great importance, which can 

decrease the viscosity and facilitate ion mobility. In addition, ILs also suffer from high costs, which 

greatly limits their practical application in cost-competitive ZABs.  

 

2.5.3 Semisolid-State Electrolyte 

Portable and wearable energy devices that require flexible power sources have recently attracted 

considerable attention. As a key component for flexible batteries, semisolid-state electrolytes that 

having good shape consistency are highly desirable to serve as both ion conductors and separators for 

achieving ion transport and flexibility. Currently, gel polymer electrolytes (GPEs) consisting of polymer 

matrix and electrolyte solutions, are the most extensively studied electrolyte.163-165 Because GPEs can 

combine the advantages of good mechanical properties from polymeric solids and high ion conductivity 

from liquids. Due to the randomly distribution of conductive ions within the electrolyte polymer matrix, 

the ionic conductivity of OH- in semisolid-state electrolytes is about 10-4-10-1 S cm-1, much lower than 

aqueous electrolytes. Conversely, semisolid-state electrolytes possess good mechanical flexibility and 

serve as a separator to prevent internal short circuits and suppress dendrite formation in the battery. 

Therefore, a trade-off between mechanical strength and ionic conductivity should be considered 

according to the special requirements.  

It should be noted that the electrolyte/electrode interfacial properties are crucial in determining the 

battery performance, but its improvement remains challenging in the solid configuration.166 For example, 

bifunctional catalysts with high surface area have complete access to the electrolyte in aqueous systems, 

allowing for an effective reaction zone for oxygen electrochemistry.167, 168 By contrast, the oxygen redox 

reactions in the solid systems are greatly limited owing to low wettability of the “immobilized” 

electrolyte. Therefore, the interfacial resistance for hydroxide ion transport is substantially higher, 

resulting in undesirable low current rates and high overpotentials.105, 166, 169, 170  

Overall, the electrolyte governs the electrochemistry of ZABs and largely determine their lifespan, 

rechargeability and operating voltage. However, as previously said, each type of electrolyte has its own 
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set of benefits and drawbacks. An perfect electrolyte with desired qualities of extended lifetime, high 

operating voltage, and high energy output has yet to be produced due to trade-offs between different 

performance criteria. 

 

2.6 Bifunctional Air Electrodes 

The performance and energy efficiency of ZABs are also influenced by the air electrodes. This stems 

from the fact that both the OER during charging and ORR during discharging have a larger energy 

barrier that needs to be overcome as compared to the Zn electrode reactions.  

A typical air electrode serves a variety of purposes including supplying O2 diffusion channels, 

promoting ion transport and electron transfer, assuring oxygen electrochemical catalytic activity, etc. 

To achieve these functions, four key parameters concerning the surface/interface properties of the air 

electrode are of great importance.171 Firstly, sufficient reaction areas are crucial for both electrocatalysts 

and air electrodes. Electrocatalysts with a large specific surface area can offer enough active sites for 

catalyzing oxygen redox reactions, while an air electrode with sufficient reaction area can support 

enough electrocatalyst and provide pore channels for efficient mass transfer and oxygen diffusion at the 

three-phase zone. Secondly, the electrical conductivity of the electrocatalyst and air electrode cannot 

be ignored. Electrons can quickly access active centers due to the high electrical conductivity, 

facilitating the charge transfer process and reducing electrochemical polarization. Third, 

electrocatalysts with rationally designed atomic and electronic surfaces can significantly reduce the 

reaction energy barriers for ORR and OER, thereby enhancing catalytic activity. Finally, the fast mass 

transfer capability of the air electrode can provide sufficient oxygen and ions for oxygen 

electrochemistry to reduce the concentration polarization during the reaction. 
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Figure 2.10. Schematic illustration of the air cathode architecture with different electrolytes. 

Reproduced with permission. Reproduced with permission.25  

 

Generally, the architecture of an air electrode is mainly made up of a hydrophobic gas diffusion layer 

(GDL) and a hydrophilic catalyst layer (Figure 2.10).25 The GDL with porous structure provides 

physical support for the catalysts and offer gas channels accessible for oxygen to active centers. The 

catalyst layer containing electrocatalysts faces with the electrolyte to construct a so-called three-phase 

interfaces for oxygen redox reactions. Due to the limitation of oxygen solubility in liquids, air electrodes 

not only require high specific surface area to provide enough reaction space for oxygen reactions, but 

also possess favorable hydrophobicity to facilitate the rapid mass transfer and oxygen diffusion. 

Therefore, rational air electrode design with appropriate interfacial structure and hydrophilicity, as well 

as strong electrical conductivity for rapid electron transit, is critical. In addition, the development of 

high-performance bifunctional air electrodes is also extremely challenging. Both the ORR and the OER 

should overcome significant overpotentials, necessitating the use of a bifunctional electrocatalyst to 

promote oxygen processes.  

2.6.1 Gas-diffusion Layer Design 

Typically, The GDL of ZABs should have the following characteristics, including i) providing 

physically support for the catalyst, ii) allowing the rapid diffusion of oxygen into the catalyst, iii) 

preventing electrolyte leakage, and iv) providing a conductive channel for electrons. the GDL should 
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be very porous and hydrophobic to promote air transport in ZABs. The degree of hydrophobicity 

impacts the polarization behavior of the cell in terms of conductivity (Ohmic resistance) and gas 

permeability (mass transfer), which can be obtained by utilizing hydrophobic binders such as PTFE,172, 

173 PVDF,174 and fluorinated ethylene propylene (FEP)175, 176. For improved performance, it should be 

able to prevent electrolyte evaporation and resist electrolyte flooding in harsh situations.177 Furthermore, 

an ideal GDL should have efficient gas diffusion, high electrolyte repellency, high mechanical integrity, 

excellent electrical conductivity, and consistent electrochemical and chemical stability in strong 

alkaline environments. 

 

Figure 2.11. Schematic of the architecture of (a) carbon-based and (b) metal based GDLs. Reproduced 

with permission. Reproduced with permission.25  

 

As shown in Figure 2.11a, these carbon-based GDLs generally have a bilayer architecture consisting of 

a macroporous gas diffusion substrate and a thin microporous layer (MPL). The substrate is a porous 

and hydrophobic carbon cloth or carbon paper that can provide sufficient gas diffusion channels, while 

MPL is a thin and relatively hydrophilic porous activated carbon layer that can support the catalytically 

active material and minimize interface contact resistance between these two layers.178 The most widely 

used GDL is carbon cloth, as it has excellent mechanical flexibility and then serves as a robust catalyst 
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layer support for flexible ZAB applications. However, there are still significant issues with the stability 

of these improved carbon-based GDLs during oxygen evolution (charging) and exposure to strong 

alkaline electrolytes. Because carbon materials are prone to corrosion in this case, resulting in the loss 

of the active surface area of oxygen electrochemistry, uneven current distribution on the electrode 

surface, and serious electrolyte leakage.140, 168 Meanwhile, dissolved carbonate species stemmed from 

carbon corrosion of GDLs have an adverse effect on the ionic conductivity and pH of the electrolyte. 

Therefore, for sufficient operation, the use of highly corrosion-resistant graphitized carbon materials or 

metal-based materials are required to prevent corrosion of the GDL. Metal substrates comprised of 

stainless-steel mesh and nickel/copper foam are now popular, and their performance is comparable to 

that of carbon-based GDLs in ZAB. Metal-based GDLs are typically made by pouring and pressing a 

catalyst, metal powder, and PTFE binder into a porous metal foam (Figure 2.11b). Over a wider 

potential range, such GDLs can provide higher electrical conductivity and better electrochemical 

oxidation stability.  

2.6.2 Bifunctional Oxygen Electrocatalysts 

2.6.2.1 Oxygen Electrochemistry 

ORR. Essentially, ORR is a multi-electron transfer process that includes two different reaction 

pathways according to the electrolyte: an indirect two-electron (2e-) process to form H2O2 and a direct 

four-electron (4e-) process to generate H2O or OH-.179 As shown in Figure 2.12, in acidic electrolyte, 

O2 can be directly converted to H2O through a 4e- process or partially reduced to H2O2 via a 2e- process, 

and subsequently converted to H2O. In an alkaline electrolyte, O2 can be reduced by either a direct 

4e- process to yield OH- or a two-step 2e- process to produce HO2
− and then OH−. The related reactions 

can be described as follows: 

Acidic media 

𝑂2 + 4𝐻+ + 4𝑒− → 2𝐻2𝑂                                                                                                                (2.13) 

𝑂2 + 2𝐻+ + 2𝑒− → 𝐻2𝑂2                                                                                                                (2.14) 
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𝐻2𝑂2 + 2𝐻+ + 2𝑒− → 2𝐻2𝑂                                                                                                            (2.15) 

Alkaline media 

𝑂2 + 2𝐻2𝑂 + 4𝑒− → 4𝑂𝐻−                                                                                                                    (2.16) 

𝑂2 + 𝐻2𝑂 + 2𝑒− → 𝑂𝑂𝐻− + 𝑂𝐻−                                                                                                  (2.17) 

𝑂𝑂𝐻− + 𝑂𝐻− + 2𝑒− → 3𝑂𝐻−                                                                                                         (2.18) 

The ORR pathway is surface sensitive and extremely complex, involving the adsorption and 

dissociation of various intermediates generated on the catalyst surface during the reaction.180 These 

intermediates include oxidative (O*), hydroxyl (OH*), and superhydroxyl (OOH*) species, where * 

represents a catalytically active site on the catalyst surface. Thermodynamically, the selectivity of the 

4e- or 2e- route is mainly determined by the reactant and intermediate adsorption energies, as well as 

their dissociation reaction barriers on the active surface.181 The direct 4e- process for the ORR is more 

efficient and preferable in practical applications than the 2e- process,  

 

Figure 2.12. Polarization curves and related mechanism of the typical oxygen redox reactions in both 

alkaline and acid electrolytes. 
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Two possible mechanisms for the 4e- process in alkaline media (similar in acid media, not depicted 

here) have been proposed: a dissociative mechanism and an associative mechanism.181 The dissociation 

mechanism can be described as the following process: First, O2 is adsorbed to the catalyst surface, 

followed by breaking the O-O bond and forming two adsorbed atomic O* species. The resulting O* 

species then react with hydrogen to create OH* and eventually OH-.182 The ORR procedure can 

alternatively be carried out through the following associative mechanism: The oxygen adsorption in the 

active center produces O2*, which first combines with hydrogen to make OOH*, and then the O-O bond 

is broken to produce O* and OH*. Finally, the products O* and OH* combine with hydrogen to generate 

the final product OH-. Therefore, whether the reaction proceeds in a dissociative or associative way is 

determined by the reaction energy barrier for O-O bond breakage and first O2 dissociation. According 

to the reaction mechanism described above, an ideal ORR electrocatalyst should have a porous structure 

with a large specific surface area, great electrical conductivity, and a low reaction energy barrier, 

allowing rapid reaction kinetics to catalyze the ORR. 

OER. The OER process is essentially the converse of the ORR. During ORR, O2 is reduced to form 

H2O or OH−, whereas H2O is oxidized to produce O2 during OER.183 

Alkaline media: 

4𝑂𝐻− → 𝑂2 + 2𝐻2𝑂 + 4𝑒−                                                                                                              (2.19) 

Acidic media: 

2𝐻2𝑂 → 𝑂2 + 4𝐻+ + 4𝑒−                                                                                                                (2.20) 

During charging OER occurs as an anodic reaction of rechargeable ZABs. Unlike ORR, OER needs not 

only several electron transfers processes, but also the crossing of substantial reaction energy barriers, 

resulting in extremely sluggish kinetics. Four O-H bonds are broken, and four O-O bonds are formed 

in the corresponding chemical process. The majority of the published OER reaction mechanisms mostly 

contain the two probable pathways: 1) direct binding of two O* to produce O2; or 2) production of 
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OOH*, which is then transformed to O2.184, 185 RuO2 and IrO2 are now cutting-edge electrocatalysts for 

OER in alkaline and acidic environments. Unfortunately, they suffer from a lack of resources, a high 

cost, and low durability, all of which limit their practical implementation. Therefore, innovative OER 

electrocatalysts with cheap cost, high activity, and outstanding durability are critical for effective water 

splitting.186  

 

2.6.2.2 Oxygen Electrocatalysts 

The energy efficiency of rechargeable ZABs significantly relies on the ORR and OER activities. 

However, it is still challenging for efficient electrocatalysts that are capable of catalyzing two reactions. 

Current commercial electrocatalysts cannot meet the market requirements for rechargeable ZABs. For 

instance, the noble metal Pt is a cutting-edge electrocatalyst for ORR in both alkaline and acid 

conditions, yet the deposition of oxide layers on Pt results in low OER activity. Noble-metal oxides, 

such as RuO2 and IrO2, dominate the OER environment but are inactive for ORR.32, 33 Besides, the high 

price, scarcity, limited selectivity, and poor long-term durability of noble-based catalysts limit their 

practical utilization. As a result, creating cost-effective and efficient electrocatalysts from earth-

abundant elements to replace noble-metal-based catalysts is highly desirable.30, 187-189  

In some cases, decoupled air cathodes are introduced separately by loading different electrocatalysts 

toward the ORR and OER processes, but the use of decoupled electrodes usually complicates the battery 

configuration. Thus, the design and development of highly effective bifunctional electrocatalysts is 

crucial for the practical applications of ZABs. In recent years, numerous electrocatalysts that effectively 

accelerate the ORR and OER process have been demonstrated for ZAB air electrodes. In the following 

section, recent widely used bifunctional electrocatalysts that are explored in rechargeable ZABs are 

discussed, involving i) heteroatom-doped carbon materials, ii) transition metal-nitrogen-carbon 

materials (M-N-C, M= Fe, Co, Ni, etc.), iii) transition metal oxides, iv) perovskites, and v) COF-based 

materials.  
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Figure 2.13. (a) Preparation of the 3D mesoporous carbon foams. Volcano plots of (b) ORR 

overpotential versus the adsorption energy of OH* and (c) Volcano plot of OER overpotential versus 

the adsorption energy of O* and OH*. Reproduced with permission.191 (d) Schematic illustration of the 

N-GRW. (e) Schematic of ORR and OER processes occurring at n- and p-type domains on the N-GRW. 

Reproduced with permission.192  

 

Heteroatom‑Doped Carbon Materials. Traditional carbon nanomaterials (e.g., graphene, CNTs, porous 

nanocarbons, etc.) have been extensively studied as effective electrocatalysts because they possess high 

surface area, excellent electrical conductivity, and low cost. However, the properties of pure carbon 

materials are still unsatisfactory. Doping heteroatoms (e.g., N, P, S, F, and B) has considered as a viable 

technique for improving the electrochemical activity of these carbon compounds.190 The incorporation 

of heteroatoms into the carbon matrix not only tunes the charge distribution and electronic properties, 
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but also induces defects, thereby enhancing the OER and ORR catalytic activities of the material. Zhang 

and his coworkers provided the first example of N- and P-doped carbon materials being used as 

bifunctional electrocatalysts for ZABs.191 Pyrolysis of a PANI aerogel with phytic acid yielded 3D 

mesoporous carbon foams co-doped with N and P (NPMCs) with high bifunctional activities (Figure 

2.13a). Density functional theory (DFT) calculates the lowest overpotentials of N, P co-doped graphene 

for ORR and OER to be 0.44 and 0.39 V, respectively (Figures 2.13b and 2.13c), substantially lower 

than those of noble metals. 

Yang et al. experimentally identified the truly catalytic sites for ORR and OER in N-doped graphene in 

another key paper.192 The first N-doped 3D graphene nanoribbon (N-GRW) networks were created by 

pyrolyzing carbon nitrides produced by polymerizing melamine with L-cysteine (Figure 2.13d). The N-

electron-withdrawing GRW's pyridinic N moieties served as active sites for OER, while the electron-

donating quaternary N sites were responsible of ORR. The separated active sites at the n- and p-type 

domains, as shown in Figure 2.13e, contribute to avoid ORR and OER cross-deactivation.  

Metal-Nitrogen-Carbon Materials. M-N-C materials have attracted a lot of interest owing to their high 

catalytic activities for oxygen redox processes.193 Unfortunately, the active catalytic sites of M-N-C 

materials are still unclear. There are three major explanations proposed and widely recognized as the 

true active sites, such as metal-N moieties embedded in carbon matrix (MNxCy), metal species 

encapsulated in N-doped carbon (M@NxCy), and N-doped carbon moieties (NxCy). For instance, the 

MN4C4 species were proposed as the active centers in a sample of N-doped graphene embedded with 

Fe, Co, and Ni (Figure 2.14a). Depending on the number of d electrons of the metal, the OER process 

occurs on Fe or Co single -atom active sites, and simultaneously on both Ni and C sites.194  

Generally, the use of M-N-C materials as efficient bifunctional electrocatalysts focuses on the following 

two strategies. The first strategy is to expose more active sites by increasing mass loading or altering 

the shape and size of the catalyst to increase the active sites amount. For example, Meng et al. fabricated 

a chemically crosslinked hydrogel with atomically dispersed Fe ions through a rapid implosion (Figure 

2.14b).195 After pyrolysis, highly effective catalysts with evenly Fe-N-C active centers were obtained. 

Compared with Pt/C, the obtained catalyst demonstrated superior catalytic activity and excellent 
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durability for both ORR and OER, rendering it a high-performance cheap bifunctional electrocatalyst. 

Another option is to tune the catalyst's composition to increase its inherent catalytic activity. In another 

work, a FeCo-N-C bimetallic composite was fabricated by incorporating bimetallic FeCo nanoparticles 

in N-doped CNTs, which served as a bifunctional catalyst (Figure 2.14c).196 The ORR and OER 

catalytic activity may be rationally adjusted using the ideal catalyst by carefully altering the Co and Fe 

concentrations. The overall performance outperforms noble metal benchmarks (e.g., Pt/C for ORR and 

IrO2 for OER), displaying lower overpotential, higher current density, and more favorable thermal 

properties. 

 

Figure 2.14. (a) Schematic illustration of the fabrication of FeCo-N-C bimetallic composite. 

Reproduced with permission.194 (b) Schematic illustration of the preparation of the Fe-N-C catalyst 
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derived from a crosslinked hydrogel. Reproduced with permission.195 (c) Schematic illustration for the 

fabrication of FeCo-N-C composite catalysts. Reproduced with permission.196 

 

Transition Metal Oxides. In addition to M-N-C materials, transition metal oxides197, 198 have also 

considered as promising candidate owing to their superior properties, including i) low-cost and 

composed of earth-abundant elements; ii) easy to hybrid with other transition metal oxides to create 

hybrid electrocatalysts with enhanced catalytic activity; iii) possess multiple oxidation states, enabling 

the toleration of constant oxidation and reduction conditions during operation; and iv) have diverse 

crystalline and amorphous structures, allowing for structural pre-engineering and tailoring to enhance 

electrocatalytic activities. However, the bifunctional activity of oxide catalysts is significantly limited 

by their inherent low conductivity and the aggregation of metal oxide nanoparticles. Several strategies 

have been proposed to improve the performance of transition metal oxide-based electrocatalysts, 

including tuning their elemental composition, constructing nanoscale hierarchical structures to increase 

the density of active sites, and hybridization with conductive carbon materials to improve electrical 

conductivity. 

Dai et al. reported a Co3O4-N-doped reduced graphene oxides (Co3O4-N-rmGO) as high-performance 

bifunctional catalysts (Figures 2.15a, b).199 Surprisingly, although Co3O4 or GO possesses poor catalytic 

activity, their hybrid exhibits greater activity and stability towards both ORR and OER compared to 

Pt/C. The X-ray absorption near-edge structure (XANES) results showed that interfacial Co-O-C and 

Co-N-C bonds formed in the Co3O4-N-rmGO, considerably enhancing the bonding environment for C, 

O, and Co atoms (Figure 2.15c). The high activity is due to the synergistic impact of the Co catalytic 

units and the N-doped rGO substrate. In another work, Chen et al. fabricated a novel type of core-shell 

bifunctional catalyst (CCBC) with nitrogen-doped carbon nanotubes (NCNTs) as the shell and 

lanthanum nickelate (LaNiO3) as the core (Figures 2.15e, f).200 The NCNTs and LaNiO3 show high 

ORR and OER activities, respectively. Thanks to the synergistic effects between the NCNTs and 

LaNiO3, the obtained CCBC exhibited superior catalytic activity in rechargeable ZABs, as well as 

outstanding cycling stability for 75 cycles without degradation. 
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Figure 2.15. (a) SEM and (b) TEM images of the Co3O4-N-rmGO hybrid. (c) C K-edge XANES of the 

Co3O4-N-rmGO hybrid and N-rmGO. (d) ORR and OER potential windows of the Co3O4-N-rmGO 

hybrid, Co3O4 nanocrystal, and Pt/C catalysts in O2-saturated 0.1 M KOH. Reprinted with permission.199 

(e) Schematic of the ZAB with CCBC catalyst and the reactions performing on the electrodes. (f) SEM 

and TEM images of the core-shell structured CCBC. Reprinted with permission.200 

 

Perovskites. As a class of compounds with ABO3 cubic crystal structure, Perovskites have been widely 

studied for their bifunctional catalytic activities in alkaline solutions. In general, cubic perovskite 

lattices are robust hosts for various mixed transition metal oxides. The A-site ions are alkali or rare 
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earth metals placed in the corners of the lattice, whereas the B-site ions are 3d, 4d, or 5d transition metal 

elements positioned in the center of the lattice. (Figure 2.16a).183 In electrochemical reactions, the 

substitution at the A site determines the oxygen adsorption capacity of the material, while the 

substitution at the B site has a significant impact on the activity of adsorbing oxygen. The oxidation 

state of the metal can be adjusted to modify the electrocatalytic activity. Narayanan et al. reported that 

the binding energy of Co 2p3/2 level increases with increasing annealing temperature, which correlates 

with the OER activity of the catalyst.201 The results also show that the greater the oxidation state of 

surface sites, the stronger the oxygen electrocatalyst's OER activity. 

 

Figure 2.16. (a) Schematic of the typical ABO3 cubic crystal structure of perovskite. Reproduced with 

permission.183 (b) Phase diagram of Lax(Ba0.5Sr0.5)1−xCo0.8Fe0.2O3−δ particle size versus La concentration 

and calcination temperature. Reproduced with permission.202 (c) Schematic illustrations of the 

preparation of high-purity single-crystal pyrochlore oxide nanoparticles. Reproduced with 

permission.203 

 

Additionally, increasing phase purity and decreasing crystallite size can also improve the activity of 

perovskites. By adjusting the La concentration and calcination temperature, Jung et al. synthesized a 

series of perovskite crystals Lax(Ba0.5Sr0.5)1−xCo0.8Fe0.2O3−δ variation in sizes (ca. 50-1000 nm) (Figure 
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2.16b).202 As a result, the perovskite crystals with the size of 50 nm exhibited the highest activity and 

stability while the yield of H2O2 is below 5%. To prevent undesired perovskites phases and impurities, 

Park et al. proposed a facile approach to generate high-purity single crystals and conductive Pb2Ru2O6.5 

pyrochlore oxide nanoparticles by combining sol-gel and pyrolysis processes (Figure 2.16c).203   

Covalent Organic Frameworks (COFs). As an emerging family of efficient bifunctional 

electrocatalysts, COFs have attracted widespread interest for catalyzing ORR and OER.204-209 COFs 

possess a number of unique characteristics, including 1) a large surface area capable of providing 

sufficient active sites, 2) a periodic porous structure that can promote fast ion transport and increase the 

reaction rate, and 3) an abundant π-conjugated organic structure capable of improving charge carriers 

transport. Furthermore, COFs with robust frameworks can be considered as a superior material platform 

to create COF-derived materials with desirable properties for oxygen electrocatalysis.  

For the first time, COFs-derived N and P co-doped carbon (denoted as RM-COP-PA-900) was 

synthesized by Xiang and coworkers (Figure 2.17a).205 The resultant material showed superior 

bifunctional activity, excellent durability, and good resistance to the crossover effects due to the co-

doping of N and P and the macroporous structure (Figures 2.17b,c). The potential difference (ΔE), 

characterizing the overall activity of RM-COP-PA-900, displayed a small value of 0.84 V. In addition, 

Jiang and coworkers also synthesized COFs-derived 2D graphitic carbons with N and P co-doping using 

PA as a template.206 The obtained carbons possessed abundant N- and P-doped heteroatom catalytic 

edges and achieved ultrahigh activity and stability towards the ORR and OER processes. 

 

https://onlinelibrary.wiley.com/doi/full/10.1002/aesr.202000090#aesr202000090-fig-0015
https://onlinelibrary.wiley.com/doi/full/10.1002/aesr.202000090#aesr202000090-fig-0015
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Figure 2.17. (a) Preparation of the RM-COP-PA-900 via reaction milling and carbonization processes. 

Corresponding (b) ORR and (c) OER activities of RM-COP-PA-900. Reproduced with permission.205 

(d) Schematic of the preparation of the G@POF-Co. (e) SEM image of G@POF-Co. (f) LSV profiles 

of Pt/C, IrO2, G, and G@POF-Co towards the ORR and OER. Reproduced with permission.206 

 

It is demonstrated that porphyrin-based COFs coordinated with cobalt ions (POF-Co) exhibit excellent 

bifunctional catalytic performance.207-209 A big problem is the poor electrical conductivity of pristine 

POF-Co, as it affects catalytic efficiency significantly. Thanks to the presence of π-conjugated 

structures on their molecular backbones, COFs are easy to grow on conductive carbon scaffolds (e.g., 

CNTs or graphene) with similarly conjugated surfaces. Zhang and coworkers developed a cobalt-

coordinated COF hybridized with graphene (G@POF-Co) and used it as a bifunctional electrocatalyst 

towards OER and ORR (Figure 2.17d).207, 208 The COF layer was uniformly formed over the graphene 

surface due to the intermolecular π-π interaction between POF and graphene (Fig. 2.17e). Benefiting 

from the synergistic effect between the cobalt catalytic units and conductive graphene, the resultant 

G@POF-Co exhibits excellent bifunctional electrocatalytic activity: ORR half-wave potential of 0.81 V 

(vs RHE) and overpotential of only 0.85 V at 10 mA cm-2 (Fig. 2.17f). 

https://onlinelibrary.wiley.com/doi/full/10.1002/aesr.202000090#aesr202000090-fig-0015
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Figure 2.18. (a, b) High-resolution TEM images of Co-COF. The cobalt single atoms in Co-COF were 

highlighted by yellow circles. (c) ORR LSV profiles and (d) corresponding Tafel plots for various 

electrocatalysts. (e) OER LSV profiles and (f) corresponding Tafel plots of various electrocatalysts. 

Reproduced with permission.210 

 

Due to their greatest atom efficiency, SACs have recently been recognized as effective electrocatalysts. 

Yet, the preparation of SACs materials remains difficult, necessitating substantial research into 

precursors with tailor-made properties. Benefiting from the designability of their molecular frameworks, 

COFs can coordinate with metal ions to form promising precursors for single-atom M-N-C 

electrocatalysts. For example, effective single-atom Co-Nx-C electrocatalysts can be obtained by 

pyrolysis of cobalt-coordinated COFs hybridizing with graphene (termed Co-G@COF) 

(Figure 2.18).210 As a result, no aggregation of Co nanoparticles isolated cobalt single atoms were 

visible in the carbon framework (Figure 2.18a-b). The electrocatalyst produced had good bifunctional 

catalytic performance with a small overpotential gap of 0.83 V (Figure 2.18c), fast kinetics with reduced 

Tafel slopes (Figures 2.18d-f) and long-term durability. Such outstanding performance can be ascribed 

to the following three factors such as Co-coordinated catalytic units, 2D framework structure, and 

graphene hybridization. 

https://onlinelibrary.wiley.com/doi/full/10.1002/aesr.202000090#aesr202000090-fig-0016
https://onlinelibrary.wiley.com/doi/full/10.1002/aesr.202000090#aesr202000090-fig-0016
https://onlinelibrary.wiley.com/doi/full/10.1002/aesr.202000090#aesr202000090-fig-0016
https://onlinelibrary.wiley.com/doi/full/10.1002/aesr.202000090#aesr202000090-fig-0016
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Chapter 3: Covalent Organic Framework Based Catalysts for High 

Energy Density Zn-Air Microbattery  

 

3.1 Introduction 

On-chip smart microsystems, such as smart dust, show great potential to provide computing power that 

is seamlessly incorporated into the environment and accessible at any time and from anywhere.211-213 

An on-chip power source is required to drive these systems. Although renewable energy sources such 

as solar and wind can be gathered and turned into power, they can’t be supplied stably and are only 

available at special times and locations.6-9 To fully exploit the promise of energy-autonomous 

microsystems, microbatteries that store and release electrical power independently are highly 

desirable.214 However, because microsystems are usually made from discrete components, it is difficult 

to check and replenish the energy units on a regular basis. Therefore, developing available on-chip 

power sources with with extended service durations and rigorous safety requirements necessitates the 

development of batteries with low environmental impact and high output energy. Zinc-air batteries 

(ZABs) are attractive candidates for on-chip power sources because of their safety, environmental 

friendliness, and high energy density.215-217  

Over the past forty years, primary ZABs have previously been utilized to power small hearing aids 

devices to tight safety rules and long-term maintenance. Miniaturized rechargeable ZABs for on-chip 

microsystems, on the other hand, are facing significant challenging as the manufacturing technology of 

the battery is not compatible with on-chip processing. A typical ZAB is manufactured by progressively 

inserting a Zn anode, a separator, and an air cathode into a preconfigured mold, followed by filling with 

aqueous electrolytes (Figure 3.1a). The mold is then sealed with a ventilated cap, allowing contact with 

air.218 Current effects for ZABs miniaturization have succeeded in shrinking these components, but they 

cell architecture remains the same.219, 220 Maintaining the similar design for on-chip manufacturing is 
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challenging because it is difficult to precisely place materials in designated locations. For instance, 

patterning the Zn anode onto a target position is achievable with conventional photolithography 

procedures,220-223 but the technology to layer down the separator and air cathode on the chip is lacking. 

Second, due to the semi-open structure of ZABs, the final packaging usually leaves open pores (Figure 

3.1b), rendering the liquid electrolyte unusable.  

 

Figure 3.1. On-chip microfabrication process for COF-based Zn-air microbattery. Schematic 

illustrations of a Zn-air battery with (a) common multilayer architecture, (b) traditional on-chip design 

with the same architecture, and (c) microimprint manufacturing route (inset images show the on-chip 

integration of a hydrogel electrolyte and a carvable air cathode).  

 

To address the abovementioned manufacturing issues, we reported a microimprint technique capable of 

positioning a bifunctional air cathode at a target position. To this end, a highly sticky hydrogel 

electrolyte is in-situ polymerized and patterned on the chip, thus solving the problem that on-chip 
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devices aren’t compatible with liquid electrolytes (Figure 3.1c, step i). Specifically, a hydrogel (2×2 

mm2) array was first patterned on a chip with the size of 10×10 mm2. Such a hydrogel can then be used 

as the electrolyte for rechargeable on-chip ZABs. Subsequently, the chip is flipped and imprinted onto 

a carvable air cathode (Figure 3.1c, step ii), achieving a good match between the air cathode and 

patternable hydrogel electrolyte in terms of the position and dimension. This alternate top-down 

technique avoids the difficulty of on-chip integration with the air cathode (Figure 3.1c, step iii). 

Furthermore, the construction process can be completed by flipping the hydrogel again and closing the 

outer boundaries to increase liquid electrolyte retention. 

It is well-known that the rechargeability of ZABs is mainly achieved through oxygen redox 

electrochemistry occurring on air cathodes. Generally, a porous and electrically conductive air cathode 

is required and highly appealing to catalyze oxygen electrocatalysis.171, 224-226 Freestanding carbon 

nanotubes (CNTs) films are porous and mechanically flexible, which are good hosts for electrocatalysts. 

At the same time, they can be torn apart and therefore are promising candidates for carvable air cathodes. 

As for the catalysts, precious metal catalysts have the issues of high cost and low durability, which 

greatly hinders their widespread application.227 Alternatively, covalent organic frameworks (COFs) 

with periodic pore structures can be formed by strong covalent linkages, exhibiting high 

programmability and stability in predesigning catalytic functions.228, 229 At the same time, COFs have 

efficient gas permeability and ion conductivity, thereby promoting the ORR and OER processes taking 

place at the three-phase interface.230-232 Furthermore, due to the intermolecular π–π interactions, COFs 

can be hybridized with CNT hosts to form hybrid materials.233 All these merits endow COFs with 

superior catalytic properties as compared to the mixture of the catalyst and the host material.  

Hence, we report the fabrication of an on-chip Zn-air microbattery (µZAB) using a microimprint 

technique in conjunction with a high-performance COFs-based air cathode. The carvable air cathode 

was synthesized by incorporating cobalt (Co) catalytic units into a porphyrin organic covalent 

framework (POF), followed by hybridizing with CNT hosts. The catalytic activity of the CoPOF can 

be improved by tuning the C-N binding and the Co valence. Subsequently, we developed a carvable air 

cathode with a CNT-based gas diffusion layer (GDL) through a two-step filtration process. The 

resulting air cathode in a hydrogel (polyvinyl alcohol networking with polyacrylic acid, PVA-co-PAA) 
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electrolyte, exhibited a high peak power density of 89 mW cm-2 and a stably operation for 110 hours. 

As a result, the on-chip µZAB shows a record-high volumetric power density of 570 mW cm-3 and 

energy density of 413 Wh L-1, approximately 3 times that of a commercial primary ZAB. The on-chip 

µZAB also achieves a lifecycle capacity of 4.5 mAh, which is double that of the smallest commercially 

available on-chip lithium-ion batteries.234 We also show that the µZAB can run complicated electronic 

devices and can wirelessly recharged for prolonging the lifespan . 

 

3.2 Experimental Methods 

Materials 

Carbon nanotube (CNT, 500-1000 μm) was purchased from NANOGRAFI Co. Ltd, America. Pyrrole 

(min. 98.0%), acetic acid (min. 99.5%), benzene-1,4-dialdehyde (BDA) (min. 99.0%), trifluoroacetic 

acid (min. 99.0%) and nitrobenzene (min. 99.0%) were all received Sigma-Aldrich. Polyvinyl alcohol 

(PVA) powder (Mw=89000-98000, 99+% hydrolyzed) and cobalt acetate (99.99%) were purchased 

from The Geyer. The carbon cloth was purchased from CoTech Co., Ltd.  

Synthesis of CoPOF@CNTs 

CoPOF@CNTs were fabricated by in-situ growth of CoPOF thin layer onto the CNT scaffold following 

an acid-catalyzed dehydration reaction. Typically, the mixture of CNT (50 mg), 100 mL of acetic acid, 

and 50 μL of trifluoroacetic acid was ultrasonicated for 60 min to form a homogenous suspension. 

Thereafter, reagents including 18.2 μL of pyrrole, 0.90 mL of nitrobenzene, 17.4 mg of BDA, and 24.9 

mg of Co(OAc)2 were added into the suspension in turns, followed by ultrasonicated for another 30 min. 

The final mixture was transferred to a round-bottom flask and held at the desired temperatures (e.g., 80, 

100, and 120 ℃) for 24 h under magnetic stirring and reflux. Finally, the as-obtained product was 

filtrated, washed with ethanol three times, and then vacuum-dried at 60 ℃ overnight.  

Fabrication of CoPOF@CNT air cathodes 

CoPOF@CNTs catalysts (10 mg) and Nafion solution (5.0 wt.%, 100 μL) were mixed in isopropanol 

(1.9 mL) and then ultrasonicated for 30 min to produce a homogenous catalyst ink. Subsequently, 1 mL 

of catalyst ink was coated onto a carbon cloth via a drop-casting method and vacuum-dried overnight. 
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For comparison, 5 mg of 20 wt.% Pt/C and 5 mg of 20 wt.% Ir/C are mixed to prepare Pt/C+Ir/C air 

cathodes instead of 10 mg of CoPOF@CNT catalyst. The mass loading is controlled at 1.15 mg cm-2.  

Fabrication of carvable and freestanding CoPOF@CNT air cathodes 

The freestanding CoPOF@CNT electrodes were fabricated via a two-step vacuum filtration method. 

First, CNT suspension (2 mg mL-1, 20 mL) was vacuum-filtrated. Subsequently, the homogenous 

catalyst suspension (8 mg CoPOF@CNT or Pt/C+Ir/C in 20 mL of isopropanol) was filtrated. The as-

obtained membrane with a two-layer structure was then vacuum-dried at 60 ℃ overnight and peeled 

from the nitrocellulose membrane. The air cathode without GDL is fabricated by one-step filtration. 

The catalyst mass loading in all freestanding CoPOF@CNT air cathodes is about 2.0 mg cm-2. 

Synthesis of the hydrogel electrolyte  

NaOH (20 M, 0.8 mL) solution was drop-wisely added into acrylic acid (1 mL) solution under an ice 

bath to form a transparent suspension. The obtained suspension was then mixed with PVA (5.0 wt.%, 

2 mL) under vigorous stirring, followed by the addition of 0.1 wt.% N, N’-methylenebisacrylamide as 

the crosslinker, and α-ketoglutaric acid (0.1 g mL-1, 100 μL) as the photoinitiator. Subsequently, the 

transparent suspension was purged with nitrogen gas and then exposed to UV irradiation (365 nm) for 

2 h to form a PVA-co-PAA gel electrolyte.  

Fabrication of the on-chip μZAB  

Figure 3.2 displays the fabrication process of the on-chip μZAB. Firstly, silicon wafers were etched by 

reactive ion etching (RIE) (Plasma Lab 100; Oxford Instruments PLC, Abingdon, UK). Before the 

etching process, SU8-10 with 20 μm in thickness was spin-coated on the silicon wafer, followed by 

baking at 65 ℃ for 3 min and 95 ℃ for 5 min. The patterning process was then performed using a 

maskless aligner (MLA 100, Heidelberg Instruments Mikrotechnik GmbH). The patterned sample was 

baked at 95 ℃ and 150 ℃, respectively. The etching depth is controlled to be 60 μm. The current 

collector of 10 nm Cr and 50 nm Au were deposited using magnetron sputtering (nanoPVD-S10 A). A 

thick zinc film was electrodeposited on the surface of silicon arrays using a three-electrodes system, 

achieving a 3D zinc anode. Afterward, the precursor solution of PVA-co-PAA was coated on the zinc 

layer and polymerized under UV light (365 nm). The chip was then flipped over and imprinted onto the 
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carvable CoPOF@CNT film. Benefiting from the strong adhesion between CoPOF@CNT and PVA-

co-PAA hydrogel, a small piece of the CoPOF@CNT film will be torn off and match the hydrogel 

dimension.   

 

Figure 3.2.  Schematic illustration of the μZAB fabrication process, including (I) etching silicon wafer, 

(II) Au deposition, (III) Zn deposition, (IV) electrolyte coating, and (V) microimprint process. 

 

Materials Characterization  

The morphologies and microstructures of the CoPOF-based catalyst were studied using LEO Supra-35 

(Carl Zeiss AG, Germany) scanning electron microscope (SEM) operating at 5 kV and CM 12 (Philips, 

The Netherlands) transmission electron microscope (TEM) operating at 120.0 kV. Raman spectroscopy 

(LabRAM HR Evolution, HORIBA Scientific) was measured with a laser of 458 nm. X-ray diffraction 

(XRD) tests were conducted on Philips X’Pert PRO MPD diffractometer (Co Kα radiation, λ = 1.5418 

Å). X-ray photoelectron spectroscopy (XPS) measurements were performed on a PHI VersaProbe II 

(Ulvac-phi, Inc., Chigasaki, Japan) using a monochromatic Al-Kα source (1486.6 eV) and a power of 

100 W by a Thermal Scientific Al Kα XPS spectrometer.  

Electrochemical measurements 

The ORR and OER activity of the catalysts were evaluated in a standard three-electrode cell using a 

PINE rotating ring disk electrode (RRDE). The reversible hydrogen electrode (RHE) potential was used 

to calibrate all the potentials. The ORR and OER performance of the catalysts were evaluated at 1600 

rpm in 0.1 M O2-saturated and 1 M N2-saturated aqueous KOH solutions. The catalyst loading is 
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estimated to be around 0.1 mg cm-2. Galvanostatic discharge-charge cycling experiments were 

performed on a battery test station (Arbin, BT2000) in a room-temperature ambient environment. The 

polarization profiles were measured using linear sweep voltammetry (LSV) on the electrochemistry 

workstation (MULTIAUTOLAB/M101, Metrohm Autolab). 

 

3.3 Results and Discussions  

The CoPOFs are expected to form a stably and uniformly coating on CNT hosts via the strong 

intermolecular π–π interaction. To this end, CoPOF@CNTs were synthesized by first dehydrating 

pyrrole and benzene-1,4-dialdehyde (BDA) to form the POF precursor, and then hybridizing with CNTs 

and coordinating with Co ions (Figure 3.3a). Porphyrin units can be linked via benzene linkages and 

then coordinate with Co ions. In the absence of CNT hosts, porphyrin molecules tend to aggerate and 

then form CoPOF nanospheres with diameters of 20-50 nm. The dense morphology of pristine CoPOF 

results in limited exposed active sites and is undesired as an air cathode for ZAB. To fully unleash the 

potential of the CoPOFs, CNTs were explored as a conductive scaffold to support the growth of CoPOFs. 

As a result, a uniform and smooth CoPOF coating was obtained at 80 ℃ (Figure 3.3b), which facilitates 

the charge transfer between the CNT host and the CoPOF catalyst. At higher synthesis temperatures 

(i.e., 100 °C and 120 °C), however, substantial aggregation of the CoPOF spheres on the surface of 

CNTs was observed on the surface of CNTs due to excessive growth.  
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Figure 3.3. Preparation and morphology characterization of CoPOF@CNTs. (a) Synthesis of the 

CoPOF@CNT catalysts. (b) SEM images of the CoPOF@CNT catalysts synthesized at various 

temperatures. (c) TEM image of the CoPOF@CNT catalyst synthesized at 80 ℃. 

 

The formation of the CoPOFs was proofed by X-ray diffraction (XRD) and Fourier-transform infrared 

spectra (FTIR) measurements. XRD spectra exhibited two peaks located at 30o and 50o, originating 

from the (002) and (100) crystal planes of the CNT host (Figure 3.4a). A broad diffraction peak at 21° 

stems from CoPOF. The peaks in FTIR spectra ranging from 1578-1630 cm-1 were ascribed to the C=N 

bondings in porphyrin (Figure 3.4b), confirming the formation of CoPOF.210, 233 The existence of C, N, 

and Co elements was detected using X-ray photoelectron spectroscopy (XPS) (Figure 3.4c and Table 

3.1). The high-resolution N1s spectra (Figure 3.4d) revealed that the CoPOF@CNTs has three types of 

N-moieties such as graphitic-N (401.3 eV), pyrrolic-N (400.2 eV), and Co-N (398.8 eV).196, 210, 233 The 

graphitic-N stemmed from the possible N-doping of the CNT during the synthesis process,207 while 

pyrrolic-N and Co-N further confirmed the formation of the CoPOF. The high-resolution Co 2p 

spectrum (Figure 3.4d) showed two characteristic broad peaks of Co 2p1/2 at 797.2 eV and Co 2p3/2 

at 781.1 eV. Both peaks can be further fitted into four peaks at 780.9, 782.5, 786.1, and 789.1 eV, which 

can be attributed to CoIII, CoII, and satellite peaks for CoII and CoIII (Figure 3.4e),  respectively.235, 236 
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The synergistic impact of the Co-N coordination and balanced CoIII species have been demonstrated to 

provide superior catalytic performance.28, 237-239 

 

Figure 3.4. Composition characterization of the CoPOF@CNTs. (a) XRD pattern and (b) FTIR 

spectra of CoPOF@CNTs. (a) XPS survey spectra of CoPOF@CNTs synthesized at 80, 100, and 120 ℃. 

High-resolution XPS spectra of (b) N1s and (c) Co2p synthesized at 100 ℃ and 120 ℃, respectively. 

 

Table 3.1. Summary of element composition of CoPOF@CNTs synthesized at various temperatures. 

Reaction 

temperatures 

Relative amounts of elements (at. %) 

C N O Co 

80 °C 86.81 5.48 7.53 0.18 

100 °C 86.41 5.64 7.84 0.12 

120 °C 84.81 6.54 8.56 0.10 
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Raman analyzes were further introduced to investigate the interaction between the CNT host and the 

CoPOF unit (Figure 3.5). Raman spectra showed a G-band at 1592 cm-1 and a D-band at 1364 cm-1, 

which corresponded to the sp2 hybridized carbon and the sp3 hybridized carbon or defects, respectively. 

A resonant 2D band at 2720 cm-1 was also observed as a result of the D-band overtone.240 Notably, the 

CoPOF@CNT displayed a shoulder peak at 1570 cm-1, suggesting the presence of sp2 hybridized carbon 

atoms. Furthermore, the intensity ratios of the G to D band (IG/ID) and the G to 2D band (IG/I2D) 

increased substantially upon hybridization to the CoPOF (inset in Figure 3-3). This phenomenon 

demonstrates that the CoPOF and the CNT host have strong intermolecular conjugated interactions.241 

 

Figure 3.5. Raman spectra of the CoPOF@CNT synthesized at 80 oC. The inset is the ratio of IG/ID and 

IG/I2D.  

 

Given the highly desirable characteristics of the CoPOF@CNTs, electrochemical evaluation was 

performed to probe their ORR and OER activity. Linear sweep voltammetry (LSV) was first used to 

measure the catalytic activity of CoPOF@CNTs in 0.1 M O2- or N2-saturated KOH electrolyte. LSV 

curves of ORR reveal that half-wave potentials (E1/2) of the CoPOF@CNT increase with the elevating 

synthesis temperatures (Figure 3.6a). The CoPOF@CNTs catalyst synthesized at 80 oC exhibited the 

best ORR activity with half-wave potential of 0.70 V (vs. RHE) than the Pt/C catalyst (0.72 V vs. RHE). 

The Tafel slope of ORR for the CoPOF@CNT synthesized at 120 °C reaches 118 mV dec-1, whereas 
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the values for those synthesized at 80 and 100 °C are 78 and 81 mV dec-1 (Figure 3.6b), respectively. 

By contrast, a benchmark Pt/C+Ir/C catalyst delivers a typical slope of 71 mV dec-1. In terms of the 

OER activity, the overpotentials at 10 mA cm-2 (η10) for CoPOF@CNTs and Ir/C catalysts are 390, 370, 

440, and 320 mV (Figure 3.6c), respectively. The CoPOF@CNT synthesized at 80 and 100 °C shows 

the slopes of 132 and 130 mV dec-1, close to the Ir/C (127 mV dec-1).196, 207, 242-244 The synthesized 

sample at 120 °C also demonstrates a noticeable decline of OER kinetics as shown by a large Tafel 

slope of 161 mV dec-1 (Figure 3.6d).  

 

Figure 3.6. Electrocatalytic activities of the CoPOF@CNTs. (a, c) LSV curves and (b, d) Tafel slopes 

of the CoPOF@CNT and the corresponding benchmark catalysts towards the ORR and OER. 

 

As shown in Figure 3.7, the potential gap between E1/2 and η10 of the CoPOF@CNT, evaluating the 

overall catalytic performance, shows a smaller potential gap of 0.91 V than that of Pt/C (1.12 V) and 

Ir/C catalysts (1.03 V). In contrast, the mixture catalyst (Pt/C+Ir/C) with the same mass loading also 

shows a larger potential gap of 0.96 V than the CoPOF@CNT. Correspondingly, the CoPOF@CNT 

synthesized at 80 °C demonstrates the best bifunctional electrocatalytic reactivity among CoPOF@CNT 

samples. The enhanced catalytic activity can be ascribed to the following reasons. In terms of materials 
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structure, the TEM image of CoPOF@CNT synthesized at 80 °C demonstrates a uniform CoPOF 

coating on the surface of CNTs (Figure 3.3c), giving rise to fast charge transfer. At the molecular level, 

the Co-N coordination and the Co valence state have been demonstrated to determine the catalytic 

activities. In the CoPOF design, Co is coordinated to four N atoms forming Co-N4 moieties, which 

offers high catalytic activity. The Co content decreases along with increasing synthesis temperature 

(Table 3-1), resulting in the degradation of the catalytic activity. 

 

Figure 3.7. LSV profiles of various catalysts for evaluating the overall catalytic performance. 

 

Based on the observations and results presented so far, the optimal catalyst is the CoPOF@CNT 

synthesized at 80 °C and used for further measurements. A conventional aqueous ZAB was then 

assembled using a zinc foil anode, 6 M KOH aqueous electrolyte, and a CoPOF@CNT based air cathode. 

For comparison, the benchmark Pt/C+Ir/C cathode was also fabricated using the same procedures. The 

areal mass loading is 1.15 mg cm-2 for all catalysts. At all current densities, the CoPOF@CNT delivers 

higher discharging voltages than the Pt/C+Ir/C catalyst (Figure 3.8a), demonstrating superior rate 

performance. The peak power density of the CoPOF@CNT cathode is 140 mW cm-2, which is much 

greater than the Pt/C+Ir/C cathode (87.3 mW cm-2, Figure 3.8b). In addition, the CoPOF@CNT can 

survive for over 3000 cycles corresponding to over 1000-hour operation at 2.0 mA cm-2 (Figure 3.8d), 

indicating extraordinary cycling stability. In comparison, the Pt/C+Ir/C cathode only lasts around 690 

cycles or 250 hours. Impressively, the CoPOF@CNT achieves a high round-trip efficiency of ~79.3% 

at the initial cycle, and slightly decreases to 69.7% after 3000 cycles (Figure 3.8e). Even at a higher 
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current density of 5.0 mA cm-2, the CoPOF@CNT catalyst maintains long-term cycling stability of 

about 2000 cycles (corresponding to 640 hours) and no obvious degradation is observed (Figure 3.8f). 

The significantly enhanced stability demonstrates that the synergistic effects of highly-active catalytic 

units and the robust hybrid structure contribute to a high-performance catalyst. 

 

Figure 3.8. Aqueous ZAB performance of the CoPOF@CNT and the Pt/C+Ir/C cathodes. (a) Rate 

performance, (b) discharging polarization profiles, and (c) discharge-charge voltage profiles for the 

CoPOF@CNT and the Pt/C+Ir/C cathodes. Cycling stability of the CoPOF@CNT cathode at current 

densities of (d) 2.0 mA cm−2 and (f) 5.0 mA cm−2. (e) Corresponding round-trip efficiency of the 

CoPOF@CNT cathode at various cycling stages in (d).  
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Figure 3.9. Quasi-solid-state ZAB performance of the CoPOF@CNT and the Pt/C+Ir/C cathodes. 

(a) Discharge polarization profiles, and (b) discharge and charge voltage curves of the CoPOF@CNT 

and the Pt/C+Ir/C cathodes. (c) Rate performance and (d) cycling stability of the CoPOF@CNT and the 

Pt/C+Ir/C cathodes in quasi-solid-state ZABs. (e) Round-trip efficiencies at the first cycle and the 157th 

cycle of CoPOF@CNT and Pt/C+Ir/C cathodes. 

 

The outstanding performance in the aqueous electrolyte is projected to be maintained effectively in the 

hydrogel electrolyte. Thus, we constructed a quasi-solid-state ZAB using a PVA-co-PAA hydrogel 

electrolyte saturated with 6M KOH. The PVA-co-PAA hydrogel is chosen due to its excellent water 

retention properties.245, 246 As a result, the CoPOF@CNT cathode delivered a high peak power density 

of 131 mW cm-2 (Figure 3.9a), about 30% higher than the Pt/C+Ir/C cathode (101 mW cm-2).247, 248 The 

CoPOF@CNT cathode exhibited a higher discharge voltage and a lower charge voltage than the 

Pt/C+Ir/C cathode (Figure 3.9b). Furthermore, at all current densities, the CoPOF@CNT cathode in the 

hydrogel electrolyte also showed higher discharges voltage than the Pt/C+Ir/C cathode (Figure 3.9c), 

indicating better rate performance. Likewise, the CoPOF@CNT cathode has excellent long-term 

cycling stability in the hydrogel electrolyte. The CoPOF@CNT cathode in the hydrogel electrolyte can 

stably run for over 150 cycles (Figure 3.9d). Accordingly, the CoPOF@CNT cathode attained a round-
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trip efficiency of 65.6% and slightly reduced to 65.4% as the battery cycles (Figure 3.9e), indicating a 

high energy utilization throughout the service time. By contrast, the Pt/C+Ir/C cathode started to 

degrade after 50 hours and failed in less than 80 hours. These results clearly demonstrate that the 

CoPOF@CNT cathode hold promise in practical applications for both liquid and quasi-solid-state ZABs. 

 

Figure 3.10. Improved performance by designing a CNT-based GDL. (a) Schematic of the air 

cathode architecture of quasi-solid-state ZAB. SEM images of (b) the porous CNT-based GDL and (c) 

the CoPOF@CNT catalyst layer. (d) Polarization profiles and (e) cycling performance of freestanding 

CoPOF@CNT cathodes designed with and without GDL. (f) Energy efficiencies of the freestanding 

CoPOF@CNT cathodes with GDL at various cycles.  

 

To enable the potential applications in on-chip processing, a carvable and freestanding air cathode based 

on the CoPOF@CNT catalyst was further fabricated in the quasi-solid-state battery. Generally, a 

standard air cathode is made up of a catalyst layer and a hydrophobic porous gas diffusion layer (GDL) 

that allows for gas diffusion, facilitating oxygen redox reactions at the three-phase boundary (Figure 

3.10a). A two-step filtration process was created to imitate this bilayer structure via filtering the CNT 

dispersion to a porous membrane as the GDL (Figure 3.10b), followed by coating the CoPOF@CNT 
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catalysts to create the catalyst layer (Figure 3.10c). The CNT GDL has a more open structure than the 

catalyst layer, which creates abundant pore for providing sufficient supply of oxygen. After peeling off 

the filter paper, the obtained freestanding air cathode is mechanically flexible without any damage or 

cracking under deformations (inset in Figure 3.10c). The freestanding CoPOF@CNT cathode with the 

GDL (denoted as w/ GDL) was employed directly as the air cathode without the current collector 

because of its inherent mechanical flexibility and abundance of internal gas channels. 

Figure 3.10d demonstrates that the peak power density of freestanding CoPOF@CNT cathodes with 

GDL achieves 89 mW cm-2, about 18% higher than the one without the GDL (termed as w/o GDL). As 

far as we know, such a high power density is superior to most of freestanding air cathodes previously 

reported (Table 3.2).196, 233, 247, 249-253 Notably, a 35% increase in the peak power density can be achieved 

by utilizing the CoPOF@CNT catalyst as compared to the simple mixing of CNTs and the Pt/C+Ir/C 

catalyst (Figure 3.11a). The remarkable improvement can be attributed to the molecular-level 

engineering of the catalytic units in the stable POF, and intermolecular interconnection with the 

conductive material. The long-term cycling stability of cavable CoPOF@CNT cathode were tested at 

2.0 mA cm-2 (Figure 3.10e). Initially, the freestanding cathodes with and without the GDLs show a 

same voltage gap of around 0.8 V. However, the voltage gap of the one without GDL significantly 

increases to 1 V after 50 cycles and renders the failure of ZAB after 70 cycles. In contrast, the cathode 

with GDL displays stable cycling for more than 100 cycles with a negligible increase in the voltage 

gaps (ca. 0.03 V after 100 cycles). Correspondingly, the round-trip efficiency exhibited a slightly 

decrease with only 0.4 % after 50 cycles and 2.1% after 100 cycles (Figure 3.10f). As for the cathode 

without GDL, the round-trip efficiency quickly drops from 60% at the 10th cycle to 48% at the 69th cycle 

(Figure 3.11b).  
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Figure 3.11. (a) Polarization curve of the cathode based on a simple mixture of the CNTs and the 

Pt/C+Ir/C catalyst. (b) Corresponding round-trip efficiencies of CoPOF@CNT cathode without GDL. 

 

Table 3.2. The performance of rechargeable quasi-solid-state ZABs with freestanding air cathodes.  

Cathodes Voltage gap (V) 

@ current density 

(mA cm-2) 

Peak power 

density  

(mW cm-2) 

Cycling stability  

@ current density  

(mA cm-2) 

Ref. 

Co/N@CNTs@ 

CNMF‐800 

CNT/POF 

0.68 @ 1.0 

 

0.76 @ 1.0 

 

26.5 

 

22.3 

100 cycles @ 1.0 

 

 ------ 

252 

 

233 

CoNCNTF/CNF  ----- 63 68 cycles /11 h @ 0.5  250 

Co-NC@Al2O3 /CC  0.79 @ 2 72.4 10 h @ 20 253 

N‐GCNT/FeCo/CC 1.42 @ 120 97.8 240 cycles /24 h @ 20 196 

NC‐Co3O4‐90/CC ----- 82.0 20 h @ 1.0 249 

Co-FeCo/N-G 0.61 @ 1.0 82.0 18 h @ 1.0 251 

Meso‐CoNC@GF 

CNT@CoPOF-80/G 

1.04 @ 20 

0.83 @ 2.0 

85.6 

89.0 

70 cycles @ 20 

110 cycles /110 h @ 2.0 

247 

This work 

 

The on-chip Zn-air microbattery (μZAB) consists of a Zn anode on the chip with a 3D microstructure 

to expand the contact area between the hydrogel and Zn anode (Figure 3.12a). Experimental Methods 

shows the complete technique for each stage as well as the associated digital photographs. It has been 
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reported that the adoption of 3D Zn anodes can efficiently improve the cycling stability.219, 254-256 To do 

so, a 3D structure with periodic holes 200 m in diameter and 60 m in depth was selectively etched from 

a silicon wafer. Subsequently, a thin gold layer of gold with a thickness of 50 nm was deposited as a 

current collector, followed by electrodepositing zinc onto the gold layer to obtain a 3D Zn anode. Then 

a PVA-co-PAA gel electrolyte with a thickness of one millimeter was applied to the surface of Zn anode 

through a photopolymerization method. The final step was completed by flipping the chip and embossed 

on the carvable CoPOF@CNT film. Because of the strong adhesion of the PVA-co-PAA gel, the 

freestanding air cathode can be firmly attached to the gel and subsequently separated from the leftover 

components.  

 

Figure 3.12. Assembly of the on-chip μZAB and its practical performance. (a) Fabrication scheme 

of the on-chip processing route for the μZAB. (b) Photograph of a fresh μZAB that can power the digital 

watch right away. (c) Volumetric power density and (d) volumetric energy density of the μZAB and the 

commercial one. (e) Long-term cycling performance of the μZAB. Photographs show a digital watch 

and humidity indicator powered driven by three tandem μZABs (f) and a LED light driven by two 

tandem μZABs, as well as (g) its wireless rechargeability.  
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The μZAB can directly drive a digital watch after on-chip manufacturing (Figure 3.12b, left panel). The 

as-prepared μZAB possesses a modest dimension of 3×3 mm2 and a total thickness of 1.5 mm (Figure 

3.12b, right panel). As a comparison, the commercial primary ZAB (P10 type) shows a geometry of 5.8 

mm in diameter and 3.6 mm in height, 9 times larger in volume than the μZAB. Impressively, the μZAB 

exhibits a high OCV of 1.32 V and achieves an ultrahigh volumetric power density of 570 mW cm-3 

(Figure 3.12c), 3.5 times greater than the commercial one (162 mW cm-3).  

Figure 3.12d demonstrates that the μZAB has a record-high volumetric energy density of 413 Wh L-1 at 

the device level, which is 3 times over the commercial ZAB. Notably, it also outperforms the volumetric 

energy density of bulk lithium-ion battery.13 These results clearly indicate that the obtained μZAB 

affords superior performance than commercial ZAB in terms of volumetric power density and energy 

density aspects. Figure 3.12e displays the cycling stability of the μZAB at 2 mA cm-2. Impressively, at 

a deep depth of discharge of 35% (based on Zn consumption), the μZAB withstand a long cycle life of 

about 90 hours with a voltage gap of 0.78 V, which is even superior to the bulk battery with a 

freestanding cathode (Figure 3.10f). This outstanding cycling performance and round-trip efficiency 

can be attributed to the 3D design of Zn anode and carvable air cathode, which results in a short 

electrical and electrolyte diffusion pathway. Furthermore, the μZAB delivers a lifetime capacity of 4.5 

mAh, which is roughly double that of commercially available lithium-ion microbatteries. 
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Figure 3.13. Photographs of (a) a commercial timer powered by a single μZAB for about 8.5 hours. (b) 

a digital watch with humidity and temperature sensors powered by three tandem μZABs, for about 6.5 

hours. (c) a LED light powered by two tandem μZABs and wireless charging performance. 

 

For practical applications, the μZAB can be employed as a reliable power source for powering 

complicated electronic devices. As shown in Figure 3.13a, the μZAB can power a digital timer for 8.5 

hours. Furthermore, the μZABs linked in series can suit on-demand energy out requirements. As 

exemplified in Figure 3.12f, three tandem μZABs are able to operate a complicated digital watch and 

humidity indicator for 6.5 hours, equals to the operation of two bulky batteries. We also demonstrate 

that our μZABs are wirelessly rechrgeability. As shown in Figures 3-12g and 3.13c, a tiny coil can be 

simply put on two μZABs connected in series to collect the energy from the emitter, and subsequently 

charge the μZABs. Two tandem μZABs can light up a light-emitting diode (LED) light (50 mW) after 

20 minutes of charging. The rechargeability is verified by five wireless charging and discharging cycles 

(Figure 3.13c).  
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3.4 Summary 

In this work, we demonstrate an attractive design of the on-chip μZAB as a promising energy source 

for microsystems, where the fabrication process is compatible with microelectronic manufacturing route. 

Through molecular engineering techniques, we have incorporated Co catalytic units within a robust and 

porous COF to achieve a high-performance carvable air cathode. Such an electrode performs 

outstanding catalytic activity in both aqueous and quasi-solid-state ZABs. A highly adhesive hydrogel 

electrolyte enables the integration of the carvable air cathode with on-chip manufacturing through a 

microimprint technique. The obtained μZAB shows a tiny footprint area of 3×3 mm2 and delivers an 

excellent energy output with an ultrahigh volumetric power density of 570 mW cm-3 and energy density 

of 413 Wh L-1. Moreover, the μZAB affords a lifetime capacity of 4.5 mAh, double that of a 

commercially tiny lithium-ion battery. Our findings also demonstrate that the μZAB can power diverse 

complicated electrical devices, showing promising applications in intelligent microsystems.   
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Chapter 4: Quasi-solid-state Asymmetric Zn-air Batteries with 

High Voltage and Energy-density 

 

4.1 Introduction 

The increasing concerns about decarbonizing our energy economy have stimulated intensive interest in 

developing renewable and efficient energy conversion technologies.226, 257, 258 Among them, aqueous 

alkaline zinc-air batteries (ZABs) with two-electron redox (Zn0/2+) chemistry are highly appealing 

because of their low cost, high theoretical energy density, high safety, and relatively high abundance.216, 

259 However, the issues of CO2 poisoning and sluggish oxygen redox reactions on air cathode hamper 

the large-scale implementation of ZABs.162, 260 According to the Nernst equation, the voltage output of 

a ZAB is theoretically capable of 1.65 V. While the discharging voltage of conventional ZABs using 

solely alkaline electrolytes are in the range of 1.0 to 1.4 V Owing to the kinetic and thermodynamics 

limits of redox reactions.261, 262 Consequently, the outputting energy density of ZABs reported so far is 

far from theoretical estimates. 

To address these challenges, Yu and Manthiram et al. for the first time proposed a novel ZABs design 

with an asymmetric electrolyte configuration capable of preventing the neutralization of acid and 

alkaline electrolytes at the cathode and anode side, respectively. 157 The use of acidic catholyte 

eliminates the persistence issue of CO2 poisoning on the air-electrode. Moreover, the redox potential of 

oxygen in an acid medium (O2 + 4H+ + 4e- ↔ 2H2O) increases from 0.4 to 1.23 V (vs. SHE), thus 

increasing the output voltage and energy density of practical devices. Although the proposed 

asymmetric ZAB (termed as AZAB) reached a high theoretical voltage of 2.48 V, the commercialization 

of the emerging AZABs still faces several challenges: (i) the lack of a cost-effective separator. Current 

conventional separators, such as bipolar polymer membrane (BPM) and ceramic solid-state membrane 

suffer from limited ion conductivity, the inevitable crossover phenomenon, and extremely expensive;263, 

264 (ii) the lack of highly active and low-cost bifunctional catalysts toward the oxygen redox reactions 
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in the challenging acidic electrolyte.157, 265 Very recently, Lee et al. realized the high-voltage and long-

term stable AZABs by developing a low-cost Zn2+-selective polymeric separator and a highly efficient 

Co electrocatalyst.266 Although this work advances the practical use of AZABs, there is still significant 

space for improving the overpotential of the air cathode, reducing the internal resistance of the cathode, 

and suppressing the dendrites formation at Zn anode in alkaline electrolytes. In addition, the rapid 

development in flexible and wearable devices urgently requires high-voltage-output power sources with 

gel polymer electrolytes. However, the creation of such AZABs remains challenging because of the 

lack of appropriate components for device integration. 

Herein, we propose an efficient combination strategy that includes the fabrication of a low-cost 

separator and an efficient COF-based catalyst to realize a quasi-solid-state ZAB (sAZAB) with 

asymmetric gel electrolytes, having both improved discharge voltage and substantially high energy 

density. To do so, a low-cost Zn2+-conductive polyimide separator (ZnPI) is fabricated to selectively 

transport Zn2+ ions. The Zn2+ ion transportation behavior stems from the abundant carbonyl groups on 

the polymeric backbone that serve as electron-donating sites capable of coordinating with Zn2+ ions. In 

terms of electrocatalysts, we demonstrate a CoPOF catalyst supported by layered MXene sheets 

(CoPOF@MXene) to efficiently catalyze oxygen redox reactions in an acidic medium. The efficient 

bifunctional catalytic activity can be ascribed to the synergistic impacts of Co-Nx active units and highly 

conductive MXene substrate. 

Combining the advanced properties of the ZnPI separator and the COF-based catalyst, a high-voltage 

sAZAB is assembled by using a Zn anode, a CoPOF@MXene based air cathode, and a ZnPI separator 

sandwiched in between the alkaline anolyte (PAA-co-PVA + 6 M KOH) and the acidic catholyte (PAM-

co-PVA gel + 3 M H3PO4). As a result, the as-fabricated sAZAB demonstrates good rate performance 

and stably operation for ~100 h, as well as a record open-circuit voltage (OCV) of about 2.1 V. The 

average round-trip efficiency achieves about 70% throughout the entire cycling process. In addition, 

due to the poor performance at a high discharge of depth, an optimized sAZAB with the enhanced 

power density and specific capacity is further constructed by combining the (002)-textured Zn electrode 

and Zn3(PO4)2-based catholyte. The optimized sAZAB coin cell achieves an impressive specific 
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capacity of 742.4 mAh gZn
-1 and energy density of 1425.4 Wh kgZn

-1 at 5 mA cm-2, superior than most 

of reported conventional quasi-solid-state ZABs. At the cell level, the optimized sAZAB in coin cell 

delivers an energy density of 429.7 Wh kgcell
-1, outperforms the cell-level energy densities of 

commercial lithium-ion cells and other advanced batteries. This work closes the gap between 

fundamental research and practical applications of rechargeable ZABs, paving the way toward advances 

in materials science and structural engineering for electrochemical energy and storage systems. 

 

4.2 Experimental Methods 

Fabrication of ZnPI separator 

ZnPI film was prepared via spin-coating and thermal imidization processes. Typically, anhydrous zinc 

chloride (ZnCl2, 136.3 mg) and 2 mL of poly(pyromellitic dianhydride-co-4,4’-oxydianiline) 

(PMDA/ODA, 18 wt.%) precursor solution were added into 4 mL of 1-methyl-2-pyrrolidinone (NMP) 

to produce a homogenous precursor solution. The polymeric precursor was then spin-coated onto the 

glass and dried at 80 oC for 12 h under vacuum to remove the residual solvent. Afterward, the mixture 

was annealed at 360 oC for 1 h to complete the imidization process. A yellow ZnPI membrane was 

finally obtained after washed with de-ionized water and isopropanol.  

Fabrication of the CoPOF@MXene  

Firstly, 200 mg of Ti3C2 MXene powder was added in the mixture solution composed of 100 mL of 

acetic acid and 50 μL of trifluoroacetic acid, followed by ultrasonicating for 120 min. Thereafter, 18.2 

μL of pyrrole, 0.90 mL of nitrobenzene, 17.4 mg of BDA, and 24.9 mg of Co(OAc)2 were added to the 

suspension in turns. After that, the obtained mixture was transformed into a round-bottom flask and 

reacted for 24 h at 80 ℃ under magnetic stirring. Finally, the as-obtained product was obtained by 

filtrating, washing, and then vacuum-drying at 60 ℃ overnight. As a control sample, pure CoPOF was 

prepared in the absence of MXene powder in the system through a similar strategy to that of the 

CoPOF@MXene. 
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Synthesis of PAM-co-PVA acidic gel 

Firstly, 0.675 g acrylamide was dissolved in a mixture consisting of 4 mL of H3PO4 (3 M) and 1 mL of 

PVA (5 wt.%), followed by adding 10.2 mg N, N′-methylenebis(acrylamide), and 23.84 mg ammonium 

persulfate. The mixed solution was under magnetic stirring to obtain a transparent solution. Afterward, 

the obtained solution was degassed with nitrogen for 30 min and then injected into rubber molds. The 

sample was kept at 70 oC for 3h for allowing complete polymerization. The resultant hydrogels were 

then taken out of the molds and stored in a 3M H3PO4 solution before use. 

Synthesis of PAM-co-PVA acidic gel 

5 mL of NaOH solution (20 M) was drop-wisely added into a mixture of acrylic acid (7.2 mL) and H2O 

(10 mL) under stirring in an ice bath to obtain a transparent solution. Then, 2 mL of PVA (5 wt.%) was 

added in the obtained suspension with vigorous stirring, followed by adding 0.1 wt.% of N, N′-

methylenebis(acrylamide) as the crosslinker and 23.84 mg of ammonium persulfate as the initiator. 

Thereafter, the prepared suspension was degassed with nitrogen gas for 30 min, injected into molds, 

and then kept at 65 oC for 2h to allow polymerization. Finally, the obtained hydrogels were taken out 

of the molds and soaked in a 6M KOH solution before use. 

Material characterizations 

Microstructures of as-prepared samples were characterized using a LEO Supra-35 (Carl Zeiss AG, 

Germany) scanning electron microscope (SEM) operated at 10 kV. The crystalline structure was 

examined by X-ray diffraction (XRD) using a Philips X’Pert PRO MPD diffractometer (Co Kα 

radiation, λ = 1.5418 A˚) and Raman spectroscopy (LabRAM HR Evolution, HORIBA Scientific) 

measured with a laser of 458 nm. X-ray photoelectron spectroscopy (XPS) analysis were collected using 

a PHI VersaProbe II (Ulvac-phi, Inc., Chigasaki, Japan) with a monochromatic Al-Kα source (photon 

energy of 1486.6 eV) and a power by a Thermal Scientific Al Kα XPS spectrometer of 100 W. Fourier-

Transform Infrared (FTIR) spectra were measured at a resolution of 4 cm–1 using a Spectrum One FTIR 

Spectrometer (PerkinElmer, U.S.A.). 
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Electrochemical measurements 

The interfacial resistance between the ZnPI membrane and aqueous electrolytes was evaluated by 

electrochemical impedance spectroscopy (EIS) technique. EIS was performed using a two-electrodes 

system symmetrically placed in two equivalent acetate acid or zinc acetate solutions, in which the 

electrolytes were separated by ZnPI. Linear sweep voltammetry (LSV) tests were conducted on the 

electrochemistry workstation (MULTIAUTOLAB/M101, Metrohm Autolab). The catalytic activities 

of as-prepared CoPOF@MXene catalysts were examined via a PINE rotating ring disk electrode (RDE) 

in a standard three-electrode cell. The ORR and OER activity of the catalysts was evaluated at 1600 

rpm in 0.1 M O2-saturated and N2-saturated HClO4 solution, respectively. The catalyst ink is composed 

of 5 mg of catalysts, 0.2 mL of H2O, 0.8 mL of isopropanol, and 50 µL of Nafion solution (5 wt.%). 

The catalyst loading is controlled to be approximately 0.1 mg cm-2. Notably, all of the potentials were 

calibrated to the potential of the reversible hydrogen electrode (RHE).  

 

4.3 Results and Discussions  

The ZnPI membrane was fabricated by a simple spin-coating method as depicted in Figure 4.1a. First, 

commercial PMDA/ODA solution and anhydrous ZnCl2 were mixed in NMP solvent under continuous 

stirring to yield humongous Zn2+ ions coordinated PI precursor solution. The obtained precursor was 

then spin-coated on a glass substrate, followed by 12 hours of drying at 80 oC and 1 hour of curing at 

360 oC under a vacuum to complete the thermal imidization process. Fourier-transform infrared 

spectroscopy (FTIR) results of pure polyamide and Zn-MEM (Figure 1b) show three strong 

characteristic peaks at 1776 cm-1 (asymmetric C=O stretching), 1716 cm-1 (symmetric C=O stretching) 

and 1370 cm-1 (C-N stretching), demonstrating the successful formation of imide ring.267-269 Two peaks 

at ~500 and ~1500 cm-1 corresponding to Zn-O and nitro compound stretching occur in the ZnPI, which 

confirms the coordination between Zn2+ ions and carbonyl oxygens on the polyimide skeleton.270 

Consequently, a mechanically flexible ZnPI membrane was achieved with an average thickness of 

around 30 μm (Figure 4.1c). The incorporation of Zn2+ ions is further validated by the energy dispersive 
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spectroscopy (EDS) mapping of the cross-section of the ZnPI (Figure 4.1d), displaying that C, N, O, 

and Zn elements are distributed uniformly across the ZnPI membrane.  

 

Figure 4.1. (a) Schematics of the synthesis of ZnPI membrane. (b) FTIR spectra of the ZnPI, neat PI, 

and commercial PMDA/ODA. (c) Optical images (left) and SEM image (right) of the ZnPI membrane, 

showing its mechanical flexibility. (d) Corresponding EDS mapping images of the ZnPI membrane. 

 

In principle, Zn2+ ionic conductivity and Zn transference number of the ZnPI separator are critical for 

its practical applications in sAZABs. The ionic conductivity was first measured at temperatures ranging 

from 263 to 303 K by sandwiching a fresh ZnPI membrane between two Zn electrodes. As a result, the 

ionic conductivities of the ZnPI membrane at 263, 268, 273, 278, 283, 288, 293, 298, and 303 K are 

calculated to be 1.6 × 10-4, 2.7 × 10-4, 3.9 × 10-4, 3.8 × 10-4, 5.8 × 10-4, 6.9 × 10-4, 7.3 × 10-4, 8.4 × 10-4, 

and 1.1 × 10-3 S cm-1, respectively. Figure 4-2a displays the Arrhenius plot obtained by plotting the 

logarithm of conductivity against the inverse temperature. The behavior of Zn2+ migration in the ZnPI 
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follows the Grotthuss hopping mechanism as the activation energy of the ZnPI was determined to be 

0.13 eV.271 In other words, the Zn2+ migrates throughout the ZnPI by hopping between two adjacent 

carbonyl groups. The Zn transference number in the ZnPI was further tested using a symmetric Zn/Zn 

cell at room temperature and estimated using the following Equation272: 

𝑡𝑍𝑛2+ =
1

2
×

𝐼𝑠𝑠(∆𝑉 − 𝐼0𝑅0)

𝐼0(∆𝑉 − 𝐼𝑠𝑠𝑅𝑠𝑠)
 

where ∆V stands for the applied voltage (10 mV), R0 and Rss indicates the electrode resistances before 

and after polarization, respectively. I0 and Iss represent the initial and steady-state currents, respectively. 

The Nyquist plots of the fresh and the polarized Zn/Zn symmetric cells based on the ZnPI and neat PI 

separators are shown in Figures 4.2b and 4.2c, respectively. The inset displays the current change under 

the bias of 10 mV. Fitting the Nyquist plots, as shown in Table 4.1, yields the values for these parameters. 

Accordingly, the zinc transference number for the ZnPI reaches 0.35, which is higher than that of the 

neat PI (0.22), indicating cation-controlled ion conduction.256 The cation-controlled behavior can be 

attributed to the abundant carbonyl groups, which are electron-donating sites capable of coordinating 

with Zn2+ ions. Hence, the ZnPI membrane shows high selectivity of Zn2+ ion passage as the ionic 

migration resistance of H+ is about 6 times greater than for Zn2+ (2910 vs. 360 Ω, Figure S2), which 

further reduces the risks of neutralization of the alkaline anolyte due to the shuttle of protons. As 

reported, the proton conductivity of the membrane relies on the proton density and surface functional 

groups.271 In the ZnPI, the strong coordination of Zn2+ ions occupies the original sites for proton 

transport at the membrane/electrolyte interface, thereby increasing the proton transfer energy barrier.  
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Figure 4.2. (a) Arrhenius plot of the ionic conductivity of ZnPI separator. Nyquist plots of the Zn/Zn 

symmetric cells based on (b) ZnPI and (c) PI separators before and after bias. The inset figures show 

the variation of current with time at an applied voltage of 10 mV. (d) EIS spectra of the ZnPI in 1 M 

H(OAc) and 1M Zn(OAc)2 electrolytes. 

 

Table 4.1. Summary of the parameters of the polar test 

 R0 (Ω) Rss (Ω) I0 (A) Iss (A) 𝑡𝑍𝑛2+ 

ZnPI 7610 9380 0.59 × 10-6 0.44 × 10-6 0.35 

PI 11580 14750 0.79 × 10-6 0.58 × 10-6 0.22 
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Besides the solid ion conductor to prevent the neutralization of the catholyte and anolyte, it is crucial to 

improve the kinetics of the oxygen redox (O2/2O2) to achieve good practical performance, which 

generally requires an effective bifunctional catalyst with outstanding conductivity. Taking these two 

requirements into account, we proposed a bifunctional Co2+-coordinated porphyrin-based organic 

framework (CoPOF) electrocatalyst with a layered two-dimensional transition metal carbides (Ti3C2, 

MXene, Figure 4.3a). The layered Ti3C2 MXene was fabricated by selectively etching the aluminum 

layers of Ti3AlC2 powders, showing a typical multilayer structure (Figure 4.3b). Then, the CoPOFs 

were in-situ grown on the layered Ti3C2 MXene by dehydrating pyrrole and benzene-1,4-dialdehyde 

and then hybridizing with Ti3C2 MXene. Interestingly, due to the increase of the interlayer space caused 

by the in-situ growth of CoPOF, layered Ti3C2 MXene is exfoliated into a few-layer structure with the 

uniform distribution of CoPOF nanospheres on the surface (Figure 4.3c). The successful formation of 

CoPOF nanospheres and Ti3C2 MXene hybrid materials (CoPOF@MXene) were confirmed by the 

homogeneous distribution of C, Ti, N, O, F, and Co elements. The cobalt content is measured to be 

about 0.16 at% according to the ICP-OES measurement.  

The surface chemistry and crystalline structure of CoPOF@MXene were further investigated by FTIR 

and XRD analysis. Compared with pure MXene, a new peak located at 1650 cm-1 appears in the FTIR 

spectrum of the CoPOF@MXene (Figure 4.3d), stemming from the C=N stretching vibration.210, 273 

This result further confirms the formation of the CoPOF on the surface of MXene. XRD spectrum of 

the CoPOF@MXene (Figure 4.3e) shows the characteristic peaks of typical Ti3C2 MXene.274, 275 

Notably, the peak related to the (002) plane of the CoPOF@MXene downshifts to about 8.33° as 

compared to its original position for pure MXene (at around 8.94°). This corresponds to a 0.64 Å 

increase in the d-spacing because of the formation of CoPOF nanospheres on the interlayer of MXene. 

Raman spectrum of pure MXene displays four sharp peaks located at 151, 242, 446, and 616 cm-1 

(Figure 4.3f), demonstrating the distinct features of delaminated Ti3C2 MXene.274, 275 These peaks show 

decreased intensity after the growth of CoPOF, and two new peaks appeared at 1364 cm-1 (D-band) and 

1580 cm-1 (G-band) within the CoPOF@MXene, which corresponds to the sp3 and the sp2 hybridized 

carbon atoms, respectively, further indicating the formation of CoPOF and its strong intermolecular 
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conjugated interactions with the MXene host. In such a hybrid structure, the highly conductive MXene 

is expected to allow for rapidly electronic transportation to access the active centers, thereby enabling 

fast charge transfer and promoting the catalytic activity.  

 

Figure 4.3. (a) Synthesis of the CoPOF@MXene catalyst. SEM images of (b) pure MXene and (c) 

CoPOF@MXene. The right panel in (c) is the corresponding EDS mapping images of the 

CoPOF@MXene. (d) FTIR, (e) XRD, and (c) Raman spectra of pure MXene and CoPOF@MXene. 

 

Linear scan voltammetry (LSV) tests were carried out in 0.1 M HClO4 solution to probe the catalytic 

performance of the CoPOF@MXene. As expected, the CoPOF@MXene displays much higher ORR 

activity over both pure CoPOF and pure MXene, suggesting the significant role of the conductive 

MXene host in enhancing catalytic performance. The CoPOF@MXene displays a half-wave potential 

of about 0.75 V (vs. RHE), close to the benchmark Pt/C catalyst (0.80 V), showing a small potential 
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gap of 50 mV (Figure 4.4a). Accordingly, the CoPOF@MXene catalyst displays a small Tafel slope of 

85 mV dec-1, slightly lower than the Pt/C (81 mV dec-1, Figure 4.4b). By contrast, pure CoPOF and pure 

MXene demonstrate sluggish ORR kinetics displaying larger Tafel slopes of 116 and 130 mV dec-1. In 

terms of OER activity, the CoPOF@MXene also outperforms pure CoPOF and pure MXene, achieving 

an overpotential of 620 mV at 10 mA cm-2 (Figure 4.4c) and a Tafel slope of 121 mV dec-1 (Figure 

4.4d). To characterize the overall bifunctional catalytic performance of the CoPOF@MXene, the 

potential gap between the ORR half-wave potential and the OER overpotential for achieving a current 

density of 10 mA cm-2 is further calculated. The potential gap of the CoPOF@MXene is 1.05 V (Figure 

4.4e), much higher tha that of pure CoPOF and pure MXene catalysts. The enhanced catalytic 

performance of CoPOF@MXene can be ascribed as follows, where the Co-Nx sites are responsible for 

catalyzing oxygen redox reactions, while the highly conductive MXene contributes to the rapid charge 

transfer. To investigate its performance in practical applications, quasi-solid-state ZABs were 

assembled by using the CoPOF@MXene based air cathode, and a PAA-co-PVA alkaline or PAM-co-

PVA acidic gel electrolyte (Figure 4.5). Both in alkaline and acidic gels, the CoPOF@MXene cathodes 

demonstrate outstanding cycling stability for over 90 and 70 hours, respectively. These results 

demonstrate that the CoPOF@MXene electrocatalyst possesses great promise in serving as the air 

electrocatalyst for AMABs. 
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Figure 4.4. Electrochemical performance of the CoPOF@MXene. (a, b) LSV profiles and (c, d) Tafel 

plots of the CoPOF@MXene, the Pt/C and the Ru/C. (e) LSV curves of various catalysts for evaluating 

overall bifunctional performance. 

 

 

Figure 4.5. Schematic illustration of CoPOF@MXene-based ZABs assembled with (a) PAA-co-PVA-

based alkaline and (c) PAM-co-PVA-based acidic gel electrolytes. (b, d) Corresponding cycling 

stability of the CoPOF@MXene-based ZABs. 
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The high-voltage sAZAB was then assembled by using a Zn anode, a ZnPI separator, and a 

CoPOF@MXene-based air cathode (Figure 4.6a). The ZnPI separator was placed in between the 

alkaline anolyte (PAA-co-PVA + 6 M KOH) and the acidic catholyte (PAM-co-PVA gel + 3 M H3PO4). 

As expected, the as-fabricated sAZAB delivered a high OCV of about 2.1 V, ~50% higher than common 

alkaline ZABs (e.g., ~1.4 V).28, 217 EIS spectrum in Figure 4.6b displays a low charge transfer resistance 

of 20 Ω, which reveals the good interfacial interaction between gel electrolytes and the ZnPI separator. 

The prepared sAZAB reaches a peak power density of 140 mW cm-2 (Figure 4.6c), outperforms most 

of recently reported ZnSTM-base aqueous AZABs and is comparable with common alkaline solid-state 

ZABs. Additionally, the sAZAB also delivers good rate performance with stable discharge potentials 

at all current densities (Figure 4.6d).  

 

Figure 4.6. (a) Schematic illustration of the sAZAB configuration. (b) Nyquist plots, (c) discharging 

polarization profile, and (d) rate performance of the as-fabricated sAZAB. The inset in (b) displays the 

open-circuit voltage of sAZAB, approaching ~2.1 V.  
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The cycling performance of the sAZAB was further evaluated by the galvanostatic discharging-

charging test at a current density of 0.5 mA cm-2 (Figure 4.7a). As a result, the sAZAB with the 

CoPOF@MXene operates stably for more than 90 h with an average round-trip efficiency of about 

69.8%. A record round-trip efficiency of 79.2% is attained at the initial cycle and then slightly decreases 

to 67.3% after operation for over 90 h (Figure 4.7b). Notably, the average discharge potential is about 

1.85 V, 1.3 times higher than reported conventional ZABs (i.e., ~1.4 V). This result suggests that the 

sAZAB configuration greatly improves the output voltage and battery performance. Based on the mass 

of Zn consumption, such a sAZAB can deliver specific capacities of 678, 632, and 581 mAh gZn
-1 at 2, 

5, and 10 mA cm-2 (Figure 4.7c), respectively. 

 

Figure 4.7. (a) Long-term cycling stability of as-prepared sAZAB at 0.5 mA cm-2. (b) Corresponding 

round-trip efficiencies at the 1st, 150th, and 270th cycles. (c) Specific capacities of the sAZAB at different 

densities.  
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Figure 4.8. (a) Galvanostatic voltage profiles of the as-fabricated sAZAB at a high DOD of ~15%. (b, 

c) Galvanostatic plating/stripping profile of the textured Zn in the alkaline gel at 2 mA cm-2. (d) Cycling 

stability of the optimized sAZAB with 16 h for per discharging-charging cycle. (e) Polarization profiles 

of optimized sAZAB. (f) Capacity polarization of optimized sAZAB.   

 

It should be noted that current studies on rechargeable ZABs can‘t meet the requirements for practical 

applications as the depth of discharge (DOD) is mostly less than 1%. The battery performance at a high 

DOD, therefore, is of great importance and deserved to be investigated. Unfortunately, the above-

mentioned excellent performance of as-fabricated sAZAB is only attainable at a low DOD of ~0.16%. 

When it comes to a higher DOD of 15%, the sAZAB quickly fails at the second cycle (Figure 4.8a). 

The reasons could be the persistent accumulation of by-products (e.g., Zn3(PO4)2) in the catholyte and 

severe corrosion of Zn anode. Therefore, to prevent Zn corrosion, we use H3PO4 as a texturing agent to 

develop a (002)-textured surface for the Zn anode via (002) epitaxial growth during long-term 

stripping/plating cycles. As expected, the (002)-textured Zn symmetric cell stably runs for about 600 h 

at a current density of 2 mA cm-2, while the bulk Zn foil only can be cycled for about 300 h (Figure 

4.8b). A low overpotential of less than 30 mV is also attainable for the (002)-textured Zn symmetric 

cell (Figure 4.8c), suggesting its high Zn reversibility. At the same time, the addition of 0.5M Zn3(PO4)2 
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as an additive in the catholyte has been proven for suppressing the persistent accumulation of by-

products. Combining the (002)-textured Zn electrode and Zn3(PO4)2-based catholyte, the optimized 

sAZAB can be stably cycled for over 200 h at a DOD of ~15% (Figure 4.8d). Additionally, the 

optimized sAZAB achieves a high peak power density of 159 mW cm-2 (Figure 4.8e) and a specific 

capacity of 711 mAh gZn
-1, which outperforms the sAZAB before optimization. These results 

demonstrate that the combination between (002)-textured Zn electrode and Zn3(PO4)2-based catholyte 

significantly enhances the battery performance of sAZAB.    

 

Figure 4.9. (a) Galvanostatic cycling performance of optimized sAZAB coin cell. (b) Discharge profile 

of the sAZAB coin cell at 5 mA cm-2. (c) Ragone plots for the specific capacities and energy densities 

of the sAZAB and conventional quasi-solid-state ZABs previously reported (see Table 4.1 for details). 

(d) Two tandem sAZABs are powering a complex electronic device with a threshold voltage of 3 V.  

 

To investigate the performance on the cell level, we further assembled the optimized sAZAB coin cell. 

As a result, the optimized sAZAB coin cell exhibits good stability for more than 160 h at 1 mA cm-2 

(Figure 4.9a). Accordingly, the sAZAB coin cell achieves an impressive specific capacity of 742.4 mAh 
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gZn
-1 and energy density of 1425.4 Wh kgZn

-1 at 5 mA cm-2 corresponding to the mass of Zn consumption 

(Figure 4.9b), outperforms reported conventional quasi-solid-state ZABs (Figure 4.9c and Table 4.1).276-

284 At the cell level, a record energy density of 429.7 Wh kgcell
-1 is attainable for the sAZAB coin cell 

based on the overall mass weight of electrodes, ZnPI separator, and electrolytes. Notably, this value has 

surpassed the cell-level energy densities of commercial lithium-ion cells and other advanced 

batteries.285 For practical applications, two tandem sAZAB cells can power a complicated electronic 

device (threshold voltage: 3 V) for 24 h in the atmosphere (Figure 4.9d).   

 

Table 4.2. Summary of the performance of various ZABs with quasi-solid-state electrolytes. 

Catalyst Electrolyte Power density 

(mW cm-2) 

Specific capacity 

(mAh gZn
-1) 

Energy density 

(Wh kgZn
-1) 

Ref. 

Mn/Fe-HIB-MOF Functionalized 

bio-cellulose 

193 748 975 277 

GHBGQD2 PVA gel 112 687 810 278 

Co2P/CoN-in-

NCNTs 

PVA gel 194.6 649.6 844.5 279 

CuSA@HNCNx Functionalized 

bio-cellulose 

212 806 1031 280 

Nitride/N-Ti3C2 PVA gel 27 630 693 281 

S-C2NA Functionalized 

cellulose film 

187 695 862 282 

FeNi@N-GR PVA gel 85 765 940 283 

Hybrid nanosheets PVA gel 45 550 649 284 

FeCo SAs@Co/N-

GC 

Functionalized 

cellulose film 

144 686 1345 276 

CoPOF@MXene Asymmetric 

gel electrolyte 

140 

159 

711 

742 

1365 

1524 

This 

work 
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4.4 Summary 

In summary, we have developed an asymmetric AZAB capable of high voltage and energy density as a 

promising energy source for electronic devices. With a low-cost Zn2+-conductive ZnPI separator and an 

efficient CoPOF@MXene catalyst, the as-fabricated sAZAB delivers long cycling stability with an 

average round-trip efficiency of 70% and good rate performance. At a high DOD of ~15%, the 

optimized sAZAB coin cell achieves a specific capacity of 742.4 mAh gZn
-1 and energy density of 1425.4 

Wh kgZn
-1, outperforming reported conventional quasi-solid-state ZABs. Notably, an ultrahigh energy 

density of 429.7 Wh kgcell
-1 is attainable, which has surpassed the cell-level energy densities of 

commercial lithium-ion cells. Furthermore, our sAZAB are able to drive various complicated electronic 

devices in practical applications, holding great promise as a powering source for energy storage and 

conversion. 
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Chapter 5: Conclusions and Future Work 

 

5.1 Conclusions 

As mentioned all along with this study, the overview of current rechargeable ZAB technology (Chapter 

2), the development of advanced electrocatalyst and separator materials as well as engineering design 

are provided for successfully achieving a high energy density on-chip Zn-air microbattery (Chapter 3) 

and asymmetric-electrolyte ZABs (Chapter 4).  

Firstly, in Chapter 2, we overview the development and fundamental principles of state-of-the-art ZAB 

technology, as well as scientific and technical challenges for current rechargeable ZABs. The key issues 

that affect the performance of ZABs are systematically discussed, such as the Zn anode, the bifunctional 

air cathode, the electrolyte, and the separator. In particular, the chemistry and materials of the Zn 

electrode and bifunctional air electrode are detailed, with special attention to the performance-limiting 

phenomena arising from the use of aqueous electrolyte and sluggish oxygen catalytic kinetics, Moreover, 

strategies to overcome these issues are summarized for developing high energy-output ZAB systems. 

To promote the energy density of ZABs in practical applications, specific advances in materials science 

and engineering are needed, such as the design of reversible Zn electrodes with high Zn utilization, 

efficient bifunctional electrocatalysts capable of low-cost and high durability, new electrolyte 

technologies, and optimal cell designs. 

Miniaturizing rechargeable ZABs with high energy output for portable microelectronic devices is 

promising but challenging because the manufacturing technology of the battery is not compatible with 

on-chip processing. To address this issue, in Chapter 3, we propose the on-chip processing of a CoPOF-

based electrocatalyst into a micro-scaled ZAB through a microimprint manufacture route. The 

incorporation of Co catalytic units into a stable and porous covalent organic framework allows for the 

simple production of a carvable air cathode with outstanding catalytic activity in both liquid and quasi-

solid-state ZABs. A hydrogel electrolyte with high adhesion enables a microimprint process compatible 

with microelectronic manufacturing processes, to integrate the air cathode during the fabrication of on-
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chip Zn-air microbattery (μZAB). As a result, the on-chip µZAB shows a record-high volumetric power 

density of 570 mW cm-3 and energy density of 413 Wh L-1, approximately 3 times that of a commercial 

primary ZAB. The on-chip µZAB also achieves a lifecycle capacity of 4.5 mAh, which is double that 

of the smallest commercially available on-chip lithium-ion batteries.234 We also show that the µZAB 

can run complicated electronic devices and can wirelessly recharged for prolonging the lifespan . 

In Chapter 4, we propose a combination strategy including the preparation of a low-cost separator and 

an efficient COF-based catalyst to realize a quasi-solid-state asymmetric ZAB (sAZAB) with high 

energy output. A low-cost Zn2+-conductive polyimide separator (ZnPI) is first fabricated with the aim 

of selectively transporting Zn2+ ions and increasing the energy barrier of the proton migration. In 

addition, a CoPOF catalyst supported by layered MXene sheets (CoPOF@MXene) is presented as the 

bifunctional catalyst for the sAZAB in an acidic medium. Remarkably, the as fabricated sAZAB 

delivers a OCV of about 2.1 V, 50% higher than that of the common alkaline ZABs (i.e., ~1.4 V). 

Additionally, the sAZAB also demonstrates a good rate performance and long cycling stability with an 

average round-trip efficiency of 70%. To improve the battery performance at a high discharge of depth, 

an optimized sAZAB is further constructed by combining the (002)-textured Zn electrode and adding a 

Zn3(PO4)2 additive into catholyte. Impressively, the optimal sAZAB coin cell achieves a specific 

capacity of 742.4 mAh gZn
-1 and an energy density of 1425.4 Wh kgZn

-1 at 5 mA cm-2, outperforming 

reported conventional quasi-solid-state ZABs. At the cell level, a high energy density of 429.7 Wh kgcell
-

1 is attainable, which has surpassed the cell-level energy densities of commercial lithium-ion cells.  

All in all, this work presents the development and design of advanced materials, as well as their 

integration into high-energy-output ZAB systems by combining them with engineering techniques. Our 

work narrows the gap between fundamental research and the practical application for rechargeable 

ZABs, paving the way toward advances in materials science and structural engineering for 

electrochemical energy and storage systems. 
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5.2 Future work 

Although significant research progress has been made in material development and structural design, 

they are still not mature enough for widespread applications. According to the results of this project, 

several key suggestions for the ongoing work are put forward. First, more basic and in-depth research 

on the catalytic performance and corresponding mechanism of COF-based catalysts is of great 

importance to be conducted. In this regard, computational simulation and high-throughput screening 

can give more detailed information to explore the catalytic reaction at the molecule level. At the same 

time, further development of efficient oxygen electrocatalysts from earth-abundant materials is highly 

desirable. The properties at the electrode/electrolyte interface should be precisely regulated and 

optimized to expose more active centers and lower mass transfer barriers. Furthermore, for practical 

applications, it is very necessary to consider the compatibility between oxygen electrocatalysts and 

environmental conditions.  

Second, for large-scale applications, the primary components of rechargeable ZABs must be greatly 

enhanced. The asymmetric ZAB configuration is an attractive strategy for addressing the CO2 poisoning 

problem and opens up new avenue for increasing the energy output of ZABs. In this regard, the 

development of advanced air electrodes is crucial in such a hybrid system. To improve overall energy 

density of the hybrid system, great effects should be focused on novel structure designs and the 

optimization of electrode materials and corresponding mass loading, thereby allowing for efficient mass 

transportation. Furthermore, efficient and low-cost bifunctional electrocatalysts in challenging acidic 

media are lacking. Likewise, there is an urgent need to develop separators with high ionic conductivity 

and electrochemical stability to reduce dendrite proliferation as well as low-selective ion transport.  

Additionally, the miniaturized ZABs for tiny wearable electronics require significant improvements in 

terms of energy storage performance, mechanical flexibility, and durability. Particularly, the fabrication 

process for microbatteries should be compatible with microelectronic manufacturing routes. Their 

practical energy density should be affordable for powering microsystems. 
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