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Abstract 

Metal air batteries have attached extensive interests, as they are considered one of the 

most promising next - generation electrochemical energy storage devices that have the potential 

to drastically increase the power density and decrease the cost of energy storage. Nevertheless, 

metal air batteries are complex systems that have numerous scientific and technical problems, 

such as the kinetics of redox mediators (a specific type of electrolyte additives) for oxygen 

reduction reactions, desolution of CO2 , H2O, etc from the air, high overpotentials and related 

side reactions on both anode and cathode. Problems also encountered with their electrolyte. 

These challenges should have to be properly addressed before metal air batteries be produced 

and deployed on a large scale. 

Considering the rapid development and evolution of technology, this thesis summarizes 

the environmental consequences of energy production and emerging issues of this field. In 

addition, a variety of electrochemical devices for energy storage and conversion are mentioned. 

Technical characteristics of metal air batteries, their main materials and components, the 

operating principle and their applications are also covered. Furthermore, the challenges facing 

their commercialization, failures that occur, diagnostics and the proposed solutions are 

highlighted. Future trends and prospects of metal air batteries, the general technical issues 

confronting their developments and perspective on possible solutions are also discussed. 

Finally, life cycle and recycling methods of metal air batteries are overviewed, focusing 

on benefits and drawbacks. 
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Περίληψη 

Οι μπαταρίες μετάλλου αέρα έχουν προσελκύσει ευρέως το ενδιαφέρον, καθώς 

θεωρούνται από τις πιο υποσχόμενες ηλεκτροχημικές συσκευές αποθήκευσης ενέργειας, 

επόμενης γενιάς, οι οποίες έχουν τη δυνατότητα να αυξήσουν δραστικά την πυκνότητα ισχύος 

και να μειώσουν το κόστος αποθήκευσης ενέργειας. Ωστόσο, οι μπαταρίες μετάλλου αέρα είναι 

πολύπλοκα συστήματα που έχουν πολυάριθμα επιστημονικά και τεχνικά προβλήματα, όπως η 

κινητική των οξειδοαναγωγικών μεσολαβητών (ένας συγκεκριμένος τύπος πρόσθετων 

ηλεκτρολύτη) για αντιδράσεις αναγωγής οξυγόνου, διάλυση του CO2, H2O κλπ. από τον αέρα, 

υψηλές υπερτάσεις και σχετικές παράπλευρες αντιδράσεις, τόσο στην άνοδο, όσο και στην 

κάθοδο. Προβλήματα, επίσης, παρουσιάζονται και με τον ηλεκτρολύτη τους. Αυτές οι 

προκλήσεις θα πρέπει να αντιμετωπιστούν κατάλληλα, προτού οι μπαταρίες μετάλλου αέρα 

κατασκευαστούν και αναπτυχθούν σε μεγάλη κλίμακα. 

Λαμβάνοντας υπόψη τη ραγδαία ανάπτυξη και εξέλιξη της τεχνολογίας, η παρούσα 

διατριβή συνοψίζει τις περιβαλλοντικές συνέπειες της παραγωγής ενέργειας και τα 

αναδυόμενα ζητήματα αυτού του τομέα. Επιπροσθέτως, γίνεται αναφορά σε μια ποικιλία 

ηλεκτροχημικών συσκευών αποθήκευσης και μετατροπής ενέργειας. Καλύπτονται επίσης, τα 

τεχνικά χαρακτηριστικά των μπαταριών μετάλλου αέρα, τα κύρια υλικά και εξαρτήματά τους, 

η αρχή λειτουργίας και οι εφαρμογές τους. Επιπλέον, επισημαίνονται οι προκλήσεις που 

αντιμετωπίζει η εμπορευματοποίησή τους, οι αστοχίες που προκύπτουν, η διάγνωση και οι 

προτεινόμενες λύσεις. Συζητούνται επίσης, οι μελλοντικές τάσεις και οι προοπτικές των 

μπαταριών μετάλλου αέρα, τα γενικά τεχνικά ζητήματα που προκύπτουν από την εξέλιξή τους 

και η προοπτική για πιθανές λύσεις. 

Τέλος, εξετάζονται ο κύκλος ζωής και οι μέθοδοι ανακύκλωσης των μπαταριών 

μετάλλου αέρα, δίνοντας έμφαση στα οφέλη και τα μειονεκτήματα. 
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CHAPTER 1 

Introduction 

Nowadays, energy is the power engine that sustains the operation of our society. In the 

energy field, we are confronted with a daunting challenge caused by the gradual depletion of 

fossil fuel. Renewable energies such as solar and wind have been developed in order a safe and 

sustainable energy supply to be secured. However, there is a geographical limitation and 

intermittent of these energies, thus calling for reliable Electrical Energy Storage (EES) to stabilize 

and make efficient power delivery [1]. 

It was Alessandro Volta who first invented the battery, although - even earlier - the first 

experiments had been conducted by Benjamin franklin in 1749. Finally, it was in 1890 that the 

first Pumped Hydro Storage facilities (PHS) were built in Italy and Switzerland. Their first 

intended use was to generate power and to improve the managing of the water resources. PHS 

facilities were mostly built in the 1960s, where they supported the rollout of nuclear power 

plants [2]. 

These days the role of energy storage is becoming crucial for the energy system [2]. There 

has been an increased focus on energy storage by both researchers and politicians, as the 

awareness of the environmental impacts that come with relying on fossil commodities and the 

reliability and long-term durability of electricity networks increases across the globe. Energy 

storage can aid in resolving the matter of intermittency related to wind and solar power. Ιn some 

cases, this can react immediately to essential demand changes, allowing the grid to respond 

more rapidly and reducing the need to implement backup power plants [3]. 

Meanwhile, the development of reliable EES system has been a task of urgency, because 

of the increasing number of transportation vehicle. Among various EES systems, the ones that 

are the most promising to meet the needs, are rechargeable batteries and that is because of 

their high energy density and high energy efficiency [4]. Above all, the ones whose operation on 

the basis of intercalation mechanism has played an important role in our society in the past two 

decades, is the Lithium-Ion Batteries (LIBs) [5]. Nevertheless, the low energy density of LIBs was 

a restriction of being applied as the energy supplier of the generation to come. On this basis, 

there has been provided a solution by the development of Metal-Air Batteries (MABs) from their 

higher energy theoretically density than that of LIBs [1]. 
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Undoubtedly, in order to develop electrode materials, electrolytes, and separators for 

energy storage devices, there has been made tremendous efforts, so as to meet the needs of 

emerging technologies such as electric vehicles, decarbonized electricity, and electrochemical 

energy storage. Nevertheless, the sustainability concerns of LIBs and following generation 

rechargeable batteries have received little consideration. Recycling plays a vital role in the 

overall sustainability of future batteries and is affected by battery features including 

environmental hazards. For that reason, recycling should be taken into account when developing 

battery systems [6]. Moreover, with little profit to be reaped from recycling, governments should 

step in regulations to save the environment from the toxic effects of used batteries. 

In chapter 2, environmental implications and consequences of energy sources will be 

described. The environmental impacts of metal-air batteries will also be mentioned. 

In chapter 3, life cycle assessment of lithium-air battery cells will be discussed. 

In chapter 4, general points of electrochemistry will be mentioned and there will be a 

description of electrochemical energy systems, mainly for energy storage and conversion. 

In chapter 5, the principle operation of metal-air batteries will be mentioned. Battery 

chemistry, basic components of a typical battery and their importance in the operation of metal-

air batteries are topics that will be analyzed. In addition, different ways of the performance 

improvement of electrode materials and their results will be covered. 

In chapter 6, failures, diagnostics and future prospects of metal-air batteries will be 

stated. 

In chapter 7, the recycling process will be examined and methods of recycling, will be 

mentioned. 

In chapter 8, material design targets and strategies of metal-air batteries will be analyzed. 

Finally, in chapter 9, conclusions and perspectives on the future development of metal-

air batteries toward practical applications will be pointed out. 
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CHAPTER 2 

Environmental implications and consequences of energy sources 

2.1 Introduction 

During the last twenty years, the risk and reality of environmental deterioration have 

become more obvious, because of a combination of several factors since there has been a 

dramatic growth of the environmental implications of human activities due to the sheer increase 

of world population, energy/consumption, industrial activity, etc. During the 1970s most 

environmental analysis and legal control instruments focused on conventional pollutants such 

as SO2, NOx, particulates, and CO. Lately, there is a great environmental concern extended to the 

control of micro - or hazardous air pollutants, which are often toxic chemical substances and 

harmful in small doses, as well as to that of globally significant pollutants such as CO2. Except 

from advances in environmental science, developments in industrial processes and structures 

have led to new environmental issues. For instance, in the energy sector, major shifts to the road 

transport of industrial goods and to individual travel by cars has come to an increase in road 

traffic and hence a shift in the attention paid to the effects and sources of NOx and volatile 

organic compound (VOC) emissions [7]. 

Given these situations, it can be highlighted that energy is one of the main factors that 

can be achieved by contributing many factors, such as the requirement for a supply of energy 

resources that is fully sustainable. Moreover, a secure supply of energy resources is demanded 

and widely agreed for its necessity [7]. 

It is widely noticed around our universe that there is a continuous increase in sharing 

power generation by intermitted Renewable Energy Sources (RES). Simply connecting RES to the 

power grid does not always indicate that all the generated clean electricity will - at last - be 

delivered to final consumers. The power grid, connecting generation and demand, is a complex 

system constructed by physical laws. A common characteristic of many power systems is that 

RES replace conventional technologies, which demands significant changes in the patterns of 

electricity flows through the grid [8]. 

2.2 Environmental implications of the electricity system 

The Environmental Protection Agency (EPA) describes the ways non-renewable energy 

affect climate change and the environment.  

 Emissions of greenhouse gases and other air pollutants, mostly when a fuel is burned. 
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 Water resources usage so as a steam can be produced, offering cooling and serve other 

functions. 

 Discharges of pollution into water bodies, including thermal pollution (water that is 

hotter than the original / actual temperature of the water body). 

 Generation of solid waste, possibly including hazardous waste. 

 Land use for fuel production, power generation, power transmission and distribution 

lines. 

 Consequences on plants, animals, and ecosystems that result from the air, water, waste, 

and land implications above. 

Emphasizing particularly on the first point, almost 62 % of electricity derives from burning 

fossil fuels, mostly coal and natural gas. Greenhouse gas emissions are released into the 

atmosphere, due to the above burning, which traps heat that would normally escape into space 

and in turn, warms the planet. There is an increasingly heat of globe at a historical high rate, 

which affects virtually every aspect of life on Earth. Higher temperatures cause warmer climate, 

water supply is decreased, weather patterns are becoming more and more extreme, sea levels 

are rising all the time and our ecosystem damage is irreparable. Characteristically, some areas 

such as Russia will possibly face warmer temperatures. On the other hand, the Middle East will 

probably become hard to be resident [9].  

2.3 Environmental implications of non-renewable energy sources 

2.3.1 Introduction 

Non-renewable energies, such as coal, oil and natural gas, are those that do not self-

sustain naturally. On the contrary, renewable energy sources like wind, water and sun - most of 

which are converted to power cleanly - the conversion of fossil fuels to usable energy can result 

in harmful emissions and may disrupt local wildlife. The processing of fossil fuels emits harmful 

greenhouse gases into the air, such as carbon dioxide, damage the ozone layer which protects 

humanity from the sun's radiation. The air pollution also negatively affects our respiratory 

health. Acid rain, which is created by the emission of sulfur and other chemicals into the 

atmosphere, corrodes the machinery and can disrupt local ecosystems. Energy sources are 

categorized as non-renewable because they do not form or replenish in a short period of time. 

On the other hand, renewable energy sources such as solar and wind replenish naturally in a 

short period of time [10]. 
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2.3.2 Greenhouse gas emissions 

 Probably the most well-known implication of using non-renewable energy sources is the 

emission of greenhouse gases, in particular CO2 and methane, which contribute to climate 

change. Coal is considered the worst to emit the highest percentage of CO2. Natural gas emits 

15-20 % fewer heat-trapping gases compared to gasoline when used to power a vehicle and it 

also emits 50-60 % less CO2 compared to coal [10]. 

 The concerns about climate change and greenhouse gas emissions include direct impact of 

rising temperatures and changing weather patterns which affect human livelihoods as dry seasons 

or floods or dry seasons grow. Climate change is affecting ecosystems, diminishing their capacity to 

adapt to changing climates and threatening biodiversity and the serious ecosystem services. 

2.3.3 Air pollution 

Non-renewable energy sources are not just changing Earth’s atmosphere by proliferating 

the amount of greenhouse gas emissions. Additionally, they emit an amount of pollutants that 

are affect people’s health and the environment. When mercury is emitted into the air, it goes on 

to settle on the ground or blends with water, it accumulates on organisms such as fish, passing 

through the food chain [10]. 

This has deep effects on our biodiversity and creates real risks for people as researchers 

have found that exposure to mercury may lead to neurological and neuro-behavioral effects in 

embryos and young children. Other air pollutants emitted due to fossil fuel combustion include 

nitrogen oxides, Sulphur dioxide and particulate matter. 

2.3.4 Acid rain and water pollution 

Dangerous pollutants that are emitted into the air may usually follow the water cycle, for 

instance, acid rain which is created due to the emission of Sulphur and other chemicals into the 

atmosphere [10]. Rain becomes mildly acidic, is corrosive to machinery and can disrupt local 

ecosystems. In addition, acid rain changes the acidity of lakes and streams which can be very 

noxious to fish and other aquatic organisms. It could also be harmful to trees therefore 

weakening forest ecosystems. 

2.4 Environmental implications of renewable energy sources 

2.4.1 Introduction 

Renewable energy will be a vital source for power generation in the following years, 

because we can use these resources repeatedly to produce useful energy. The energy 
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resources are usually divided to renewable and nuclear energy resources and fossil resources. 

Other renewable energy resources, like wind, solar, hydropower, biomass, ocean energy, 

geothermal, biofuel etc., provide 15-20 % of the total world’s energy. Due to fast growing 

population, which leads to the use of the fossil fuels such as gas, coal and oil to satisfy the 

energy requirement, which creates unsustainable situations and greenhouse effect, depletion 

of fossil fuels, global warming, environmental and geographical conflicts and fluctuation in fuel 

prices. Renewable energy is considered to be a sustainable energy, supported from economic, 

social and environmental dimensions of society. Renewable energy resources are able to 

complete the world’s energy demand, provide energy security and protect the environment. 

However some failings also exist such as the variation of output because of seasonal change, 

which is the common thing for wind and hydroelectric power plant. The main renewable 

energy sources with their usage in different form are presented in Table 2.1 and it is expected 

that renewable energy will be one of the important sources for the future.  

Table 2.1 Main renewable energy sources with their usage form [11]. 

Energy resource Energy conversion and usage option 

Hydropower Power generation 
Biomass Heat and power generation, pyrolysis, gasification, digestion 
Geothermal Urban heating, power generation, hydrothermal, hot rock 
Solar Solar home system, solar dryers, solar cookers 
Direct solar Photovoltaic, thermal power generation, water heaters 
Wind Power generation, wind generators, windmills 
Wave Numerous designs 
Tidal Barrage, tidal stream 

The world’s renewable energy sources scenario by 2040 is estimated as given below in 

Table 2.2. 

Table 2.2 Global renewable energy scenario by 2040 [11]. 

 2001 2010 2020 2030 2040 

Total consumption (million tons equivalent) 10,038 10,549 11,425 12,352 13,310 
Biomass 1080 1313 1791 2483 3271 
Large hydro 22.7 266 309 341 358 
Geothermal 43.7 86 186 333 493 
Small hydro 9.5 19 49 106 189 
Wind 4.7 44 266 542 688 
Solar thermal 4.1 15 66 244 480 
Photovoltaic 0.1 2 24 221 784 
Solar thermal electricity 0.1 0.4 3 16 68 
Marine (tidal/wave/ocean) 0.05 0.1 0.4 3 20 
Total RES 1365,5 1745,5 2964,4 4289 6351 
Renewable energy contribution source (%) 13.6 16.6 23.6 34.7 47.7 
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2.4.2 Wind power 

Harnessing power from the wind is one of the cleanest and most sustainable ways to 

generate electricity since it does not produce global warming emissions or toxic pollution. In 

addition, wind is inexhaustible, abundant and affordable, which makes it a viable and large-scale 

alternative to fossil fuels [12]. 

There are also an amount of environmental implications associated with wind power 

generation that must be recognized and mitigated, such as land use issues and challenges to 

wildlife and habitat. 

2.4.3 Solar power 

As wind power, sun provides an exceptional resource for generating clean and 

sustainable electricity. 

The environmental implications related with solar power may include land and water use 

and habitat loss and the use of dangerous materials in manufacturing, thus the types of 

implications vary greatly depending on the scale of the system and the technology used-

photovoltaic (PV) solar cells or concentrating solar thermal plants (CSP) [12]. 

2.4.4 Geothermal energy 

Enhanced geothermal systems (or hot dry rock geothermal), which involve drilling into 

the earth’s surface to achieve deeper geothermal resources, may allow broader access to 

geothermal energy. 

In addition, geothermal plants differ in terms of the technology they use to convert the 

resource to electricity, such as direct steam, flash, or binary and the type of cooling technology 

they use, like water-cooled and air-cooled. Environmental implications have differences 

depending on the conversion and cooling technology used [12]. 

2.4.5 Biomass for electricity 

Biomass power plants involve the combustion of a feedstock to produce electricity. 

Hence, biomass plants raise similar, but not identical, concerns about air emissions and water 

use as fossil fuel plants. Nevertheless, the feedstock of biomass plants may be sustainable 

produced, while fossil fuels are non-renewable. Sources of biomass resources for generating 

electricity have differences, ranging from energy crops (like switchgrass), to agricultural waste, 

forest products, manure and waste, and urban waste [12]. 
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2.4.6 Hydroelectric power 

Hydroelectric power includes massive hydroelectric dams. It also includes small run-of-

the-river plants. Large-scale hydroelectric dams are constantly being constructed in many places 

around the world. 

2.4.7 Hydrokinetic energy 

Hydrokinetic energy, which involves tidal and wave power, encompasses an array of energy 

technologies, many of which still remain in experimental researches. While actual implications of 

large-scale operations have not been observed, a range of potential implications may be projected. 

2.5 Environmental implications of Metal-Air Batteries (MABs) 

2.5.1 Introduction 

Nowadays, lithium-ion batteries (LIBs) are the preferred commercial technology 

available to satisfy the demanded requirements [13]. Nevertheless, this technology presents a 

variety of limitations like cost and safety issues [14]. Even though LIBs have been around for a 

long time, this technology still has many disadvantages to overcome through different strategies 

[15, 16]. It will be a notable growth in the consumption of some certain materials such as cobalt, 

manganese and nickel, used in their cathode [17]. 

2.5.2 Environmental implications 

The growth of sustainable energy storage systems is an inexcusable goal that scientist 

and industry must undertake, especially given the actual concerns over the depletion of non-

renewable resources, battery waste management and global warming issues. These days, LIB 

technology still has environmental sustainability concerns, mainly arising from the use of highly 

toxic and scarce materials [18]. In the sustainable energy storage landscape, MABs provide 

environmental benefits originating from their high energy efficiency that is 5 - 30 times greater 

than conventional LIBs. Additionally, MABs rarely use Co, Mn, V, Ni, or graphite materials, and 

when they do, smaller quantities are required [19, 20]. These strategies can mitigate the 

pressures over the extraction of CRMs for the battery industry, which encompasses serious 

environmental pressures, as for instance, 1900 tons of H2O (diverted from essential agricultural 

activities) are consumed by evaporation for the extraction of 1 Li tone [21]. Nevertheless, it 

should be considered that the catalysts in MABs are usually composed by noble metals subjected 

to supply chain bottlenecks and environmental concerns. Battery recycling is a reasonable 
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approach to recover those scarce materials as the net implication of LIBs’ production can be 

minimized when the materials are recovered after battery end-of-life (EoL) [22]. 

Apart from these considerations, the full comprehensive of the sustainability of MABs 

demands the determination of their environmental implications. If the environmental impacts 

of pure metals are considered, Ca-air, Zn-air, and Mg-air batteries should be preferred. The 

production of pure Li has a global warming potential (GWP) of 7.1 kg CO2 equiv kg-1, being the 

impacts of the other metals as follows: 8.2 kg CO2 equiv kg-1 for Al, 5.4 kg CO2 equiv kg-1 for Mg, 

3.1 kg CO2 equiv kg-1 for Zn, and 1.0 kg CO2 equiv kg-1 for Ca. Considering cathode materials, pure 

cobalt shows a GWP of 8.3 kg CO2 equiv kg-1, while vanadium encompasses 33.1 kg CO2 equiv kg-

1, manganese 1.0 kg CO2 equiv kg-1, iron 1.5 kg CO2 equiv kg-1, or nickel 6.5 kg CO2 equiv kg-1 [23]. 

The fabrication of energy storage systems is subjected to large amounts of raw materials 

and energy consumption, together with the emission of different wastes [24]. Accordingly, 

battery sustainability should go beyond the mere determination of the global warming involved 

during the use of raw materials and should cover the different life cycle stages [25, 26]. Using 

the life cycle assessment (LCA) methodology, it is potential to quantify of environmental 

implications of a product or service through its life cycle, covering from the extraction and 

processing of the raw materials to the End-of-Life (EoL) and taking into consideration the use, 

manufacturing and distribution [27]. The main environmental burdens of MABs begin from the 

nature of cathode catalysts, which usually demand highly toxic and scarce elements. Aqueous 

electrolytes are environmentally preferred over aprotic solvents, which entail notable 

environmental burdens in terms of CO2 emissions and toxicity [28]. 

Zn-based batteries are stable towards moisture, so no inert atmosphere is required 

during battery manufacturing. This simplifies the production process and results in lower energy 

and material (argon) consumption typically needed to ensure a moisture-free inert atmosphere 

during cell assembly of conventional LIBs or NIBs [29]. As presented in Figure 2.1, this is the 

general trend except for the resource depletion category, where the Zn powder anode has the 

largest contribution [30, 31]. Generally, notable implications in human toxicity (cancer and non-

cancer effects), freshwater ecotoxicity and resource depletion are attained. 
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Figure 2.1 General trend of environmental implications and notable impacts in human toxicity [28]. 

A cradle-to-grave analysis (including production, use and recycling) has been performed on 

Li-air battery cell for EVs [32]. The battery has a Li foil anode, a PP separator soaked in LiClO4 in 

TEGDME, a CNT/CO3O4 cathode, copper current collectors and PP housing. The cathode had a 

relative production-related CO2 impact of 37 %, followed by the 28 % of the assembly energy and 

the 23 % of the Li foil. A notable abiotic resource depletion (89 % contribution) and ecotoxicity 

(67 % contribution) during production arising from copper was observed. Interestingly, 10 % - 30 % 

of production related environmental impacts could be avoided considering a recycling scenario 

[33]. The negative electrode (Li foil) takes the largest share in most of the categories, largely 

attributed to the copper current collector used. In contrast, the cathode contributes by less than 

7 % in most of the categories. Overall, with 149 g CO2 equiv km-1, the Li-air battery system showed 

a 9.5 % reduction in life cycle climate change due to the avoidance of manganese, nickel, and 

cobalt in the cathode. An additional environmental benefit when implemented into an electric 

vehicle may arise from the weight of Li-air batteries, where decreases from 531 to 267 kg have 

been estimated by replacing a NMC (nickel, manganese, and cobalt) LIB [33]. Such weight saving 

can provide direct environmental benefits when implemented into an electric vehicle 

independently of the electricity grid type [34]. However, four orders of magnitude larger 

implications for ecotoxicity of earth potential and 8 times larger for ozone depletion potential are 

achieved, highlighting the need for a holistic design of this type of batteries. 

At the end, cradle-to-gate impacts of 7 laboratory-scale aprotic Li-air battery cathode 

chemistries having 60 kWh have been analyzed [35]. As presented in Figure 2.2, the implications 
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vary depending on the battery type because of the variety of materials such as nickel, MnO2, 

cobalt, ruthenium, graphene, MOFs, carbon nanotubes, CO3O4, Ag or AuNi.  

 

Figure 2.2 Impacts depending on the battery type due to the variety of materials [28]. 

On average, the cathode is the major contributor to the GWP with a relative weight of 

44.5% [30]. Li-air batteries present an average value of 55.8 kg CO2 equiv per 1 kWh, which 

remains below the 146.4 kg CO2 equiv for NIBs, the 58.4 kg CO2 equiv for LIBs, or the 130.6 kg 

CO2 equiv for Li-S, having a similar energy density. The implications related to toxicological risks 

may be also minimized because of the efficiency/simplicity of the cathode fabrication, the use 

of abundant and safe materials, and limited amounts of electrolyte. Totally, reported LCA 
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researches highlight the potential of MABs as a promising choice to fabricate sustainable energy 

storage systems. It is crucial to keep in mind that battery performance (delivered energy) and 

lifetime are important variables determining the full sustainability. Environmentally sustainable 

MABs must be designed to avoid issues resulting in early failure of the cell, such as those 

including dendrite formation, component volumetric changes, current collector corrosion, 

anode detachment from the current collector, and loss of electrode's electronic conductivity or 

electrolyte contamination or decomposition. This could avoid the extraction of new resources 

demanded for new batteries, could limit the CO2 emission originating from battery 

manufacturing and could delay the entering of the batteries in the waste stream [28]. 
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CHAPTER 3 

Life cycle assessment of lithium-air battery cells 

3.1 Introduction 

Lithium Air Battery (LAB) cells are currently being investigated for propulsion aggregates 

in vehicles as they theoretically can provide a 10-fold increase in energy density compared to 

the best battery technology (lithium-ion) of today [36]. The current state of research is however 

far from large scale implementation, and the technology must overcome many hurdles involving 

voltage stability, charge over potential, electrolyte stability, and many other physical-chemical 

factors that should ideally include full cell development that operates in ambient air [37]. 

Electric vehicles are seen as the main answer to the transport sector´s problems of 

climate impact and diminishing oil supplies. Provided that the electricity can be generated from 

renewable energy sources, considerable reductions of CO2 emissions from the transport sector 

are possible [38]. However, development of battery performance is crucial in the transition from 

combustion engines to electric motors in automobiles [39]. 

3.2 Recycling and treatment processes and avoided processes   

Data concerning the recycling processes is estimated based on an assumption regarding 

how much environmental burden can be avoided in total. It is assumed that legislation and 

resource supply concerns will drive recycling rate (including collection rate) to as much as 80 % 

[40], but at the expense of energy efficiency and cost to such an extent that only 50 % of 

environmental impacts of virgin material production is avoided. The reason for assuming only 

50 % of the possible avoided burdens is partly because recycled materials are often of inferior 

quality and cannot fully replace virgin materials, and partly because the recycling processes need 

resources and cause environmental burdens. 

Since the cell consists mainly of electrolyte (46 %) and sealing gasket (15 %), both 

assumed to be incinerated, only 3.4 grams or 20 % of the total cell weight will be recycled as 

material (copper, lithium, cobalt and polypropylene). The environmental impacts of lithium 

battery recycling are calculated as the sum of environmental impacts from the transportation 

and involved recycling processes and treatment processes minus environmental impacts from 

avoided production of virgin materials. By assuming that environmental impacts for recycling 

processes corresponds to 50% of Avoided virgin production, the environmental impacts of 

lithium battery recycling can be calculated as: Transports – 0.5 × Avoided virgin production [39]. 
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3.3 Parameterized model 

The life cycle of the lithium-air cell was built as a parameterized model enabling variation 

of influencing factors. Parameters are shown in Table 3.1, along with the values of the two 

scenarios: STABLE project achievement and Long-term lithium-air scenario. 

Table 3.1 Model parameter settings for STABLE project scenarios [39]. 

Parameter 
STABLE project 

achievement 

Long term lithium-air 

scenario 

Charge/discharge efficiency, η 0.66 0.8 
Number of cycles until failure 50 200 
Energy density (Wh/kg) 2700 10800 
Share of total capacity that is cycled 0.2 0.8 

The STABLE project did not reach its objective in one single cell configuration. The 

number of cycle target was reached with cells with very low energy density and cells with very 

high energy density did not achieve that many cycles. This is reflected in the STABLE project 

achievement scenario. 

When comparing the energy density of the lithium-air cell to the current energy density 

of lithium-ion batteries (≈100 Wh per kg at best) it has to be considered that the above energy 

densities for the lithium-air cells are calculated per kg of active component and the 100 Wh are 

per kg of battery system. A rough estimation, and assumption in the calculations, is that a 

lithium-air battery system consists of 50% non-active materials, providing an estimated energy 

density of 1350 Wh per kg at the battery level for the STABLE project achievement [39]. 

3.4 Climate impact 

The present “STABLE achievement” level of lithium-air cell performance, shown in 

Figure 3.1, comes with a large climate impact (almost 300 g CO2 equivalents per km, compared 

with e.g. the EU 95 g CO2 equivalents per km target). The production phase contributes most to 

climate impact. At the long-term goal level, the total climate impact is only 26 g CO2 equivalents 

per km and dominated by losses in the use phase. Note that the presented use phase impacts 

only constitute battery-related losses. The vehicle operation-related (battery-to-wheel) climate 

impact is 89 g CO2 equivalents per vehicle km with average European electricity mix at 594 g CO2 

equivalents per kWh and battery-to-wheel consumption of 0.15 kWh per km. Recycling avoids 

about 10% of production related climate impact in both scenarios [39]. 
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Figure 3.1 Climate impact per vehicle km for the two scenarios [39]. 

 

Detailed climate impact data per vehicle kilometer and per delivered kWh is given in 

Table 3.2. It can be seen that as performance of the cell develops, climate impact decrease 

altogether and is dominated by the use phase. 

Table 3.2 Climate impact per vehicle km and per delivered kWh for the two scenarios [39]. 

Scenario Achievement Long-term goal 

Life cycle stage g CO2-eq/km g CO2-eq/kWh g CO2-eq/km g CO2-eq/kWh 
Production 249 1100 3.2 17 
Use ∗ 69 296 23 124 
Subtotal 318 1396 26 141 
End-of-life -22 -97 -0.29 -1.5 
Total 296 1299 26 140 
∗ The presented use phase impacts cover only battery related losses. The operation in terms of propelling the  
   vehicle is not included. 

3.4.1 Production related climate impact 

As pointed out, climate impact from the production phase is high per km or delivered 

kWh at the present level of development, but decreases rapidly with increasing energy density, 

efficiency, number of charge cycles and depth of discharge as fewer cells are needed per vehicle 

kilometer or delivered kWh. Production related climate impact is fairly evenly distributed among 

the cell components: 37% from the cathode of which 34% are attributed to electrical energy; 

27% from the assembly energy use; 23% from the lithium foil and 5% from the electrolyte, 

accounting for 92% of production related climate impact [39]. 

3.4.2 Use phase climate impact 

Climate impact from the use phase is dominating more and more as the cell develops, 

even though in absolute terms it also decreases (as the cell develops). The use phase climate 

impact stems mainly from battery internal power losses, which are defined by the internal 

efficiency of the battery. A lot of the power passing through the battery is lost as heat: 34% and 
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20% respectively in the achievement and long-term goal scenarios. The extra power needed to 

carry the weight of the battery provides a smaller but significant contribution, especially at lower 

energy density levels when more cells are needed. 

3.4.3 Recycling related climate impact 

Recycling avoids about 10% of production related climate impact in both scenarios. Almost 

all of the avoided climate impact stems from avoided virgin production of lithium foil. The climate 

impact of the recycling processes was assumed to be equal to 50 % of the avoided virgin production. 

The recycling transports give small but not insignificant contributions to climate impact. 

3.5 Abiotic depletion 

At the present level of lithium-air cell performance, the lithium-air cell has a relatively 

large abiotic depletion potential, see Figure 3.2. As performance of the cell develops abiotic 

depletion from Production and End-of-life decreases since less cells are needed. Use phase 

abiotic depletion driven by electricity use then becomes dominant. Recycling avoids about 30% 

of production related abiotic depletion in both scenarios. 

 

Figure 3.2 Abiotic depletion, kg Sb (Antimony) equivalents per vehicle km for the two scenarios [39]. 

Detailed data about abiotic depletion per vehicle kilometer and per delivered kWh is 

given in Table 3.3. 

Table 3.3 Abiotic depletion, kg Sb eq per vehicle km and per delivered kWh for the two scenarios [39]. 

Scenario Achievement Long-term goal 

Life cycle stage kg Sb-eq/km kg Sb-eq/kWh kg Sb-eq/km kg Sb-eq/kWh 
Production 2.10E-06 9.3E-06 2.7E-08 1.5E-07 
Use ∗ 1.1E-07 4.8E-07 3.6E-08 1.9E-07 
Subtotal 2.2E-06 9.7E-06 6.3E-08 3.4E-07 
End-of-life -7.7E-07 -3.4E-06 -1.0E-08 -5.3E-08 
Total 1.4E-06 6.3E-06 5.3E-08 2.8E-07 
∗ The presented use phase impacts cover only battery related losses. The operation in terms of propelling the  
   vehicle is not included. 
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3.5.1 Production related abiotic depletion 

Abiotic resource depletion from the production phase is relatively high per km or delivered 

kWh at the present level of development, but decreases rapidly with increasing energy density, 

efficiency, number of charge cycles and depth of discharge, as fewer cells are needed per vehicle 

kilometer or delivered kWh. Production related abiotic resource depletion stems mainly from 

copper, contributing 89 %. Lithium, the Tetra Ethylene Glycol Dimethyl Ether (TEGDME) electrolyte 

and electricity use (for processing) of the cathode and for assembly contribute from 5 to 1 % [39]. 

These relations between the production related abiotic resource depletion are the same for both 

scenarios since the same materials are assumed for both scenarios. 

3.5.2 Use phase abiotic depletion 

Abiotic resource depletion from the use phase is dominating more and more as the cell 

develops, even though in absolute terms also the use phase abiotic resource depletion decreases 

as the cell develops. The use phase abiotic resource depletion stems almost completely from 

electricity (99 %). 

3.5.3 Recycling related abiotic depletion 

Recycling is calculated to avoid ≈ 30 % of production related abiotic resource depletion in both 

scenarios. Almost all of the avoided abiotic resource depletion stems from avoided virgin production 

of copper. The recycling transports give insignificant contributions to abiotic resource depletion. 

3.6 Ecotoxicity 

At the present level of lithium-air cell performance, the cell shows relatively large 

ecotoxicity compared to the long-term goal, as shown in Figure 3.3. As performance of the cell 

is developing in the future, the use phase power losses become more dominant. 

 
Figure 3.3 Ecotoxicity, Comparative Toxic Unit for ecosystems (CTUe) per vehicle km for the two 

scenarios [39]. 
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Recycling avoids about 30 % of production related ecotoxicity in both scenarios. 

Detailed data is given in Table 3.4. 

Table 3.4 Ecotoxicity, Comparative Toxic Unit for ecosystems (CTUe) per vehicle km and per 

delivered kWh for the two scenarios [39]. 

Scenario Achievement Long-term goal 

Life cycle stage CTUe/km CTUe/kWh CTUe/km CTUe/kWh 
Production 3.6 16 0.0464 0.25 
Use ∗ 0.6 2.8 0.214 1.1 
Subtotal 4.2 19 0.3 1.4 
End-of-life -1.1 -4.8 -0.0142 -0.076 
Total 3.1 14 0.2 1.3 
∗ The presented use phase impacts cover only battery related losses. The operation in terms of  
   propelling the vehicle is not included. 

3.6.1 Production related ecotoxicity 

Ecotoxicity from the production phase is high per km or delivered kWh at the present 

level of development, but decreases rapidly with increasing energy density, efficiency, number 

of charge cycles and depth of discharge as fewer cells are needed per vehicle kilometer or 

delivered kWh. Production related ecotoxicity is fairly evenly distributed among the cell 

components: 67% from the copper tab; 10% from the lithium foil, 9% from the electricity used 

for the cathode; 8 % from the assembly energy use; and 2 % from the electrolyte accounts for 

more than 90% of production related ecotoxicity [39]. 

3.6.2 Use phase ecotoxicity 

Ecotoxicity from the use phase is dominating more and more as the cell develops, even 

though in absolute terms also the use phase ecotoxicity decreases as the cell develops. The use 

phase ecotoxicity stems mainly from electricity during the use phase (99 %). 

3.7 Dominance analysis 

In Table 3.5 can be seen that electricity, copper and lithium dominate the Production 

phase and electricity completely dominate the Use phase in all impact categories. Toxicity was 

calculated as two human toxicity scores (cancer and non-cancer related) and one ecotoxicity 

score. Non-cancer human toxicity was found to give around ten times higher morbidity rate 

than cancer-related human toxicity. In this chapter, only ecotoxicity is presented. From a 

dominance perspective, ecotoxicity represents well in particular non-cancer human toxicity, 

see Table 3.5. 
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Table 3.5 Dominance analysis [39]. 

Life cycle phase impact category Production Use End-of-life 

Climate impact 

Electricity (54%) 
Lithium (23%) 

Gas (8%) 
TEGDME (4%) 

Electricity (99%) 

Lithium (-105%) 
Copper (-6%) 

Polypropylene (-4%) 
Transport (15%) 

Abiotic depletion 
Copper (89%) 
Lithium (5%) Electricity (99%) 

Copper (-96%) 
Lithium (-5%) 

Transport (1%) 

Toxicity-cancer 
Copper (35%) 
Lithium (26%) 

Electricity (24%) 
Electricity (99%) 

Copper (-59%) 
Lithium (-44%) 
Transport (3%) 

Toxicity non-cancer 
Copper (79%) 
Lithium (8%) 

Electricity (8%) 
Electricity (99%) 

Copper (-92%) 
Lithium (-10%) 
Transport (2%) 

Ecotoxicity 
Copper (67%) 

Electricity (17%) 
Lithium (10%) 

Electricity (99%) 
Copper (-88%) 
Lithium (-14%) 
Transport (2%) 

3.8 Toxicity considerations 

From the dominance analysis can be seen that toxicity stems from production of electricity, 

copper and lithium. There is consensus that metals are not well modeled in LCA [41]. The lithium 

process scores high in toxicity due to emissions of chromium, nickel, arsenic and mercury associated 

with the lithium production. On the other hand, it is not that clear where emissions of lithium would 

happen, thus such emissions are not modeled fully. Volatility of some lithium-containing electrolyte 

may provide a source of lithium contamination, but there are no dedicated reports of lithium 

emissions during full battery pack operation for lithium-air systems [39]. 

Lithium-ion batteries in uncontrolled landfills would leach out metals above current US 

regulatory limits [42]. Impact assessment methods have not taken lithium and aluminum into account 

due to lack of toxicity data in the models, i.e. there is no data on lithium emissions from landfills nor 

are there characterization factors available to translate such emissions into toxicity impacts. 

The TEGDME electrolyte and the organic N-Methyl-2-Pyrrolidone (NMP) solvent used in the 

manufacturing of the cathode are both considered toxic. Due to lack of data, potential emissions of 

these substances were not modeled in any phase. Both substances could potentially leak out in the 

working environment and TEGDME emissions might also occur during the use of the battery cell [39]. 

As pointed out above, tradeoffs between tailpipe emissions, material resource use and 

toxicological impacts need to be assessed in LCAs of vehicles. 

In view of above, it seems reasonable to be extra cautious when interpreting LCA toxicity 

scores for lithium batteries. Until the recommended developments are achieved, known toxic 

materials should be considered also outside of the LCA. 
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3.9 Potential of Lithium Air cell 

At the long-term goal level, production related climate impact is only 3 g CO2 equivalent 

per km which is a factor of 4-9 lower than today’s best battery technology. The potential gains 

in performance are so large that a battery with lithium-air cell functioning at the long-term goal 

level would most probably be very competitive, even if controlled oxygen supply is needed for 

its proper functioning [37, 43]. The actual environmental footprint of a distant industrial scale 

manufacturing of lithium-air batteries will probably be higher due to intentional exclusions, like 

cell electronics and oxygen supply, or unintentional exclusions because of lack of knowledge and 

lower due to improved, up-scaled and/or different manufacturing processes. In conclusion, the 

currently predicted environmental impact could be higher or lower or roughly equal to that of a 

fully functional commercial LAB in the future. 

3.10 Recycling 

By recycling the battery cell, 10-30 % of production related environmental impact could be 

avoided. However, it is important to point out that at present there is no dedicated recycling activity 

for lithium traction batteries and that the economic return for recycling is quite poor [44, 45]. Thus, 

recycling of lithium batteries will probably not happen unless it is legally enforced worldwide, as it 

currently is in Europe (EC 2006). In this respect, LCA may be important in guiding policy and providing 

a starting basis for quantitative assessment for possible lithium battery recycling. This emphasizes 

the need to develop LCA toxicity impact methods in order to properly assess lithium. Resource supply 

considerations will also be a motivation for recycling of scarce materials used in traction batteries. 

In view of the above, it is recommended that future battery cell development projects already at the 

design stage should consider how the battery and cell should be recycled. 
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CHAPTER 4 

Electrochemical energy systems 

4.1 Introduction 

The enormous growth in world population, particularly in the developing world, coupled 

with technological developments are considered as the key factors behind the immense increase in 

electrical energy consumption over the past half century. Further increases in the world energy 

consumption are expected with its energy demand projected to be doubled by the middle and 

tripled by the end of the century [46] as a result of further population growth (with world population 

expected to reach 9 billion by 2048) and increased electrical energy demands in industrial and 

commercial sectors [47]. Currently, fossil fuels such as oil, gas and coal are the primary sources of 

energy, with more than 85% of the world’s total energy generation achieved through these 

conventional sources [48]. Over-reliance on fossil fuels for production of energy has led to numerous 

environmental challenges including poor air quality, unexpected climatic variations, water/soil 

contamination and a colossal increase in greenhouse gas emissions [49, 50]. To contain or reverse 

these trends, deployment of more sustainable and low carbon or even carbon free renewable 

sources of energy such as wind, solar or tidal are essential. However, these renewable sources of 

energy are location - specific and, in some cases unpredictable in nature and therefore operational 

flexibility is key for their integration into the power systems. This flexibility is attainable when using 

appropriate energy storage technologies that can help in managing fluctuations and mismatches in 

energy supply and demands, ultimately improving the efficiencies in energy and power supply 

systems by reducing the gap between production and consumption. Furthermore, growth in energy 

proportion added to national grid through the integration of renewable sources such as wind and 

solar results in curtailments which can be addressed by using appropriate storage technologies [51]. 

There are a broad range of energy storage and conversion technologies available including chemical, 

thermochemical, mechanical, electrical and electrochemical storage systems. Among these, 

electrochemical energy storage and conversion systems such as electrochemical capacitors/ 

batteries and fuel cells respectively, have received the most intensive attention and have been 

adopted in everyday applications due to their high columbic efficiencies. Basically, energy storage 

devices perform two important tasks-(a) time shifting bulk energy from renewables production to 

time of energy demand (supplied by batteries + fuel cells) (b) production of clean, stable power and 

frequency, avoiding voltage spikes (important for digital economy) by supercapacitors and high 

power batteries. However, challenges related to their durability, high cost, environmental concerns, 
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and operability problems must be addressed in order to improve their effectiveness and further 

increase uptake [52, 53]. Environmental impact of lithium mining including human health, effect on 

biodiversity and availability of clean/fresh water for consumption and agriculture use are other key 

concerns. Since major lithium reserves are located in salt lakes and pans where lithium is extracted 

through evaporation and flooding of reserves with fresh water [54]. Similarly, electrochemical 

capacitors (ECs) have inferior energy densities whereas fuel cells have operability and system issues 

[55, 56]. 

A diverse range of energy storage and conversion devices is shown in Figure 4.1 based 

on their energy delivery time varying with the type of mechanism involved in energy storage or 

conversion systems. 

 

Figure 4.1 Classification of electrical energy storage and conversion devices [57]. 

For example, electrochemical capacitors are considered as high-power density devices 

and their delivery time is in the range of few seconds to minutes since these devices utilize only 

the material on the electrode surface unlike batteries or fuel cells where bulk of the material is 

involved in energy storage and conversion respectively. Other characteristics of these devices 

vary as well due to the fundamental difference in the mode of energy storage or conversion. 

4.2 Electrochemistry at a glance 

Electrochemistry involves chemical phenomena associated with charge separation. Often 

this charge separation leads to charge transfer, which can occur homogeneously in solution, or 
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heterogeneously on electrode surfaces. In reality, to assure electroneutrality, two or more charge 

transfer half-reactions take place, in opposing directions. Except in the case of homogeneous redox 

reactions, these are separated in space, usually occurring at different electrodes immersed in 

solution in a cell. These electrodes are linked by conducting paths both in solution (via ionic 

transport) and externally (via electric wires etc.) so that charge can be transported. If the cell 

configuration permits, the products of the two electrode reactions can be separated. When the sum 

of the free energy changes at both electrodes is negative, the electrical energy released can be 

harnessed (batteries). If it is positive, external electrical energy can be supplied to oblige electrode 

reactions to take place and convert chemical substances (electrolysis) [58]. 

4.3 The nature of electrode reactions 

Electrode reactions are heterogeneous and take place in the interfacial region between 

electrode and solution, the region where charge distribution differs from that of the bulk phases. 

The electrode process is affected by the structure of this region. However, we first assume that 

there is no effect apart from charge separation. At each electrode, charge separation can be 

represented by a capacitance and the difficulty of charge transfer by a resistance. For the rest of 

this and the ensuing sections we consider only one of the electrodes [58]. 

The electrode can act as only a source (for reduction) or a sink (for oxidation) of electrons 

transferred to or from species in solution, as in 

O + ne� → R                                                                 (4.1) 

Where O and R are the oxidized and reduced species, respectively. 

Alternatively, it can take part in the electrode reaction, as in dissolution of a metal M: 

M → M
� + ne�                                                             (4.2) 

 In order for electron transfer to occur, there must be a correspondence between the 

energies of the electron orbitals where transfer takes place in the donor and acceptor. In the 

electrode this level is the highest filled orbital, which in a metal is the Fermi energy level, EF. In 

soluble species it is simply the orbital of the valence electron to be given or received [58]. 

Thus: 

 for a reduction, there is a minimum energy that the transferable electrons from the 

electrode must have before transfer can occur, which corresponds to a sufficiently 

negative potential (in volts) 
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 for an oxidation, there is a maximum energy that the lowest unoccupied level in the 

electrode can have in order to receive electrons from species in solution, corresponding 

to a sufficiently positive potential (in volts). 

The values of the potentials can be controlled externally. In this way we can control which way 

an electrode reaction occurs and to what extent. 

4.4 Electrochemical Energy Storage and Conversion Systems 

4.4.1 Introduction 

Electrochemical Capacitors (ECs)/batteries and fuel cells are key electrochemical energy 

storage and conversion technologies respectively, used in commercial applications with their 

particular selection dependent on performance limitations such as energy densities, power 

densities, and cycle life. 

Electrochemical batteries and fuel cells are considered as high energy density devices with 

typical gravimetric energy densities in the range of 100-200 Wh kg-1 and 600-1200 Wh kg-1 respectively, 

whereas current ECs have significantly lower energy densities with typical values typically between 

0.05-30 Wh kg-1 [59]. However, ECs are considered as high-power density devices with very short 

charge/discharge times (of the order of seconds) which is difficult to achieve by other electrochemical 

energy storage and conversion devices. Figure 4.2 shows a comparison of specific energy, specific 

power and their delivery timescale for different energy storage and conversion devices.  

 
Figure 4.2 Energy density, power density and delivery timescale for different energy storage and 

conversion devices [60]. 

At present, none of these devices has the capability to meet the wide spectrum of 

requirements demanded by the diverse range of renewable energy sources such as wind, tidal 
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and solar. However, they can respond to a broad rang requirements such as fast 

charge/discharge, peak power demands and high energy storage needs over a longer period of 

time when used in a combination of two or more. 

4.4.2 Electrochemical Capacitors 

Electrochemical Capacitors (ECs), also known as Supercapacitors (SCs) or Ultra-capacitors 

(UCs), are electrochemical energy storage devices having Energy Densities (EDs) higher than 

electrostatic capacitors but lower than electrochemical batteries, as shown in Figure 4.2. ECs can 

bridge the energy gap in the range of 10-2 to 10 Wh kg-1 between electrochemical batteries and 

electrostatic capacitors as shown in Figure 4.2. 

Their other distinctive properties include high power densities, remarkably long cycle life 

and good capacity retention. According to their charge storage mechanism, ECs can be further 

classified into three categories of Electric Double Layer Capacitors (EDLCs), Pseudo-Capacitors 

(PCs) and Hybrid Capacitors (HCs). Electric Double Layer Capacitors (EDLCs) store electric energy 

by storing electric charge through the formation of an electric double layer at the 

electrode/electrolyte interface upon polarization, where their capacitance is substantially higher 

than the capacitance of a conventional electrostatic capacitor due to very high specific surface 

areas and charge separation of only a few Ångstroms. In the case of ideal electric double layer 

behaviour, cyclic voltammograms are rectangular in shape with a voltage independent current and 

linear charge/discharge curves as shown in Figure 4.3 (a–c) [61].  

 

Figure 4.3 Schematic CV profiles (a, b, d, e, g, h) and corresponding galvanostatic discharge 

curves (c, f, i) for different type of electrode materials [64]. 
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Capacitor-like behaviour involving electrochemical, rather than physical, charge storage has 

been demonstrated in so-called pseudo-capacitive materials in Ecs [62], which occupies the middle 

ground between EDLCs and battery like capacitor as shown in Figure 4.3 (d–f). Pseudo-capacitive 

charge storage benefits from voltage-dependent electrochemical electronic transfer, which is known 

as Faradic charge storage [233] and is similar to that of battery storage, whereas, hybrid capacitors 

involve both physical and chemical (battery-like) charge storage mechanisms (with noticeable and 

separated peaks associated with the reduction and oxidation) as shown in Figure 4.3 (g,h). The 

charge/discharge behaviour of batteries/battery like capacitors is non-linear and symbolized by 

plateaus of nearly constant potential corresponding to the potentials at which the Faradaic reduction 

or oxidation occurs as shown in Figure 4.3 (i) [63, 64]. 

Table 4.1 shows the material selection criteria and performance parameters for different 

types of electrochemical capacitors. 

Table 4.1 Material selection and performance characteristics of ELDCs, PCs and HCs [57, 65-77, 78-80]. 

 

EDLCs are the best performing devices in terms of power densities but they suffer from low 

energy densities when compared with PCs or HCs. The development of novel materials and new types 

of supercapacitor devices such HCs (symmetric, asymmetric and battery type) has potentially opened 

up new routes to address some of the deficiencies of EDLCs. However, these new generation devices 

are at their initial stages of development and require substantial further research and development 

efforts to respond to required energy/power densities in a wide range of practical applications [57]. 

4.4.3 Electrochemical Batteries 

4.4.3.1 Rechargeable Batteries - Introduction 

As the oldest technology for electrical energy storage (EES), rechargeable batteries are 

extensively used in everyday life and industrial applications [81]. An electrochemical battery consists 

of electrochemically active positive (anode) and negative (cathode) electrodes and liquid or solid 

electrolytes and stores energy in the form of electric charge and chemical energy in its electrodes’ 
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electroactive materials. During the discharge cycle, electrochemical reactions occur at both cathode 

and anode simultaneously, a circuit is completed with the flow of electrons through external circuit 

where electrons originating from anode are collected at the cathode. Whereas during the charging 

cycle the reverse reaction takes place and the battery is recharged through the application of an 

external potential at both electrodes, as shown in Figure 4.4 [82].  

 
Figure 4.4 A typical charge and discharge cycle of an electrochemical battery cell [83]. 

Complete chemical reactions (anodic/cathodic) for some of the most widely 

commercialized battery systems are given in Table 4.2. 

Table 4.2 Chemical reactions and single unit voltages of different battery systems [57, 84-86]. 

 

Commercially available rechargeable batteries are usually available in four different 

shapes i.e., coin, cylindrical, prismatic, and pouch cells as shown in Figure 4.5. 

Electrochemical batteries can be used in a wide range of applications including energy 

management, transportation, power quality and ride-through power. Installation of battery 

storage is reasonably straightforward due to flexibility of location and short installation time 

[234]. Despite these benefits, there are major barriers for their applications in large-scale 

facilities. These obstructions include relatively low cyclability, comparatively high maintenance 
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cost and inferior power densities. Recycling of spent batteries is another factor which plays a key 

role for the selection of different battery systems for energy storage applications [88]. 

 
Figure 4.5 Schematic illustration of a typical rechargeable battery cell in different configurations: 

(a) coin, (b) cylindrical, (c) prismatic and (d) pouch shaped [87]. 

Batteries are subdivided into primary and secondary batteries. Non-rechargeable batteries, 

often called primary batteries, are designed not to be recharged once they discharge energy [89]. 

However, it has been reported [90, 91] that these batteries are tiny, light, cheap, and straightforward 

sources of electricity that are appropriate for a wide range of portable equipment. On the other 

hand, a secondary battery is rechargeable, since it may be electrically recharged after it has been 

discharged [92, 93]. This is because secondary batteries operate based on reversible redox reactions, 

and the reversible reactions realize the charge-discharge functions. Secondary batteries, like lithium-

ion, lead-acid, zinc-air, nickel-cadmium, etc., can be recharged several times. 

4.4.3.2 Lithium-Ion Batteries (Li-ion) 

Lithium-ion batteries are currently the most frequently used electrical energy storage 

technology for a wide range of commercial applications. The main consumption of Li-ion batteries at 

present is the portable electronic sectors where their excellent properties such as exceptionally low 

maintenance, excellent cyclability, high voltage (~3.6 V), low self-discharge and very high specific 

energy led to the displacement of nickel-based battery systems (Ni-Cd and NiMH) which had previously 

predominated the battery market. Li-ion batteries are also becoming more common in applications 

such as electric/hybrid electric vehicles (EVs and HEVs), the military and aerospace industries [94-96]. 

Graphite, with its layered structure, is the key anode material for Li-ion batteries however, 

some acceleration in research activity around non-graphitic carbons, metal oxides and their 

composites has been witnessed recently [97-99]. Lithiated metal oxides (lithium cobalt oxide, 

lithium iron sulphates, lithium nickel cobalt aluminum oxide, lithium nickel manganese cobalt 

oxide and Li manganese oxide) are used as cathode materials for Li-ion batteries [100, 101]. 

Institutional Repository - Library & Information Centre - University of Thessaly
28/07/2024 03:22:54 EEST - 52.15.221.227



 
 29 

Conventional Li-ion batteries use liquid electrolytes, which consist of lithium-based salts (e.g., 

LiPF6, LiClO4 and LiAsF6) dissolved in an organic solvent (such as C4H8O3, C3H6O3, C4H6O3 and 

C5H10O3). Selection of appropriate organic solvents is crucial since they play a fundamental role in 

improving Li-ion mobility, which ultimately improves overall performance of the battery cell and 

is also crucial to the safety of the device [102]. New state-of-the-art all solid-state batteries, also 

known as Li-ion polymer batteries where Li salt containing highly conductive polymer gels replace 

the conventional liquid Li based salts as electrolyte are becoming commercially available [235]. Li-

ion polymer batteries are mainly popular for portable electronics like mobile phones, ultra-slim 

laptops and wearable electronics due to their leakage free compact and light cell structure 

[103, 104]. Material composition by percentage weight of different commercially used Li-ion 

batteries used in various applications including Plug-In Hybrid Electric Vehicles (PHEV) where 20 

and 40 are all electric range in miles, electric vehicles (EVs) and laptops is provided in Table 4.3. 

Table 4.3 Composition of leading Li-ion batteries [57, 105]. 

Component Typical Material 
PHEV 

20o 

PHEV 

40o 
EV Laptop 

Cathode LiCoCO2, LiMn2O4 LiNiO2 36 40 33 25 
Anode Graphite (LiC6) Li4Ti5O12, Cu 31 29 21 20 

Electrolyte b ECM c Propylene carbonate LiPF6, LiBF4, LiClO4 11 12 7 12 
Separator PP 2 1 4 3 

Case Steel, PE/PP, Al, Cu, Fe 20 17 19 40 
Others a Cu, PE/PP, Steel   16  

a Other denotes materials like binders, recipe ingredients, and control circuitry, insulation. Includes solvent. 
b Argonne model; LiNi0.8Co0.15Al0.05O2 cathode and graphite anode batteries. c Ethyl-Methyl-Carbonate. 

Like other electrochemical battery systems, in Li-ion batteries the ions move from anode to 

cathode by passing through electrolyte and separator while electron flow through external circuit 

completes the electrochemical reaction. During the discharge cycle, the reaction proceeds in the 

reverse direction, as shown in Figure 4.4. A complete electrochemical reaction for Li-ion batteries is 

given in Table 4.2, based on the intercalation and de-intercalation of lithium ions [57]. 

Performance parameters such as energy/power densities, safety, stability and cyclability 

of lithium-ion batteries are continually improving as a result of the introduction of new materials 

(anode, cathode and electrolyte) and improvement in battery technology (stock design, reduced 

self-discharge and weight). Despite their outstanding characteristics, Li-ion batteries are still 

lagging behind in some key areas such as their high cost when compared with their counterparts 

such as lead acid or sodium ion batteries, which originates from the high lithium cost resulting 

from limited availability and sporadic geographical distribution of elemental lithium reserves. 

Moreover, at temperatures over 30 °C there is a considerable drop in capacity retention and 
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cyclability over longer period of time in Li-ion batteries. Another major issue which surrounds Li-

ion batteries is their operational safety, since additional protection circuits are required to limit 

circuit currents and voltages for their safe operation to avoid overloading [87]. Currently 

research is under way to address these issues and improve battery technology even further in 

order to enhance the suitability of Li-ion batteries for a wider range of applications. 

4.4.3.3 Lead-Acid Batteries (Pb-A) 

The lead-acid (Pb-A) battery was invented by French physicist Gaston Planté in 1859. In 

a standard Pb-A battery cell PbO2 is used as the cathode and Pb as the anode with sulphuric acid 

used as an electrolyte. The chemistry of this type of battery system is considered mature, robust 

and well understood, with Pb-A batteries considered one of the most technologically developed 

and commercially successful battery systems [106, 107]. The complete composition of the 

various constituents of these batteries by percentage weight is given in Table 4.4. Lead-acid 

batteries retain the largest market share both in terms of production capacity (MWh) and sales 

volume, the automotive industry being the principal user with secondary markets for other 

industries such as standby and emergency power sources, portable electronic devices and 

telecommunications/data networks applications, making it the market leader [108]. Lead acid 

battery systems are based on particularly complex primary and secondary electrochemical 

reactions. Cathode and anode are comprised of lead peroxide (PbO2) and sponge lead (Pb) on 

lead lattice respectively using water and sulphuric acid solutions as electrolyte. During complete 

reversible charge/discharge reactions lead and lead peroxide are converted into lead sulphate 

(PbSO4) [109], complete electrochemical reaction is given in Table 4.2. 

Table 4.4 Composition (by percentage weight) of two leading Pb-A batteries [57, 110, 111]. 

Material (%) Industrial EV battery 

Lead 25 69 ∗ 
Lead oxide 35  

Polypropylene 10 4 
Sulphuric acid 10 11 

Water 16 18 
Glass 2 4 

Antimony 1  
∗ 1:3 ratio of lead to lead oxides 

Lead-acid batteries can be further divided into two groups: valve regulated and sealed 

lead-acid batteries. Valve regulated batteries have valves installed in order to release excess 

pressure generated at positive electrode during oxygen reduction reaction whereas sealed lead-

acid batteries with innovative and improved technology, known as Valve Regulated Lead Acid 
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(VRLA) based battery cells, were introduced between 196 and 1975 and are completely sealed 

[112, 113]. VRLA based battery systems are more compact in size than valve regulated cells making 

them more useful for small scale applications such as small portable devices. In contrast, valve 

operated battery systems can be readily scaled up, resulting in higher storage capacity leading to 

a broader application base such as in emergency lighting, uninterruptible power supplies (UPS) 

and as energy sources for power telecommunication. Although, VRLA technology did not improve 

the operating performance (energy/power densities) of Pb-A based battery systems they resulted 

in additional benefits due to lower electrolyte content, including a lower level of maintenance, 

improved reliability and most importantly it is easier for them to meet airfreight and 

transportation regulations. Other benefits of Pb-A batteries include fast response times, small daily 

self-discharge rates (< 0.3 %), relatively high cycle efficiencies (~ 63-90 %) and low capital costs 

[114-116]. Other advantageous properties of lead-acid batteries which make them a commercially 

attractive technology include cost-effectiveness, excellent rate capability, outstanding charge 

retention and good performance over wide temperature ranges. 

Despite these beneficial properties, lead-acid batteries suffer from short life span (300-

500 cycles), pose environmental concerns, possess a relatively poor energy density (40 Wh kg-1) and 

suffer acid stratification [108, 117]. Moreover, VRLA based Pb-A batteries suffer from ‘dry out’ 

failures and perform poorly at low temperatures, requiring temperature controlled voltage 

management systems to address these issues which increases the overall cost of a battery system 

[118, 119]. In order to address the performance and operational issues of lead acid batteries, 

currently R&D in Pb-A batteries focuses on: (a) material innovation for battery performance 

enhancement such as cyclability and deep discharge capability improvements; (b) reduction in 

response time; (c) optimization of battery technology for their commercialization in a wide range of 

applications including transportation sector and photovoltaic power integration [120]. 

4.4.3.4 Nickel-Cadmium Batteries (Ni-Cd) 

The Nickel-Cadmium battery system was first patented by Swedish engineer Waldemar 

Jungner in 1899 [121]. Metallic cadmium and nickel hydroxide are used as anode and cathode 

respectively along with an aqueous alkali solution such as potassium hydroxide (KOH) as an 

electrolyte which does not undergo significant changes during operation. Anode and cathode 

are separated by a three-layer porous polymeric separator which normally consists of 

nylon/polypropylene/nylon layers assisting in electrolyte diffusion [122]. The material 

composition of a typical nickel-cadmium battery is given in Table 4.5, where it can be seen that 

the fundamental material composition can vary substantially depending on application. In a Ni-

Institutional Repository - Library & Information Centre - University of Thessaly
28/07/2024 03:22:54 EEST - 52.15.221.227



 
 32 

Cd Cell Ni is reduced (NiOOH → Ni(OH)2) at the cathode during the discharge cycle and cadmium 

(Cd) is oxidized (Cd → Cd(OH)2) at the anode. During charging the reverse reactions take place. 

However, during the discharge cycle oxygen and hydrogen are produced at the positive and 

negative electrodes, respectively requiring the addition of water and venting [123]. The 

complete chemical reaction scheme for the operation of a Ni-Cd battery system is given in 

Table 4.2. The composition of the various constituents of Ni-Cd batteries by percentage weight 

used for automotive and portable electronic applications is given in Table 4.5. 

Table 4.5 Typical materials composition (by percentage weight) of the Nickel-Cadmium Battery 

types used for automotive and portable electronic applications [57, 110, 124]. 

Material (%) Automotive Portable Electronic 

Cd 25 16.4 
Ni powder 20 20.5 

Ni(OH)2 17 8.1 
KOH 5 3.5 

Plastic 3 3.7 
Steel & copper 16 39 

Water 12 8 
Others 2  

Nickel-Cadmium batteries operate on the same working principle as other 

electrochemical battery systems but with two distinctive designs, one a completely sealed cell 

and other with a vent to release gases (oxygen and hydrogen) [125, 126]. Sealed cells are used 

in everyday life whereas vented Ni-Cd batteries are used in aircraft and diesel engine starters, 

where large energy per weight and volume are critical [127]. The Ni-Cd battery system offers 

advantageous properties including fast charge/discharge and long cycle life (they can complete 

up to 3000 cycles). They can tolerate deep discharge rates without any capacity loss and have 

good size flexibility (ranging from small portable devices to large vented cells) in comparison to 

other battery systems such as the lead acid batteries. Ni-Cd batteries were widely used and had 

the largest market share until the 1990s in applications such as standby power sources and 

portable applications, before losing market share to other, superior, rechargeable battery 

systems such as LIBs [128-129]. The disadvantageous characteristics of the Ni-Cd system, such 

as environmental concerns due to cadmium toxicity and their high production cost (nearly ten 

time higher than lead-acid batteries) limit their wider use. Another drawback of Ni-Cd batteries 

is that they suffer from ‘memory’ issues which limit their capacity if they are un-used for 

extensive periods or not discharge completely before charging [130, 131]. 
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4.4.3.5 Nickel-Metal Hybrid Batteries (Ni-MH) 

Nickel metal hydride (Ni-MH) battery technology is a further development of nickel-

cadmium batteries with the key objective of addressing two fundamental issues-high cadmium 

cost and environmental concerns. Ni-MH batteries can be considered an improved form of Ni-

Cd batteries since both have similar configurations, with identical cathode and electrolyte 

material. The primary difference is that the anode in Ni-MH is replaced with an hydrogen 

absorbing alloy [132]. Additionally, cell voltages and charge/discharge curves are also identical 

for both battery systems. As shown in Table 4.2, similar to lithium-ion batteries in which Li ions 

transfer between the electrodes during the operation of the battery, in the overall cell reaction 

of a Ni-MH batteries, hydrogen is transferred from one electrode to the other [133]. The very 

simple electrochemical reactions of Ni-MH batteries provide the basis for their long cycle life 

(~ 500 cycles) and fast kinetics (high power densities, typically ≥ 1000 W kg-1/2. The typical 

material composition of leading Ni-MH batteries is outlined in Table 4.6. 

Table 4.6 Composition (by weight percentage) of two leading Ni-MH batteries [57, 134]. 

Material NiMH-AB2 a Percentage NiMH-AB5 b Percentage 

Ni 12 15 
Ni(OH)2 12 15 

M: Ni, Ti, V, Zr 13  
M: La, Nd, Pr, Ce  8 

KOH 3 3 
PP 5 5 

Steel 44 44 
Others 11 10 

a Anode materials consists of titanium (Ti), zirconium (Zr), Ni and vanadium (V). 
b Anode based on metals from lanthanum (La) to lutetium (Lu). 

NiMH batteries are inferior to Li-ion cells however, some of their key characteristics that 

make them preferable choice over Ni-Cd technology, particularly for applications in portable 

electronic devices include: an insignificant memory effect, outstanding performance over a wider 

temperature range, rapid charging (they can be fully charged within an hour) and a high energy 

density (50 % higher than the energy density of Ni-Cd batteries) [135, 136]. Electric/hybrid electric 

vehicles (EVs/HEVs) such as the Toyota Prius are significant users of Ni-MH batteries. Applications of 

Ni-MH batteries depend on the nickel-metal hydride cell’s chemistry, where the cell offers tolerance 

to both overcharge and over-discharge through gas recombination reactions. This results in a 

maintenance free battery cell since there is no pressure build up even inside a totally sealed battery 

cell. This extraordinary capability of the Ni-MH cell eliminates the requirement for cell voltage 
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monitoring, which results in simplified battery management systems (BMS) as compared with other 

high energy density systems such as sodium-sulphur and lithium-ion systems [137, 138]. 

The applications of Ni-MH batteries are declining with time due to collective effects of 

the development of other efficient battery technologies (such as lithium-ion batteries) and the 

deficiencies of Ni-MH battery systems. The principal drawback of Ni-MH cells is their very high 

self-discharge rate (up to three times that of Ni-Cd batteries and even higher when compared 

with other rechargeable battery systems such as lead-acid or lithium-ion) which results in a Ni-

MH battery losing up to third of its charge within a month even without being used. The self-

discharge issue of the battery is less noticeable in applications such as EVs/HEVs due their 

frequency of use, but it becomes more prominent in occasionally used portable electronic 

devices. Other disadvantages include a high material cost which makes them less competitive to 

other rechargeable batteries such as lithium-ion in longer term [139, 140]. 

4.4.3.6 Comparison of different rechargeable battery types 

The key objective of all rechargeable battery systems is to increase their energy densities 

without compromising on their power densities, while simultaneously restricting their mass and 

volume to allow the diversification of their applications. Figure 4.6 illustrates the relationship 

between energy and power densities of various commercialized rechargeable battery systems 

among them the Li-ion battery shows the highest gravimetric and volumetric energy densities.  

 
Figure 4.6 Graphical comparison of different rechargeable battery technologies in terms of their 

volumetric and specific energy densities. The arrows indicate the direction of development to 

reduce battery size and weight [141]. 

These are the main characteristics which make Li-ion batteries commercially successful 

electrical energy storage technology. 

An ideal battery system needs to possess high energy/power densities coupled with fast 

charge/discharge rates, operational safety, and appropriate cyclability. The advantages and 
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disadvantages of the four rechargeable battery systems discussed above are summarized in 

Table 4.7, which gives a comprehensive understanding of the different characteristics of these 

rechargeable battery systems. 

Table 4.7 Advantages and disadvantages of different battery systems [57, 142]. 

Battery Type Advantages Disadvantages 

Lead-acid 

1. Mature technology 
2. Word wide production 
3. Low material cost 
4. No memory effect 
5. Low self-discharge rate 
6. Relatively low capital cost 

1. Short cycle life 
2. Modest energy/power density 
3. Long charging time 
4. Safety issues (gas discharge) 
5. Temperature sensitive output 
6. Poor reliability 

Lithium-ion (Li-ion) 

1. Long cycle life 
2. High round trip efficiency 
3. Global R&D efforts 
4. Relatively fast charging 
5. Highly reliable 
6. Low discharge rates 
7. Excellent energy/power density 

1. High capital cost 
2. Safety issues (Thermal runaway) 
3. Material bottle concerns 
4. Poor recovery/recycling 
5. Advanced battery management 

systems required 

Nickel metal hydride 
(NiMH) 

1. Modest initial cost 
2. Acceptable energy/power density 
3. Modest round-trip efficiency 
4. Highly reliable 
5. Excellent safety record 
6. Relatively fast charging 
7. Eco-friendly materials 
8. Low operational maintenance 

1. Higher self-discharge rate 
2. Memory effect 
3. Relatively short cycle life 
4. Poor recovery/recycling 

Nickel-cadmium 
(Ni-Cd) 

1. Comparatively low capital cost 
2. Highly reliable 
3. Mature technology 
4. Superb safety record 
5. Wide operating temperatures 
6. Relatively fast recharge 
7. Excellent cycle life 
8. Low operational maintenance 

1. Modest energy/power density 
2. Memory effect 
3. Relatively poor round trip 

efficiency 
4. Reliance on hazardous cadmium 

4.4.3.7 Flow Batteries 

A flow battery system is comprised of two external liquid electrolyte tanks connected to 

a cell stack and separated by an ion selective membrane, as shown in Figure 4.7. 

Electrolytes are pumped from electrolyte tanks to the cell stack where operation is based 

on reduction-oxidation reactions of the electrolyte solutions. Electrical energy is converted into 

chemical energy during charging, when one electrolyte is reduced at the cathode and the other 

electrolyte is oxidized at the anode. During the discharge phase the same process is completed 

in reverse direction [143]. 
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Figure 4.7 Schematic representation of a redox flow battery [144]. 

Flow batteries can be classified into two groups: hybrid flow batteries and redox flow 

batteries. Properties such as design flexibility and scalability, low toxicity, safety, durability and 

un-limited capacity make flow batteries a favorable option compared with currently available 

electrochemical energy storage technologies for energy storage in large scale applications [145-

147]. The shortcomings of flow batteries include a comparatively high manufacturing cost, 

inferior performance resulting from non-uniform pressure drops and reactant mass transfer 

limitations and highly complicated system requirements when compared with other 

rechargeable batteries [148, 149]. Some of the most technologically mature flow battery 

systems include vanadium redox flow battery (VRB), zinc bromine (ZnBr) flow battery and 

polysulfide bromine (PSB) flow battery. These battery systems are still at research stages and 

have not seen widespread applicability and commercialization when compared with 

commercialized rechargeable batteries. 

4.4.3.8 Lithium-air (oxygen) batteries 

In its simplest form, the lithium-air cell brings together a reversible lithium metal 

electrode and an oxygen electrode at which a stable oxide species is formed. There are two 

variants of rechargeable Li-air technology - a non-aqueous and an aqueous form, both of which 

offer at least ten times the energy-storing capability of the present lithium-ion batteries [190-

193]. Figure 4.8 provides a schematic view of the two versions. In both, the cathode is a porous 

conductive carbon which acts as the substrate for the reduction of oxygen, while the anode is 

metallic lithium [236]. 
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Figure 4.8 Schematic representation of two contemporary versions of the lithium-air battery - 

(A): non-aqueous version, similar to Li-ion and (B): aqueous, with Li+-permeable membrane 

protecting the lithium anode [182]. 

For the non-aqueous system, the reduction of oxygen ends with formation of peroxide, 

so that the overall reaction follows Equation (4.3). 

2Li�s� + O��g� → Li�O��s�                                                    (4.3) 

A cell based on this reaction has an open circuit voltage of 2.96 V and operates at specific energy 

values ranging between 3460 and 11680 Wh kg-1. During discharging, the cell draws in oxygen 

and thereby gains mass, while it loses mass during charging, so that specific energy reaches a 

maximum when fully charged [237]. 

In the aqueous form of lithium-air battery, water is involved in the reduction of oxygen, 

while the lithium electrode must be protected from reaction with water, usually by means of a 

lithium-ion-conducting solid electrolyte such as LISICON. Typically the electrolyte solution is a 

saturated solution of LiCl and LiOH and the favored reduction product is a hydrated lithium 

hydroxide, according to Equation (4.4). 

4Li�s� + 6H�O�l�  + O��g� → 4�LiOH. H�O��s�                                   (4.4) 

The involvement of water in the reaction complicates the operation of the cell and 

degrades the specific energy which is theoretically around 2000 Wh kg-1 and varies over 

∼ 100 Wh kg-1 with state-of-charge [193]. While this is still an impressive level of performance, 

the main problem with the aqueous form of lithium-air is the difficulty of maintaining separation 

of lithium metal from the aqueous medium. Most of the Li+-conducting solids tried to date do 
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not have sufficient long-term stability against aqueous solutions. In addition they contribute 

significantly to cell impedance - reducing the thickness of this protective layer ameliorates this 

effect but is limited by the poor mechanical strength of very thin layers [238]. For these reasons, 

most research effort in lithium-air batteries is focusing on the non-aqueous form. 

Clearly a key aspect to the realization of the very high specific energy of lithium-air 

battery is that the lithium metal anode can be made to operate safely and at full utilization [239]. 

The positive electrode of a lithium-air cell represents a complex challenge in that it must 

provide for: (i) access to oxygen; (ii) wetting by the electrolyte; and (iii) displacement by reaction 

products [240, 241]. While allowing access to oxygen, the electrode must be able to block access 

to water, carbon dioxide, and nitrogen, which will all react with the electrode materials and/or 

products of reaction at the electrodes [242]. The properties of the main product of discharge, 

lithium peroxide, Li2O, also pose a number of problems with regard to cell longevity. First, it is 

an insulating solid, which means that conditions must be adjusted to prevent the formation of 

massive deposits during discharging. Second, lithium peroxide is a strong oxidant that tends to 

react with electrolyte components, including any adventitious water, to form irreversibly a 

variety of materials that severely degrade the lifetime of a Li-air cell [243]. 

4.4.3.9 Sodium-air (oxygen) batteries 

The reversible sodium electrode is well-known in the history of battery development as it 

is featured in some of the very earliest examples of high performance secondary batteries. Both 

the sodium-sulfur and the Zebra (sodium-nickel chloride) systems employ molten sodium 

electrodes which give reversible behavior at values of potential that are sufficiently negative for 

useful device voltages [194]. Recently, the sodium electrode has again become the focus of 

attention, now coupled with an oxygen electrode in the sodium-air cell. This, like all metal-air 

systems, benefits in energy terms from the inherently lightweight air-breathing cathode and offers 

theoretical values of specific energy that range from 1105 to 2643 Wh kg-1, depending on the 

state-of-charge. These numbers are derived from the overall cell reaction shown in Equation (4.5). 

Na�s� + O��g� → NaO��s�                                                    (4.5) 

Many of the limitations on performance of the air cathode in Li-O2 cells also define the 

behavior of this electrode in Na-O2 cells. The use of carbonate and ether electrolyte solutions 

has been hampered by problems of insufficient stability during charging [195]. While the 

preferential formation of sodium superoxide during discharging clearly lowers the overpotential 

associated with charging, it is not clear whether this compound will be stable on the longer 
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timescale of a typical device service life, or whether the discharge product will gradually be 

converted to the more stable, and less easily recharged, sodium peroxide [244]. 

4.4.3.10 Zinc-air (oxygen) batteries 

The main structure of a primary Zn-air battery, which is composed of a Zn anode, an 

electrolyte, an air cathode with active materials to promote the Oxygen Reduction Reaction 

(ORR) [245], and a gas diffusion layer that allows air to enter into the electrolyte, is illustrated in 

Figure 4.9 (a) [246]. 

 

Figure 4.9 (a) Schematic working principle and (b) discharge reaction equations of a primary Zn-air 

battery in an alkaline medium. (c) Schematic working principle, (d) discharge reaction equations, and 

(e) charge reaction equations of a rechargeable Zn-air battery in an alkaline medium [246]. 

The basic working principle of a primary Zn-air battery during the discharge process in an 

alkaline electrolyte is illustrated in Figure 4.9 (b) [247]. Specifically, the Zn anode first liberates two 

e- and is oxidized to zinc ions (Zn2+) [248]. The released e-migrates via an external circuit to the air 

cathode, where it contacts O2 on the surface of the catalysts [249, 250]. Then, the O2 is reduced 

through the ORR to form hydroxide ions (OH-) at the solid (active catalysts)-liquid (electrolytes)-gas 

(O2) three-phase interface [251], and the full battery reaction is Zn+O2 to ZnO. Theoretically, the ORR 

in a Zn-air battery is fully reversible. Therefore, a bifunctional [(ORR and Oxygen Evolution Reaction 

(OER)] oxygen-catalytic electrode will allow realization of a rechargeable Zn-air battery, where the 

charging process is promoted by the OER on the cathode, and ZnO is reduced back to Zn and 

deposited on the anode [252]. Generally, the properties of rechargeable Zn-air batteries are 

particularly dependent on the kinetics of both the ORR and the OER, which are closely related to the 

natural activities of the bifunctional catalysts, as well as the reactant diffusion efficiency at the 
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reaction interface [253]. The main structure of a rechargeable Zn-air battery, which is similar to that 

of a primary battery but with different electrolytes and catalyst layers, is illustrated in Figure 4.9 (c) 

[254]. The working principle of a rechargeable Zn-air battery during the discharging and charging 

processes in an alkaline electrolyte is illustrated in Figure 4.9 (d,e) [255]. 

4.4.3.11 Lithium-Sulfur batteries 

A positive electrode comprised solely of elemental sulfur has a theoretical specific capacity of 

1672 mAh g-1. Assuming an equivalent amount of lithium for the negative electrode, complete 

reaction of Li and S to form Li2S, and an average discharge potential of 2.2 V per cell, the 

electrode specific energy for Li-S is 2600 Wh kg-1 [196-198]. The overall discharge reaction, in its 

simplest form, is given in Equation (4.6), and a schematic view of the components and their role 

is provided in Figure 4.10. 

2Li�s� + S�s� → Li�S�s�                                                       (4.6) 

Fully packaged, it is expected that Li-S batteries in real life will operate at up to 

700 Wh kg-1. This level of performance places lithium-sulfur well-clear of existing battery 

systems, and many view it as a logical intermediate step to the lithium-air battery.  

 

Figure 4.10 (a) A schematic view of the lithium-sulfur cell. (b) Summary of reactions that define 

Li-S and their relationship with solubility [182]. 

While not sharing the full range of difficulties of the air electrode, the sulfur electrode 

still represents a complex electrochemical system in which elemental sulfur, in the form of S8 

molecules, is successively reduced through a sequence of polysulfide dianions [196]. The 

solubility of the lithium salt of each successive reduction product decreases appreciably, with 

the end discharge product, Li2S, being virtually insoluble in common organic electrolyte media 
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[256]. Overlaying this is the generally labile nature of exchange between intermediate members 

of the polysulfide series, which has the undesirable consequence of allowing significant loss of 

efficiency through a redox shuttle phenomenon [197]. 

4.4.4 Fuel Cells 

The development of fuel cell technology can be traced back over 180 years to Sir William 

Grove’s pioneering work experimentally demonstrating the electrolyzer / fuel cell in 1839 [150]. This 

was followed by construction of a full-scale device (initially called a gas battery which latter came to 

be known as fuel cell) in which electricity was produced by combining oxygen and hydrogen in a cell. 

The British engineer Francis Thomas Bacon has been credited with developing the first fully 

operational fuel cell in 1959, which was later adopted by NASA for space research [151]. NASA used 

both alkaline fuel cells (AFC) and polymer electrolyte membrane fuel cells (PEMFC) for space 

exploration missions such as Gemini and Apollo in the 1960s [257]. In the 1990s PEMFC and direct 

methanol fuel cells (DMFC) attracted worldwide interest, which resulted in further development in 

this field. Currently fuel cell technology is witnessing huge research drive, resulting in improvement 

in technology which will lead to widespread commercialization [258]. The fuel cell is an 

electrochemical energy conversion device where chemical energy is directly converted into electrical 

energy, resulting in high energy conversion efficiencies. This exchange of energy takes place within 

the core of the cell which comprises of an electrolyte in direct contact with the cathode (positive 

electrode) and anode (negative electrode) [259]. According to their fuels, operating temperatures 

and electrolytes, fuel cells can be classified into six main categories as follow [152, 153]. 

1. Solid oxide fuel cell (SOFC). 

2. Proton exchange membrane or polymer electrolyte membrane fuel cell (PEMFC). 

These can be further subdivided into standard PEMFC (operating below 100 °C) or high 

temperature PEMFC or HT-PEMFC (operating in temperature ranges of up to 200 °C). 

3. Molten carbonate fuel cell (MCFC). 

4. Alkaline fuel cell (AFC). 

5. Phosphoric acid fuel cell (PAFC). 

6. Direct methanol fuel cell (DMFC). 

7. Single layered fuel cell (SLFC). 

Fuel cell technology has seen a limited use in nearly all types of power applications, 

ranging from the small scale such as personal computers and cell phones (up to 10 kW) to 

medium range applications such as transport applications (up to 100 kW) and lastly in large scale 

power applications (up to 10 MW) [154, 155]. 
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4.4.4.1 Solid Oxide Fuel Cell (SOFC) 

Solid oxide fuel cells (SOFCs) differ significantly from their counterparts since they are 

solid state devices without any moving components and have distinguishing characteristics such 

as combustion free operation, low emissions, inherently high conversion efficiencies and very 

high operational temperatures (in the range of 800-1000 ◦C). Efforts have been made to 

introduce new electrode materials to improve their thermal stability, electrical conductivity, 

catalytic activity, chemical compatibility and cost-effectiveness especially with the drop in 

operational temperature from 400 ◦C to 700 ◦C [260]. 

Selection of suitable anode materials is a key to maintain superior performance of SOFCs, 

since anode materials accounts for nearly 95% of the overall percentage of material in anode 

supported cell [261]. Most commonly used anode material in SOFCs is Ni-YSZ due to its high 

stability and excellent conductivity however, the materials is susceptible to carbon deposition 

when comes in contact with hydrocarbon fuels [160]. Song et al. improved the performance of 

a Ni-YSZ based SOFCs through doping of its anode by adding Al2O3 to Ni-YSZ which resulted in 

improved electrical conductivity, decreased anode activation polarization and nearly 39% 

improvement in performance of the cell [161]. Other anode materials used in SOFCs include 

CrTi2O5, Cu-CeO2, CrTi2O5 La0.8Sr0.2Fe0.8Cr0.2O3 and Sc0.1Y0.1Zr0.6Ti0.2O1.9 [162]. 

The cathode is another fundamental component of a SOFC system and has different 

selection criteria when compared to the anode since the cathode in a SOFC requires distinctive 

operational properties such as high level of porosity and stability in oxygen environment. Also due 

to their elevated operating temperatures, SOFCs use more cost-effective and widely available 

transition metal oxides such as Cu, Co, Ce, Sr and Ni as an alternative to costlier metals such as Pt as 

cathode since high temperature operations of the cell result in sufficiently improved kinetics and 

thermodynamics of the chemical reactions underpinning fuel cell operation [262]. Moreover, SOFCs 

can be used as a substitute for electrochemical batteries due to their high efficiencies even in in 

reverse mode as solid oxide electrolysis cells (SOEC) in which steam is electrolyzed into hydrogen by 

feeding water and electric current into the cell to produce hydrogen and oxygen [156, 163]. Owing 

to these excellent properties and their modularity, fuel adaptability, diverse scale of application 

(small, medium and large scale) and vibration free, quiet operation, SOFC are promising candidates 

for use in the field of energy storage and conversion in the future [164]. 

The basic structure of a SOFC consists of a porous anode and cathode sandwiched around 

a ceramic based solid electrolyte such as yttria-stabilized zirconia (YSZ) or gadolium-doped ceria 

(GDC), as shown in Figure 4.11. 
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Figure 4.11 Schematic representation of solid oxide fuel cell (SOFC) (a) oxide-ion conducting 

electrolyte, (b) proton conducting electrolyte [178]. 

Electrons are generated at the anode through oxidation and are accepted at the cathode 

for oxygen reduction, resulting in circuit completion with the production of electricity due to the 

flow of electrons from anode to cathode through an external circuit [165, 263-270]. The 

chemical reactions are given by Equations (4.7) - (4.10). 

H� → 2H� + 2e�                                                             (4.7) 

�
� O� + 2e� → O��                                                             (4.8) 

H� + �
� O� → H�O                                                             (4.9) 

H� + O�� → H�O + 2e�                                                    (4.10) 

SOFC technology has the potential to transform the overall electrical energy generation 

landscape with insignificant environmental impact if it is more extensively commercialized. Their 

commercialization has nonetheless been limited by several disadvantages such as high material 

costs, the requirement of high operating temperatures (800-1000 ◦C), safety issues and the 

complex stack and cell assembly. Furthermore, high operating temperatures have added issues 

including catalyst poisoning, electrode sintering, electrode/electrolyte interfacial diffusion and 

thermal/mechanical stability [271]. These issues, and particularly the need for high operating 

temperatures, has forced research towards low temperature SOFC technology . The benefits of 

lowering operating temperatures include widening the area of application and improving the life 

span of the SOFCs, technical improvements (i.e., reducing the likelihood of cermet anode’s redox 

degradation) and economic advantages (i.e., using more cost effective cell components) [167]. 

4.4.4.2 Direct Methanol Fuel Cell (DMFC) 

Direct methanol fuel cells are considered as a subcategory of proton exchange 

membrane (PEM) fuel cells and can also be considered as low operating temperature PEM, 
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where methanol is used as fuel [272]. DMFCs work on the principle of directly converting the 

chemical energy of high energy density liquid methanol fuel to electric power via 

electrochemical processes with carbon dioxide and water as by products [168, 169]. The 

potential for adoption of DMFCs as a key energy conversion device is predominately a result of 

the high specific energy of pure methanol (up to 6000 Wh kg-1) [170]. A schematic 

representation of a DMFC system is shown in Figure 4.12, illustrating its basic working principles 

(e.g., reactants/products gasses and ion conduction flow direction). 

 

Figure 4.12 Schematic diagram of a DMFC with PEM polymer electrolyte membrane [179]. 

The electrochemical reaction between oxygen and methanol occurs at cathode and 

anode respectively whereas the complete electrochemical reaction of DMFC is given by 

Equations (4.11) - (4.13): 

Anode: 

CH OH + H�O → CO� + 6H + 6e�                                            (4.11) 
Cathode: 

 
� O� + 6H + 6e� → 3H�O                                                     (4.12) 

Complete reaction: 

CH OH +  
� O� → CO� + 2H�O                                                 (4.13) 

Methanol is a fuel with an excellent conversion efficiency, reaching around 96.5 % which 

is much higher than internal combustion engine, the latter being restricted by Carnot cycle. The 

maximum achievable theoretical operating voltage in a methanol-air cell is ~ 1.21 V [273], 

although this cannot be attained in practical operation due to sluggish reaction kinetics and 

ohmic losses in the electrolyte [172, 173]. 
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One of the benefits of using methanol as fuel in DMFC is the storage and transportation 

of methanol, which is much easier than fuels such as hydrogen [274, 275]. Moreover, there is 

the added benefit of the high energy density of methanol, which is three orders of magnitude 

higher than hydrogen [276]. Direct methanol fuel cell technology is considered promising due to 

characteristics such as high-power density, low operating temperatures and easy start up [277]. 

4.4.4.3 Polymer Electrolyte Membrane Fuel Cell (PEMFC) 

The working principle of polymer electrolyte membrane fuel cell (PEMFC) is similar to 

that of other fuel cells. Its structure consists of a gas diffusion layer (GDL), polymer electrolyte 

membrane (PEM), bipolar plate and catalyst layer (CL), as shown in Figure 4.13.  

 

Figure 4.13 Schematic of working principle of polymer electrolyte membrane fuel cell [174]. 

Electrochemical reactions occur in the CLs while reactant gases flow through the GDL 

with hydrogen supplied to the anode and air or oxygen to the cathode. The chemistry of these 

cells leads to water being the only by-product, making the operation of PEMFCs completely 

environmentally friendly [278]. 

Advantageous properties such as low noise, lower operating temperature, high power 

density and excellent dynamic properties make PEMFCs a promising power source for automotive 

applications [279]. In addition, the simultaneous generation of both heat and power with high 

efficiency makes the PEMFC highly suitable for residential power generation applications [171]. In 

this case, additional heat generated during fuel cell operation can be used by households, which 

ultimately increases the overall efficiency of the cell especially high temperature HT-PEMFCs [280]. 

HT-PEMFCs operate at temperature range of 100-200 ◦C which is considerably higher than 60-80 ◦C 

for low temperature LT-PEMFCs which provides wider range of thermal energy usage [175]. 
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4.4.4.4 Single Layer Fuel Cell (SLFC) 

A new type of fuel cell, the single layer fuel cell (SLFC), has been reported recently based on 

semiconductor and an ionic conductor material. In contrast to a conventional fuel cell, the single 

layer fuel cell merges all three functional layers into one and is therefore also known as an electrolyte 

free fuel cell. Material composition and microstructure can be adjusted within the cell in order to 

reach a balanced ion/electron-conductivities and to reduce the lattice mismatch inside the fuel cell, 

hence enhancing the efficiency and performance. In a single layer fuel cell, the mixture of ionic and 

semiconducting materials provides the electrochemical reaction sites and charge transport medium 

respectively. The functional layer of a conventional fuel cell is the electrolyte layer whereas in a SLFC 

the nanocomposite material inside the single layer acts as a complete fuel cell [176]. 

The SLFC structure is presented schematically in Figure 4.14. 

 

Figure 4.14 The single component fuel cell, which is compromised of mixed conducting materials 

inside the layer [57]. 

Mixed ionic and semiconductor materials are used to assemble the cell, both sides of this 

composite single layer is pasted by current collector (CC) for the current collection during the 

electrochemical operation. During this process, the side of SLFC which comes in contact with the 

hydrogen fuel becomes the anode while the side coming in contact with oxygen becomes the 

cathode. The anode side releases electrons by creating H+ ions while the cathode side receives 

electrons, hence generating electricity and water. 

The full reaction scheme for the SLFC can be described into two steps, given by Equations 

(4.14) - (4.16) [177]. 

Reaction at hydrogen-contacting (fuel) side: 

H� → 2H� + 2e�                                                           (4.14) 
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Reaction at the air contacting side: 

�
� O� + 2e� → 2O��                                                         (4.15) 

Complete electrochemical reaction: 

H� + �
� O� → H�O + electricity + heat                                         (4.16) 

Table 4.8 summarizes the operational parameters, applications, advantages, and 

shortcomings of the different fuel cell systems, where it can be seen that different fuel cells 

technologies should be matched to specific projected applications for optimal use. 

Table 4.8 Operational parameters, applications, advantages and disadvantages of different fuel 

cell technologies [57, 157-159]. 

 

Although the working principle of all types of fuel cells is similar, their outputs, stack designs 

and working parameters are very different. For example, an alkaline fuel cell is the most efficient, 

with electrical efficiency around 60 % whereas a molten carbonate has the lowest efficiency (of 

around 40 %) with polymer electrolyte membrane fuel cells lying in the middle with intermediate 

efficiencies of around 55 %. Although, PEMFCs are not highly efficient, nevertheless they are ideal 

for transport applications due to their small size and low operating temperatures, while PAFCs and 

DMFCs are most cost-effective but suffer from low efficiencies [57]. 

4.4.5 Water Electrolysis 

4.4.5.1 Low Temperature (LT) Water Electrolysis 

Hydrogen can be generated by electrolyzing water at low temperatures (LTs) (< 100 oC) 

or electrolyzing steam at high temperatures (HTs) (> 700-800 oC) [281]. The LT electrolysis 

systems employ either an alkaline (hydroxyl ion conducting) solution as the electrolyte or a 

polymer membrane (proton conducting) as the electrolyte (Figure 4.15) [180, 181]. The 

hydrogen generation by utilizing a LT electrolyzer compared to that produced by natural gas (NG) 
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reforming or coal gasification, offers a number of advantages such as on-site, on-demand 

(distributed) generation, high purity hydrogen and unit modularity. Furthermore, such systems 

offer fast start-up and shutdown and good load following capability that makes them suitable 

for integrating with intermittent renewable energy sources such as solar PV and wind generators 

[282]. In LT systems, polymer electrolyte membrane (PEM)-based systems offer additional 

advantages over alkaline systems [283] such as higher current densities (small foot print in terms 

of kgs per hour hydrogen generation capacity per unit stack volume) [284], all solid state system 

requiring no alkaline solutions or electrolyte top-up, and higher purity hydrogen and hydrogen 

generation at significantly higher pressures [285, 286]. 

 

Figure 4.15 Operating principles of low and high temperature water electrolysis with different 

electrolytes [182]. 

The hydrogen generation by electrolysis is an energy intensive process and most commercial 

electrolyzers require an electric power input of 6.7-7.3 kWh/Nm3 (≈ 50-55 % efficiency based on 

High Heating Value) of hydrogen [181], and this increases the cost of hydrogen production and 

advantages of hydrogen as a clean fuel are lost if the electricity is supplied from fossil fuel resources. 

However, if the electric energy input can be supplied from renewable sources of energy and the 

electrolyzer system efficiency increased to 75-80 %, then the technology becomes more attractive 

[287-291]. The LT electrolyzers can easily operate with a large load variation and thus are highly 

suitable for integration with intermittent renewable energy sources [182]. 

4.4.5.2 High Temperature (HT) Water Electrolysis 

As discussed above, hydrogen can be readily produced via LT electrolysis at almost any 

scale using only water and electricity as the inputs. This process is well-established but requires 

a high input of electrical energy in order to produce the hydrogen. From a thermodynamic 

perspective at 25 oC, 1 liter of hydrogen requires a minimum 3.55 kWh of electrical energy as an 
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input. This increases to around 4.26 kWh when electrochemical cell losses are taken into 

account. If the electrolysis process is carried out at HT then it is possible to utilize some of the 

heat for the production of hydrogen [292, 293]. This contribution can be high with up to a 1/3rd 

of the energy required to produce the hydrogen coming from thermal energy at around 1000 oC 

(Figure 4.16) [180-181, 183-185]. In Figure 4.16, the thermal energy input under cell operation 

may be slightly different due to internal heating of the cell resulting from current passage, 

however, due to the difficulty in making an estimate, it has been assumed to be the same as that 

under open circuit cell conditions. The HT electrolysis systems use an oxygen ion (O2-) or proton 

conducting (H+) ceramic as the electrolyte (Figure 4.15) [180-181, 183-185]. The process is the 

reverse to that of a solid oxide fuel cell (SOFC) with many similar materials used for cell 

construction [294-298]. The thermal input required for HT systems can be supplied from 

different sources including renewable or sustainable energy sources or nuclear energy [300]. 

 
Figure 4.16 Break down of energy input for the production of hydrogen from electrolysis at 25oC 

and 1000oC [181-182].  

A number of different systems have been proposed including the co-locating of the 

electrolyzer with a solar thermal source, nuclear power stations, or supplying heat produced 

from the burning of low grade fuels such as coal [181, 183, 186]. 

4.4.5.3 Carbon-assisted hydrogen production 

The use of hydrogen as a transport fuel in fuel cell or internal combustion engine vehicles is 

likely to increase due to the concerns over oil shortage and rising greenhouse gas and other pollutant 

emissions. Hydrogen is generated mainly from Natural Gas (NG) and coal involving three major steps 

requiring separate reactors, all operating at temperatures in excess of 500 oC: (i) NG reforming or 

coal gasification to produce syngas (a mixture of hydrogen and carbon monoxide) at temperatures 

close to 800 oC; (ii) water gas shift reaction to convert carbon monoxide to hydrogen and carbon 
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dioxide at around 500 oC; and (iii) H2/CO2 separation and gas cleaning. Hydrogen production by 

water or steam electrolysis in which the electricity is drawn from the grid is overall a highly inefficient 

process, in that it requires electric input of 4.2-5 kWh per Nm3 and 6.7-7.3 kWh per Nm3 of hydrogen 

for the electrolysis cell stack and system, respectively [182, 299]. 

The participation of carbon in the anodic reaction of the electrolysis results in a drop in 

the thermo-neutral voltage from 1.48 to 0.45 V required for electrolysis of water near room 

temperature [187], which can translate into reduction in electric energy input to 1/3rd compared 

to normal electrolysis. Thus, the remaining 2/3rd of the energy would be supplied from the 

chemical energy of carbon. The carbon- assisted electrolysis carried out at higher temperatures 

can result in further reduction in the required electric energy input due to increased thermal 

energy contribution into the process by lowering the thermo-neutral voltage further [188, 189]. 

Figure 4.17 schematically shows the electrochemical reactions involved for carbon-assisted 

electrolysis carried out at temperature < 100 oC (LT) employing a proton conducting electrolyte 

membrane, and at HTs (> 800 oC) employing an oxygen ion conducting ceramic electrolyte such 

as yttria or scandia stabilized zirconia. 

In addition to a substantial reduction in the electric energy input by the involvement of 

carbon, this concept for hydrogen generation combines all three steps mentioned above for 

hydrogen from NG or coal in a single reactor. 

 

Figure 4.17 Electrochemical reactions involved in low and high temperature carbon-assisted 

electrolysis process for hydrogen generation [182]. 

The operating temperature is expected to be low (for proton conducting electrolyte 

membrane used) with the overall reaction being: 

C + 2H�O → CO� + 2H�                                                    (4.17) 

Furthermore, the process would generate pure hydrogen and CO2 in separate 

compartments of the electrochemical cell separated by the impervious electrolyte membrane. 
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Thus, the substantial cost and the 20-25 % energy penalty for CO2 capture / separation, as is the 

case with other routes above, can be avoided. Carbon source can be coal or biomass. All these 

advantages directly translate into a highly efficient process with low overall cost and 

substantially reduced CO2 emissions [182]. 

4.4.6 Conversion of CO2 to fuels with renewable energy 

4.4.6.1 Introduction 

Another emerging area under development energy conversion and storage involves the 

utilization of CO2 as the feedstock to electrochemically synthesize fuels and certain specialty 

chemicals such as carbon monoxide, methanol, formic acid, methane, ethylene, and oxalic acid 

[199]. The utilization of electricity from renewable sources to convert CO2 to high energy density 

fuels can help in alleviating the challenges of intermittent nature of the renewable sources by 

storing energy in the form of high energy density fuels, as well as addressing the liquid fuel 

shortage for the transport sector [301]. Apart from the production of fuels, some products 

formed by CO2 conversion may also be suitable as a feedstock for the chemical, pharmaceutical, 

and polymer industries [302]. A number of review articles provide details on the methods of CO2 

reduction, electrode/electrolyte systems under consideration, various chemical products that 

can be produced and current status of the technology [199-207]. 

 
Figure 4.18 Basic operating principle of O2- and H+ electrochemical reactors for chemical 

production [182]. 

The processes employed for the electrochemically conversion of CO2 include electro-

catalysis (direct electrochemical conversion), photo electro-catalysis and bacteria-assisted 

electro-catalysis [303, 304] shown schematically in Figures 4.18, 4.19. 
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Figure 4.19 Electrochemical reactions involved in various processes for producing fuels and 

value-added chemicals from waste [182]. 

4.4.6.2 Direct electrochemical conversion 

 The main electrolyte systems under consideration for the direct electrochemical conversion of 

CO2 are divided into low or ambient temperature systems (aqueous, non-aqueous [199, 208-211] and 

PEM-based [212-213] electrolytes) and HT systems (molten carbonate [214] and solid oxide [215-223] 

electrolytes - in the 700-1000 ◦C range). In the direct electrocatalysis process, CO2 is supplied as a 

feedstock to the cathode chamber of the cell for reduction. In case of LT electrolyte systems (aqueous 

and PEM electrolytes), water is supplied to the anode as a source of protons for reaction at the cathode 

[211-213]. The protons transported through the electrolyte to the cathode are made to react with CO2 

to produce fuels or chemicals (Figures 4.18, 4.19). The competing reaction in aqueous - and PEM-based 

electrolytes is the hydrogen evolution that should be avoided, otherwise it results in wastage of energy 

input to the process if hydrogen is not the required chemical. 

4.4.6.3 Photo electrochemical conversion 

 In a photo electro-catalysis process, a photo-reduction electrode that consists of a 

semiconductor and a photo-catalyst is used as a cathode [205]. The photons from the solar 

radiation, absorbed by the semiconductor cause the excited electrons transfer from valence to 

conduction band, that results in transfer of electrons to photocatalysts. This electron transfer 

assists in the CO2 reduction reaction involving protons transported through the electrolyte to 

produce CO and other organic compounds (Figure 4.19). 

4.4.6.4 Bacterial-assisted electrochemical conversion 

 In bacteria-assisted electrosynthesis, the microorganisms at the cathode of the 

electrochemical cell assist in the reduction of CO2 to fuels or value added chemicals. This process 
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is also called microbial electrosynthesis (MES) [224]. As depicted in Figure 4.19, the process 

involves protons transported through the electrolyte, electrons delivered to cathode and CO2 

supplied to the cathode camber. It is claimed that with electric input from renewable energy 

sources, the microbes can harvest the solar energy at 100 times the efficiency of a biomass-

based fuel/chemical production [224]. 

4.4.7 Photoelectrochemical water splitting 

Photoelectrochemical water splitting, which utilizes semiconductors to transform water 

and solar light into hydrogen, is one of the most efficient methods of solar energy consumption 

[305]. In their initial study published in 1972, Fujishima and Honda established the fundamental 

of solar energy photoelectrochemical conversion into chemical energy using semiconductors 

[306]. The electrons and holes were generated and transferred between energy levels by the 

semiconductor working electrode in the presence of sunlight [307]. At the semiconductor-water 

contact, a catalytic redox reaction of oxygen and hydrogen occurs. 

There are three types of photoelectrochemical systems: n-type semiconductor as 

photoanode, p-type semiconductor as the photocathode, and tandem system involving both 

photoanode and photocathode (Figure 4.20). 

 

Figure 4.20 Photoelectrochemical water splitting systems with (A) a photoanode, (B) 

photocathode, and (C) tandem system. For n-type, the photogenerated electrons are transferred 

to platinum as the counter electrode through the outer circuit, and the hydrogen is produced 

from water reduction. In contrast, the photogenerated holes are transferred to the working 

electrode, and then oxygen is produced from water oxidation. Meanwhile, for p-type, water 

reduction on the surface semiconductor, while water oxidation on the platinum. For tandem cells, 

it is made up of both n-type and a p-type semiconductor electrode that is acceptable [308, 309]. 
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For n-type semiconductors, electrons and holes are generated when light is penetrated 

by the semiconductor, which absorbs photons [Figure 4.20 (A)]. The photogenerated electrons 

pass over the outer circuit to a counter electrode. Then hydrogen is produced from water 

reduction, while the photogenerated holes are transferred to the working electrode, and then 

oxygen is produced from water oxidation. For efficient charge separation, an external bias 

supplied by a power supply is frequently required due to the resistance established between the 

two electrodes in the solution produced at the interfacial [310]. As a result, the photoanode and 

counter electrode have two half-reactions: 

Oxidation evolution reaction 

H�O → �
� O� + 2H� + 2e�                                                  (4.18) 

Hydrogen evolution reaction 

2H� + 2e� → �
� H�                                                         (4.19) 

H�O → H� + �
� O� • ΔG* = +237.2 kJ mol�� • E* = 1.23 eV                     (4.20) 

As observed, photoelectrochemical water splitting is an endothermic process that requires 

a Gibbs free energy of about 273.2 kJ mol-1, or 1.23 electron volt per electron transported, which is 

thermodynamically unfavorable; thus, this reaction needed external energy to surpass the reaction 

energy barrier [311]. As a result, sunlight and bias voltage drive the water redox process. In theory, 

the difference between the semiconductor's Fermi level and the electrolyte's water redox potential 

causes band bending in the semiconductor's space charge layer, which is then accelerated by the 

bias to speed up the separation and transfer photogenerated electron-hole pairs [312]. Finally, the 

photoanode undergoes oxidation evolution via photogenerated holes, whereas the counter 

electrode undergoes hydrogen evolution [313]. 

The photogenerated electron-hole pairs' water redox ability is evaluated via the valence 

band and conduction band position versus the water redox potential that is strongly connected 

to the semiconductor's energy band structure [314]. An oxidation revolution reaction can be 

accomplished when the valence band energy of an n-type semiconductor is greater than the 

oxidation potential E0 (H2O/O2) (1.23 V versus reversible hydrogen electrode). Similar to the 

reduction potential E0 (H+/H2) (0 V versus reversible hydrogen electrode), the conduction band 

energy of p-type semiconductors is more negative, facilitating the hydrogen evolution process 

[315]. In p-type semiconductor materials, water is reduced on the surface of the 

semiconductors, whereas water is oxidized on the platinum surface [316] [Figure 4.20 (B)]. The 

introduction of "tandem" systems, which involves both n- and p-type semiconductor, is one of 
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the most appealing approaches to collect a wide-ranging wavelength range of visible light in a 

photoelectrochemical system without introducing an external bias [Figure 4.20 (C)]. 

The optimal use of visible light is also required for efficient hydrogen synthesis by 

photoelectrochemical water splitting in the presence of solar light. As a result, developing a stable 

photoelectrode material which works well in visible light has received a lot of attention [317]. 

Photocorrosion resistance is often strong in oxide semiconductors [318]. As a result, they have 

been used as photoanodes for water oxidation in conjunction with platinum to generate hydrogen. 

Creating effective anodic electrodes capable of overcoming the enormous over-potential needed 

to complete the four-electron water oxidation reaction, which is liable for the slow kinetics of such 

a photoelectrochemical system, is the greatest difficulty of this technology [316]. 

4.5 Electrochemical Sensors 

A chemical sensor is defined by the IUPAC [225] as “a device that converts chemical data, 

ranging from the concentration of a single sample component to complete composition analysis, 

into an analytically usable signal”. For the most part, a chemical sensor is constituted of two 

essential functional units: a receptor and a physicochemical transducer. The receptors are 

variable and can range from activated or doped surfaces to complex (macro)molecules that 

create highly specific interactions with the analyte [230]. 

If the receptor is of biological origin (e.g., DNA, antibodies, and enzymes), the device is 

referred to as a biosensor. The receptor interacts with the analyte, converting the recognition 

event into a predetermined output signal. One of the primary requirements of sensors is to 

maintain a high degree of specificity for the intended analyte in the presence of potentially 

interfering chemical species to avoid false-positive outcomes [319-324]. Another critical 

component of sensors is the transducer, which is responsible for converting the signal created 

by the receptor–analyte interaction into a readable value [325, 326]. Thus, both chemical and 

biosensors can be classified into catalytic or affinity-based devices. Whereas catalytic sensors 

utilize catalytic activity to generate the signal, as in the case of enzymatic, DNAzyme, or 

functionalized surfaces that can perform redox reactions under certain conditions, affinity-based 

devices rely on highly specific interactions between the receptor and analyte, e.g., using the 

specific affinity of nucleic acids (i.e., ssDNA and aptamers), antibodies–antigens, or host–guest 

interactions. The monitoring of the recognition events can be performed using several methods 

(e.g., optical, gravimetric, or electrochemical) depending on the type of transducer utilized [226]. 

Being the market leaders, electrochemical sensors are, by far, the most frequently 

employed type of sensor due to the fact of their advantages associated with low detection limits, 
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as low as picomoles, rapidness, and the low-cost equipment utilized for sensing. Electrochemical 

sensors come in a variety of form factors ranging from the top-bench to fully integrated wearable 

devices [227]. The utility of a chemical sensor is to deliver accurate real-time information 

regarding the chemical composition of its surroundings [327-329]. In an ideal scenario, such a 

device would be able to respond constantly and reversibly without interfering with the sample. 

In such devices, a biological or chemical identification layer is coated on a transduction element. 

In electrochemical sensors, the analytical information is taken from the electrical signal 

produced by the interaction of the target analyte and the recognition layer [330, 332-335]. 

Various electrochemical devices can be employed for environmental monitoring depending on 

the nature of the analyte, the character of the sample matrix, and the sensitivity or selectivity 

requirements [336, 337]. The bulk of these devices fall into several categories such as 

amperometric and potentiometric electrochemical sensors (depending on the device’s nature) 

[228, 229, 331]. Electroactive species that are involved in chemical or biological identification 

are detected using amperometric sensors [338-340]. 

Electrochemical sensors can be classified into several categories including amperometric, 

potentiometric, impedimetric, photoelectrochemical, and electrogenerated chemiluminescence 

[230]. For potentiometric sensors, as a result of specific sensor–analyte interactions, a local 

Nernstian equilibrium is formed at the sensor interface, when no current is allowed to flow in 

the system giving information about the analyte’s concentration [231]. Amperometric sensors 

employ a voltage placed between a reference and working electrodes to initiate electrochemical 

oxidation or reduction, measuring the resulting current as a quantitative indicator of the 

analyte’s concentration [232]. 
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CHAPTER 5 

Principle Operation of Metal-Air Batteries 

5.1 Introduction 

From the beginning of human civilization, energy has played a vital role in maintaining 

the operation of our society. Nowadays, the growing number of transportation vehicles has 

made the development of reliable Electrical Energy Storage (EES) system a task of urgency. 

Among various EES systems, rechargeable batteries are the most promising to meet the 

demands of safe and sustainable energy supply, thanks to their high energy density and high 

energy efficiency [341]. Among them, Lithium-Ion Batteries (LIBs), have played an exceptional 

role in our society in the last twenty years [342]. Nevertheless, the low energy density of LIBs 

has restricted its application as the energy supplier of next generation. Therefore, the 

development of Metal-Air Batteries (MABs) have offered a solution benefitting from their much 

higher theoretical energy density than that of LIBs. 

Generally, MABs consist of metal anodes porous (air) cathode and electrolyte. The MABs’ 

cathode uses oxygen from ambient air, which leads to significant battery weight reduction, 

which has unprecedented advantages for many applications. In comparison with other batteries, 

particularly LIBs, MABs are cheap, because the cathode source (oxygen from air) is abundant 

and the anode can be made using low-cost metals, such as Li, Zn, Na, Fe, Al, etc. Figure 5.1 

illustrates the application of MABs as the energy storage system for a variety of technologies. 

 

Figure 5.1 Applications of MABs as energy source and storage systems [343]. 
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MABs are attractive due to their compact power sources for portable electronics and electric 

automobiles and also for their amazing energy transfer stations or energy storage devices. 

Theoretical energy density is a significant sector in evaluating the performance of various 

battery configurations. Figure 5.2 demonstrates theoretical energy density, specific energy, and 

nominal cell voltage of different MABs [344]. 

 

Figure 5.2 Theoretical specific energies, volumetric energy densities and nomimal battery 

voltages of various MABs [343, 344]. 

As oxygen, directly supplied from the surrounding environment, is involved in the cathode 

as an oxidant during the discharge period, MABs show significantly higher energy density. Even 

though, lithium-air batteries (LABs) provide the best combination of the highest theoretical energy 

density (5928 Wh kg-1) and high cell potential (nominally 2.96 V), iron-air batteries (FABs) holds 

the smallest theoretical energy density and cell voltage (nominally 1.28 V). Al-, Zn-, and Fe-air 

batteries are also the studies hotspots due to their economic and safety considerations. 

It has been proved that in specific non-ideal circumstances, the precipitation of the solid 

discharge product can consume active electrolyte components, lowering the energy density that 

can be achieved [347]. Mg-air systems are attractive due to the uniform deposition of Mg metal 

[348-350], but the corrosion of the Mg electrode severely restricts aqueous Mg-air batteries. 

Many ionic liquid electrolytes have been proposed for use in magnesium-air systems. Yet, they 

all face electrochemical instability problems [351], particularly noticeable during charging, and 

the cell’s reversibility is limited. On the other hand, aluminum is used in the production of Al-air 

batteries, which provides both a high theoretical energy density and high specific energy values 

[352-354]. A combination of sodium’s abundant natural supply and safety, as well as its features 

that are similar to lithium, has led studies into Na-air batteries [355-357]. Si-air batteries have 
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also gained a lot of attention these days [358]. They have a high theoretical energy density and 

are stable in electrolytes, including aqueous solutions. Nevertheless, the reversibility of the solid 

discharge product, pore blockage and precipitation are all issues that are presently being 

examined in experimental researches of Si-air systems in both ionic liquid and alkaline 

electrolytes. Zn-air and Li-air are two of the most promising metal-air systems now under 

research [359, 360], with Li-air being the most promising. Lithium-air batteries (LABs) have been 

under research for many years, but they have only lately emerged as a highly and scientifically 

explored subject. The electrolyte has proven to be a stumbling block in the advancement of LAB 

technology. The aprotic (non-aqueous) and aqueous electrolyte combinations used in Li-air 

systems are the most often seen. The use of mixed electrolyte systems has been proposed. Using 

the aprotic Li-air system (LiPF6 in ethylene carbonate (EC)), Abraham et al. [362] proposed an 

overall reaction resulting in the formation of Li2O2 or Li2O, which was announced in 1996. It has 

been proved that carbonate solvents are unstable, releasing lithium carbonates during 

discharging and emitting CO2 during charging [363]. In recent years, carbonate electrolytes have 

mainly been phased out in favor of ether and ester solvents in conjunction with lithium salts. 

The precipitation of Li2O2 brings a second obstacle for LABs in aprotic electrolytes, which 

presents the third barrier. If this solid precipitates in the cathode, it can create a thick layer over 

the carbon surface, preventing electrons from transferring between it and the anode. Whole 

pores in the cathode may become closed as precipitation proceeds, resulting in the electrode 

being passivated and reducing the cell’s capacity. At the end, it has been proved that oxygen 

transport in aprotic electrolytes may be a difficult component to control in LAB effectiveness, 

mostly at higher current densities [364]. It is commonly known that Li metal interacts strongly 

with water, which has typically restricted aqueous electrolytes in Li-air systems. Nevertheless, 

the usage of aqueous electrolytes has lately been enlarged [365]. In alkaline aqueous 

electrolytes, the discharge product is LiOH H2O rather than Li2O2, indicating that the electrolyte 

is alkaline. These systems allow for LiOH to precipitate at the separator-anode interface, which 

minimizes the hazard of pore-clogging in the cathode, which has been seen in aprotic laboratory 

systems. While in the presence of air, dissolved CO2 interacts with OH– to create carbonates, 

which gradually decreases the conductivity of the electrolyte and shortens its lifespan. When 

exposed to water, dissolved CO2 reacts with OH– to form carbonates, which furthermore 

minimizes the cell’s lifetime. Although there are still great obstacles difficulties [365-367], the 

future of LABs seems brilliant. Zinc-air batteries (ZABs) are the unique completely developed 

metal-air system nowadays available, and they have been successfully released as primary cells 
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for many years. Hearing aids, for example, are a low-current application that they are particularly 

suited for. However, their lifespan and electrical rechargeability, are both restricted [368]. One 

major benefit of Zn as an electrode material is that it is stable in water, unlike Li, which is a 

significant advantage. Alternative near-neutral aqueous [369] and ionic liquid electrolytes have 

been proposed in an attempt to enhance the rechargeability of ZABs. Resent studies continues 

to be concentrated on material development to overcome the lifespan limits of these systems 

and cell engineering to enhance the effectiveness of the system. Nevertheless, the progress of 

secondary ZABs has come to the point where they can be achievable for stationary storage 

applications. Zn-air systems provide one of the most rapid and dependable routes to today’s 

practical secondary metal-air battery systems [370]. 

5.2 Theoretical Considerations and Mechanisms of MABs 

Due to the fact that oxygen is being kept outside the battery, MABs are a sustainable 

choice among many other types of energy storage devices. The oxygen-reduction reaction (ORR) 

and the oxygen-evolution reaction (OER) are the two processes related to oxygen and MABs 

function in an open system [371]. The components are illustrated in Figure 5.3. 

 

Figure 5.3 Diagram of MABs [345, 373]. 

MABs include three basic parts: a metal anode, a porous air cathode and an electrolyte 

that separates the two electrodes from one another. The anode material of MABs consists of 

metals like lithium Li, zinc Zn, sodium Na, iron Fe and other elements. There is a variety of types 

of electrolytes available [372] that include aqueous electrolytes, non-aqueous (aprotic), solid-

state and hybrid electrolytes. Due to their exceptional sensitivity to water, lithium-air, 

potassium-air and sodium-air batteries were usually used in non-aqueous systems. Even though 

anodes composed of zinc, aluminum, magnesium and iron are compatible with aqueous 
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electrolytes, these aqueous systems demand the addition of a hydrophobic protective layer to 

prevent electrolyte leakage [371]. 

In MABs, metal changes into ions on the anodic electrode and at the same time oxygen 

transforms into hydroxide ions at the cathodic electrode, on the contrary to the operation of 

conventional ionic batteries, in which metallic ions are being transferred from the anode to 

cathode. The diffusion of oxygen into the MABs takes place via a layer known as the gas diffusion 

layer. The behavior of oxygen in an aqueous electrolyte medium is different from that of oxygen 

in a non-aqueous electrolyte, as illustrated in Figure 5.4. 

 

Figure 5.4 MABs operational characteristics in (a) non-aqueous and (b) aqueous electrolyte 

[345, 346]. 

During the transition of the metal into metallic ions, electrons are produced and the 

metallic ions afterwards dissolve into the electrolyte. During a charging operation, the above 

steps are reversed. The reaction formulas for several MABs are presented in Table 5.1. 

Table 5.1 Cathode, anode, and overall reactions of metal-air batteries [345, 346, 355, 374-376]. 
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5.2.1 Cell Potential 

The cell potential is specified by calculating the potential difference between the anodic 

and cathodic electrodes, as presented in the following equation [377, 378]. The resulting value 

is expressed as a volt unit (V), as presented in Equation (5.1). 

E4566* = E758,:;<=>85* − E758,@
>85*  �1 M and 1 bar�                                �5.1�                                

If the standard circumstances are altered, the Nernst equation can be used as a guideline to calculate: 

E = E* − RT
nF  lnQ                                                              �5.2� 

which is derived from Gibbs free energy 

ΔG> = −nFE> = ΔH> − TΔS>                                                  �5.3�                        

This is calculated using the balanced reaction equation and thermodynamic tables. When 

ΔG is a positive value, it implies the reaction demands external energy (nonspontaneous 

reaction), while when it is a negative value, the reaction may take place in the absence of 

external energy (spontaneous reaction) [377-379]. 

5.2.2 Energy Efficiency 

 The energy efficiency of rechargeable batteries is subdivided into three parts. Firstly, the 

charging energy efficiency ηcharg , which is equal to the net energy ΔQn divided by charge energy 

Qin , as calculated as follows 

η4=;HI5 = ΔQ

QJ


                                                                 �5.4� 

QJ
 = K U4=;HI5C
dSOC                                                     �5.5�
MN:�<�

MN: �*�
 

OQ
 = K UN:PC
dSOC                                                     �5.6�
MN:�<�

MN: �*�
 

SOC�t� = SOC�0� − R Idt
C


  �I is positive when discharging the battery�            �5.7� 

which SOC refers to the state of charge, U is the battery voltage and Cn is the battery standard 

capacity. Secondly, the discharging energy efficiency; 

η8JW4= = Q>X<
ΔQ


                                                                 �5.8� 

where the discharge energy is 

Q>X< = K U8JW4=C
dSOC                                                    �5.9�
MN:�<�

MN: �*�
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 Thirdly, the charge-discharge energy efficiency is expressed as 

η[;<<5H\ = Q>X<
QJ


                                                             �5.10� 

The charge energy Qin and discharge energy Qout may be calculated from the 

automatically recording data of the current, time and voltage [380]. 

5.3 Electrochemical Performance of MABs 

A variety of metal utilized in MABs, such as Zn-air, Li-air, Si-air, Fe-air and Al-air batteries, can 

provide good specific energy and medium-specific power. Moreover, as illustrated in Figure 5.4, the 

prospective efficiency of MABs was contrasted with that of LIBs. The specific energy provided by 

prospective MABs and LIBs ranges from 500 to 1500 Wh/kgMe, up to 500 Wh/kg, and 200 to 

300 Wh/kg, respectively, in terms of specific energy. While the specific power supplied by 

prospective MABs and LIBs range from 0.1-1 kW/kgMe, up to 1 kW/kg, as well as up to 10 kW/kg. The 

specific power provided by MABs and LIBs ranges from 0.1-1 kW/kgMe. Figure 5.5 presents possible 

future effectiveness of certain MABs [381], which are not yet available. 

 
Figure 5.5 Ragone diagram for various types of batteries [345, 381]. 

Even though Li-air batteries achieved a high OCV of 2.91 V and high theoretical energy 

density, its lifetime was short, as it failed after two cycles because of the corrosion of the lithium 

anode by the electrolyte. Na-air batteries fabricated using a 3D tin sulfide nano-petals cathode 

presented a high-power density of 300 W/kg, a high round trip efficiency of 83 %, good 

rechargeability (40 cycles) and a low overpotential gap of 0.52 V [382]. Al-air batteries had an OCV 

of 1.2 V, theoretical energy density of 2.98 Ah/g, and specific energy of 200 Wh/Kg [354, 383]. 

Moreover, Mg-air batteries achieved a specific energy density of 3.9 kWh/Kg and a theoretical 

volumetric density of 14 kWh/L [351, 384]. Metal Zinc is cheap, so the cost of ZABs is quite low. Zn-

air batteries showed a theoretical energy density of 0.82 Ah/g and with Co-MOF as cathode catalyst 

presented a power density of 86.2 mW/cm2 and extraordinary charge-discharge performance 
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[385, 386]. Fe-air batteries showed a specific charge capacity of 300 Ah/Kg, energy efficiency of 35 %, 

theoretical open-circuit voltage of 1.28 V, voltage efficiency of 40 % and charge efficiency of 96 % 

[374, 387]. Sn-air batteries are another type of MABs, with an OCV of 0.95 V and 860 Wh/Kg specific 

energy. Sn-air batteries operated at room temperature with an electrolyte of methane sulfonic acid 

and polyacrylamide gel showed a maximum power density of 5 mW/cm2 at 12 mA/cm2 for 24 h 

[388]. Table 5.2 presents the main differences between the reported MABs. 

Table 5.2 Shows a comparison among the different available metal-air batteries [345, 351, 

354, 374, 375, 389-397]. 

Type 
Calculated 

OCV (V) 

Practical Energy 

Density (Wh/kg) 

Metal Cost 

(€/kg) 

Efficiency 

(Discharge) (%) 

Capacity Density 

(mAh/g) 

Fe/Air 1.28 50-75 0.4 96 300-786 
Zn/Air 1.65 350-500 1.85 - 300-875 
Mg/Air 2.93 400-700 2.75 - 737-2131 
Al/Air 2.71 300-500 1.75 70 260-2777 
Na/Air 2.27 1600 1.7 - - 
Li/Air 2.96 1700 68 68-94 3842 
Sn/Air 0.95 - 21 70-90 - 

5.4 Anode of MABs 

5.4.1 Introduction 

Chemical activity of the metal anode specifies the discharge capacity. Due to high metal 

activity, an unavoidable side reaction with various components in the electrolyte can take place. The 

battery performance and the incidence of side reactions may vary, depending on metal’s purity. 

From the invention of the first MAB, the zinc-air battery, in 1878, a great deal of 

development and research has been carried out, and Figure 5.6 demonstrates a summary of 

these advancements [398]. 

 

Figure 5.6 The evolution and modification of different types of MABs [450]. 

Many metals, such as lithium, zinc, aluminum, magnesium, iron, sodium and potassium, can 

be used as anodes in MABs. Every metal has its own advantages and disadvantages when are being 

Institutional Repository - Library & Information Centre - University of Thessaly
28/07/2024 03:22:54 EEST - 52.15.221.227



 
 65 

used as anode electrodes. The energy density of LABs is the greatest theoretically possible 

(11,140 Wh/kg) among the many kinds of MABs even though, obtaining rechargeable LABs is 

difficult. In addition, metals like zinc (0.82 Ah g−1), magnesium (2.20 Ah g−1) and aluminum (Al) are 

commercially viable, plentiful and safe. Moreover, Al is always available for recycling, it has a higher 

energy density (8.1 kWh kg−1) and a significant theoretical voltage (2.7 V). 

Chemical activity of the anode determines the discharge capacity of the anode. Due to 

the high activity of the metal, a side reaction with various components of the electrolyte can 

take place that cannot be avoided. The above reactions can take place at a variety of rates and 

have different effects on battery efficiency, according to the purity of metal and the storing 

conditions [351]. Theoretical specific energies for each kind of MABs is demonstrated in 

Table 5.3, with the specific energy calculated using the following formula: 

W^5/^5N` = n • F • M^5 ^5N`⁄�� • U4566                                          �5.11� 

where W refers to the specific energy of the material, n refers to the number of atoms that have 

been transported, M refers to the molar mass, while Ucell is the cell voltage. 

Table 5.3 Various types of MABs have different theoretical specific energies [345, 375, 381, 

390, 392, 401-408]. 

 

Table 5.4 shows experimental findings [381], representing the most relevant results published. 

Table 5.4 The recent experimental results of various MABs [345, 381]. 
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5.4.2 Progress done in the Anode 

Al-air batteries are cheap, environmentally friendly, present high energy density, good 

recyclability and are having light weight. Additionally, the electrolyte may be an alkaline, salty, 

and non-aqueous solution [409]. 

The performance of an ultrafine-grain (UFG) aluminum anode produced by equal channel 

angular pressing (ECAP) in three distinct electrolytes (NaOH, KOH, and NaCl) was researched at 

a constant discharge current of 10 mA cm−2. The cathode was an air electrode with gas diffusion 

and catalyst (Ag powder) layers as a double-layer structure, laminated with a current collector 

(Ni mesh). The UFG was also compared with coarse-grained (CG) aluminum. The results 

presented in Table 5.5 prove that the grain with finer sizes enhanced the battery’s performance 

in alkaline electrolytes due to the active dissolution of the aluminum anode. 

Table 5.5 The characteristic performance of Al-air battery using different Al anodes at a current 

density of 10 mAcm-2 [345, 410]. 

Electrolyte 

Solution 

Aluminum 

Anode 

Average 

Discharge 

Voltage (V) 

Capacity 

Density 

(Ah/kg) 

Efficiency 

(%) 

Energy 

Density 

(Wh/kg) 

2 M NaCl 
CG 

UFG 
0.398 
0.387 

2751 
2726 

92.3 
91.6 

1097 
958.4 

4 M KOH 
CG 

UFG 
1.38 
1.44 

2439 
2475 

81.7 
83.1 

3363 
3593 

4 M NaOH 
CG 

UFG 
1.397 
1.532 

1647 
2307 

55.2 
77.3 

2428 
3524 

Nevertheless, because of the oxide film blockage in NaCl electrolyte and the local 

corrosion, the research results demonstrate that changing the Al anode grain to a fine size has 

no effect on performance. The anode efficiency of CG and UFG in NaOH is 55.3 % and 77.4 %, 

similarly. Additionally, the energy density improved by 55.5 % with a finer grain size relative to 

CG, however the effect in NaCl and KOH solutions is not clear [410]. 

Two aluminum anodes with different purity percentages were compared to study the 

effect of the impurity on the performance of the AABs. The examined anodes were a 2N5 purity 

99.5 % and a 4N purity 99.99 % grade aluminum anode. The research results demonstrate that 

the 2N5 grade Al presented a lower battery performance than the 4N grade Al because of the 

impurities that shaped the complex layer consisting of cupper, silicon, iron and other elements. 

This impurity layer of 2N5 aluminum reduces the battery’s voltage on standby status and 

depletes the battery efficiency and the discharge current at 1 volt. Nevertheless, lower voltages 

of 0.8 volts lead to the layer dissolving, and hence the performance enhanced. The results at the 

two different applied potentials are demonstrated in Table 5.6. In conclusion, the impurity 
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complex layer reduced with a declining discharge voltage. This situation improves battery 

efficiency and discharges current density by reducing the self-corrosion reaction. Thus, there is 

a possibility of using the cheaper 2N5 grade aluminum anode instead of 4N Al at the condition 

of high-power discharge for AABs [411]. 

Table 5.6 Characteristics of 2N5 and 4N grade aluminum-air batteries at 1 and 0.8 V applied 

potentials [345, 411]. 

Voltage 

(V) 
Anode 

Electric Capacity 

(C) 

Electric Capacity/ 

Discharge (C) 

Performance 

(%) 

1 
4N grade Al 

2N5 grade Al 
1467.23 
1991.22 

751.30 
377.47 

50.92 
18 

0.8 
4N grade Al 

2N5 grade Al 
2211.13 
2151.14 

1590.70 
1625.61 

71.76 
75 

Zinc is believed to be an effective alloying element for the anode of AABs to raise the 

nominal cell voltage and reduce the self-corrosion rate. Nevertheless, a research showed that 

Zn added to Al 99.7 % purity anode reduced its discharge performance because of the formation 

of Zn oxidation film. In addition, indium (In) was added to an aluminum-zinc anode, which found 

improvement in the discharge performance of AABs by decreasing the resistance of zinc 

oxidation film via In ions, to overcome this formation. Furthermore, an Al-Zn-In alloy anode that 

is made of commercial-grade aluminum (99.7 % purity) is cheaper than 4N grade aluminum 

(99.99 % purity) [412]. 

5.5 Electrolyte of MABs 

An electrolyte is a medium to transport ions and electrons to ensure the continued 

oxidation - reduction reaction. As illustrated in Figure 5.7, the electrolyte for MABs can be 

aqueous, non-aqueous, solid-state, or hybrid in nature [346]. 

 
Figure 5.7 Schematic diagrams of various electrolytes of MABs [345, 346]. 

Institutional Repository - Library & Information Centre - University of Thessaly
28/07/2024 03:22:54 EEST - 52.15.221.227



 
 68 

5.5.1 Aqueous Electrolyte 

5.5.1.1 Introduction 

Aqueous electrolytes provide highly ionic conductivity and attract batteries with high power 

density. Furthermore, water-based electrolytes are cheap and non-flammable. Nevertheless, 

aqueous electrolytes are more corrosive than organic solutions, but they have limited water 

thermodynamic electrochemical window. As their performance at low temperatures is limited by 

the freezing point, the range of their thermal application is narrower [413]. Aqueous electrolytes 

may be categorized into three solutions based on the pH number [346]. 

5.5.1.2 Alkaline 

The alkaline electrolyte solution has a pH value higher than 7 and below or equal to 14 and 

is the most common electrolyte in the aqueous-based MABs compared to an acidic electrolyte, 

because of its favorable ORR with reduced overpotential and quicker reaction kinetics. Nevertheless, 

whenever CO2 from the air environment interacts with this electrolyte, it creates a carbonate 

surrounding the cathode. A high quantity of carbonate decreases the cathode’s efficiency as it 

obstructs the pores of the positive electrode [346]. Furthermore, the use of strong alkaline 

electrolytes damages the environment. ZABs and AABs commonly use aqueous alkaline electrolytes. 

MABs with alkaline electrolytes may achieve higher electrocatalysis activity of oxygen and better 

resistance to metal corrosion compared to neutral and acidic electrolytes. Among alkaline 

electrolytes such as NaOH, KOH and LiOH, the most preferable in MABs is the concentrated KOH 

solution, because it has the minimum viscosity and greatest ionic conductivity [398]. 

The discharge behavior of the lately announced Si-air batteries in the alkaline electrolyte 

has been studied using separate concentrations of KOH electrolyte. Silicon-air cell of refill type 

illustrated in Figure 5.8 was used.  

 

Figure 5.8 A refill type of Si-air cell [345, 403]. 
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Whenever the KOH concentration fluctuates from 2 M to 5 M, the discharge potential 

according to the concentration is nearly constant, while it reduces significantly only at lower 

considerably up to 1 M, with the difference in discharge potential between a variety of 

concentrations being 100 mV. On the contrary, there was no effect on the KOH concentration 

on the open cell potential in this research. Due to the fact that OH− changes the activity and 

conductivity of the electrolyte, raising the KOH concentration up to 6 M led in a linear ascent in 

ionic conductivity. The application of discharge current and the concentration of KOH, can cause 

an effect on the roughness of the Si surface [403]. 

Anode: 

Si + 4OH� ⇄ Si�OH�c + 4e�                                                �5.12� 
Cathode: 

O� + 2H�O + 4e� ⇄ 4OH�                                                  �5.13� 
Corrosion: 

Si + 2OH� + 2H�O → SiO��OH���� + 2H�                                     �5.14� 

5.5.1.3 Neutral 

Neutral solution which pH value is 7, has been proved to raise the lifespan and the cycle 

stability of secondary ZABs. Nevertheless, no modeling researches have calculated the 

performance of neutral ZABs in a laboratory setting yet. The pH stability of neutral ZABs is a 

crucial factor in cell function. Furthermore, AABs can be discharged with greater activity and 

reduced corrosion rate in a neutral salt solution than in an alkaline electrolyte [346]. 

5.5.1.4 Acidic 

Αcidic solution has a pH that ranges from 2 to less than 7. It is infrequently applied in 

aqueous-based MABs because of the decreased battery efficiency via a large amount of H+ in the 

solution that reacts directly with metal. An Al-Zn alloy anode’s performance is being changed by 

separate types of acids at the same pH, concentration change and operation temperature [346]. 

Acidic solution suppressed the formation of both dendrite on the anode and byproducts on the 

cathode. Nevertheless, it may lead to corrosion problems for some types of MABs [414]. 

5.5.1.5 Electrolyte Additives 

The metal electrode in an aqueous electrolyte, suffers from crucial failures, such as 

dendrite formation, electrode corrosion, hydrogen evolution and passivation. The electrolyte 

material design may reduce a few of these failures by different electrolyte additives and increase 

the metal electrode’s performance. The additives used for neutral salt water solution are Zn2+, 
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In3+ and Sn3+. For alkaline solutions, the additives used may be ZnO and carboxymethyl cellulose 

(CMC) or ZnO and polyethylene, as illustrated in Figure 5.9. 

 

Figure 5.9 Corrosion protection for Al anode in NaOH containing (a) carboxymethyl cellulose 

(CMC), (b) ZnO, and (c) CMC/ZnO [345, 414]. 

Furthermore, a few aromatic carboxylic acids are preferred in alkaline conditions and 

show similar effects under acidic solutions. In acidic circumstances, is preferable the use of 

imidazole group N atoms [398, 414]. 

5.5.2 Non-Aqueous Electrolyte 

Solid-state electrolytes tend to maintain both thermal stability and robustness and at the 

same time, reduce electrolyte leakage. In addition, they have the potential to disappear failures 

of gas crossover and electrolyte evaporation, to achieve the growth in the energy density of 

MABs and to create reusable and bendable gadgets. However, solid-state electrolytes, tend to 

decrease battery’s capacity and increase its resistance. For MABs, solid-based electrolytes have 

higher OH− interfacial transporting resistance than aqueous system because of the poor wetting 

property that limits the three-phase interface reaction, however, using alkaline gel electrolyte 

(AGE) could reduce these failures [346, 398, 414]. 

Ionic liquid electrolytes have two types of cations. Firstly, ions of alkali metal in an organic 

solvent and secondly, large organic cations with inorganic/organic anions. These electrolytes face 

problems because of the carbonate formation that consumes the electrolyte and blocks the 

electrode pores [346]. Ionic liquids display high ionic conductivity, low volatility, no flammability and 

they can resist moisture in LABs. Ionic liquids that may be stored at room temperature (RTILs) are a 

Institutional Repository - Library & Information Centre - University of Thessaly
28/07/2024 03:22:54 EEST - 52.15.221.227



 
 71 

kind of salt that has a melting point below 100 ◦C and consists of large organic cations and 

organic/inorganic anions. Due to the fact that MAB electrolytes can be excessively nonvolatile, very 

conductive and may enhance the electrochemistry of some metals, researchers have turned their 

importance to expensive RTILs as MAB electrolytes as a result of the drying out problem [398, 415]. 

The aprotic organic electrolyte is widely used in MABs with metal electrodes that are unstable in 

water, like Li, Na [398] and this leads to the formation of a solid electrolyte interphase (SEI) at the 

surface of the anode. Nevertheless, it presents environmental, economic, toxicity and flammability 

issues. Furthermore, an organic electrolyte leads in a discharge product with nonconductive and 

insoluble characteristics that block the air cathode pores [416]. 

5.5.3 Hybrid Electrolyte 

The name of mixed or hybrid electrolyte indicates that it is constituted of two distinct 

electrolytes separated by a solid electrolyte barrier that prevents gas and water diffusion while 

transferring cations. NASICON, for instance, is a solid electrolyte membrane and it implies 

sodium super ionic conductor [416]. The anode electrolyte in a hybrid battery system is 

mentioned as anolyte, while the cathode electrolyte is mentioned as catholyte. With the use of 

an alkali metallic ion (Na+ or Li+) solid-state electrolyte (SSE) separator, a novel aqueous iron-air 

battery was evolved, involving alkaline anolyte and acidic catholyte. With the exposition of 

anode and cathode to oxidation-reduction processes (redox reactions), the alkali metallic ion 

operates as a mediator of ionic transport [346, 417]. Hybrid Na-air cell is another example of a 

hybrid electrolyte battery system, which uses aqueous and organic electrolytes, with a 

membrane to separate them.  

 

Figure 5.10 Representation of (a) non-aqueous Na-O2 battery, (b) hybrid Na-air battery [345]. 

Figure 5.10 illustrates each cell compared to non-aqueous Na-O2 batteries, with the 

comparative conclusions presented in Table 5.7. 
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Table 5.7 Comparison between non-aqueous Na-O2 cell and hybrid Na-air cell [345, 416]. 

 Na-O2 Na-air 

Barrier Polymeric like Celgard 3501 NASICON 
Discharge products NaO2 and/or Na2O2 NaOH 
Product solubility Insoluble Soluble 
Overpotential gap Higher Lower 

Overall performance (%) ≥ 75 ≤ 75 
Stability No recommendable Recommendable 
Safety Satisfactory Reasonable 

5.5.4 Selecting the Electrolyte 

Most of the times, electrolytes are selected via a trial-and-error procedure based on rules 

of thumb connecting a variety of specifications of the electrolyte. Therefore, time is spent in 

testing with separate electrolytes to achieve the required performance. It has been proved that 

in non-aqueous Na-air, Li-air and K-air cells, there is a connection between the solvent 

reorganization energy and the ORR rate constant k and the oxygen diffusion coefficient D (O2), 

as presented in Figure 5.11. 

 

Figure 5.11 Correlation graph between solvent reorganization energy λ, the diffusion coefficient 

of oxygen DO2 , and the ORR rate constant k [345, 418, 419]. 

The study shows the basic associations that exist in the membrane between the salt and 

the solvent and the effect that these interactions have on the total battery’s performance. It has 

been studied that, with growing cation size, the rate of ORR in the presence of alkali metal ions 

is intensely dependent on the selection of salt anion as the size of the cation increases. For non-

aqueous alkali MABs [418, 419], the selecting of the electrolyte is made more accessible with 

the use of the graph presented in Figure 5.11. 

Because of the difference on MABs’ operation, each type of electrolyte has advantages 

and disadvantages that need to be considered. The advantages and disadvantages associated 

with each kind of MAB electrolyte are presented in Table 5.8. 
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Table 5.8 Comparison of different types of membranes for metal-air batteries [345, 346, 381, 

398, 414, 416, 420]. 

 

5.6 Cathode of MABs 

5.6.1 Introduction 

The active material for the cathode is oxygen from the surrounding environment. 

Additionally, it does not demand a heavy shell to keep it contained, which raises the energy 

density of the device [420, 421]. The oxygen evolution reaction (OER) and the oxygen reduction 

reaction (ORR) are the cathode reactions, with OER taking place during the charge cycle and ORR 

taking place during the discharge cycle [346, 422]. 

5.6.2 Air Cathode Components 

The air cathode consists of a gas diffusion layer (GDL), a catalyst and a current collector, 

as demonstrated in Figure 5.12. 
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Figure 5.12 Air cathode components of MABs [345]. 

It may impact the attributes of MABs significantly, therefore it should be optimized by 

improving ORR, decreasing the formation of carbonate and byproducts, preventing flooding in 

the air cathode, and avoiding evaporation of the electrolyte [414]. 

The main tasks of a current collector are connecting to external electrical circuits to form 

a closed circuit and transmit electrons between them. It can be made of metal or non-metal, 

with the metal current collector being made of porous foam - like metals such as Ni mesh, 

stainless steel and Cu. However, non-metal current collectors, like conductive carbon paper, 

carbon cloth and graphitic fiber, are made of carbon-based materials [346, 414]. 

The gas diffusion layer (GDL) accomplishes several tasks. It performs as a conductor between 

the catalyst layer and the air atmosphere, allowing oxygen to diffuse into the atmosphere. 

Furthermore, it prevents both leakage of the electrolyte out of the battery and water entrance into 

the battery and it supports the catalyst layer of the battery. GDL ought to be highly porous, light, 

hydrophobic and thin. Gas diffusion layers usually consist of catalytic or carbon materials and 

hydrophobic binders like polytetrafluoroethylene PTFE (Teflon) and the catalytic materials are 

commonly combined with the binders before being put or imprinted onto current collectors [414]. 

The catalyst layer provides a significant impact on the MABs’ characteristics. The 

bifunctional catalyst is needed to enhance the OER and ORR reactions, as the natural kinetics of 

the oxygen reactions is typically sluggish and rising the kinetics of these reactions increases the 

electrochemical performance of MABs and meanwhile reducing overpotentials. The 

electrocatalysts can be categorized into [351, 360, 372, 373, 414, 422, 423]: 

1. Noble metals and their alloys, like platinum Pt, iridium Ir oxides and ruthenium Ru oxides, 

presenting exceptional performance in both OER and ORR tests. 

2. Metal oxides that are single, binary, or ternary in nature, such as MnO, NiO, and CoO.  
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3. Carbonaceous materials, like doped carbons and nanostructured carbons. 

4. Transition metals and metal macrocyclic complexes. 

5.6.3 Oxygen Electrochemical Reactions in MABs 

Due to the fact that oxygen performs uniquely in both aqueous and nonaqueous 

electrolytes (reaction pathways are presented in Table 5.9), it has been required to develop a 

numerous of catalysts that correspond to distinct reaction processes. 

Table 5.9 Pathway reactions for the different electrolytes of MABs [345, 424, 425]. 

 

Both processes can take place on an air cathode electrode without using catalysts. 

Nevertheless, since the natural kinetics of oxygen are slow, the use of electrocatalysts may speed 

up the reactions. ORR and OER are the two processes that take place with the presence of 

oxygen. This occurs during the discharge process in MABs and consists of a variety of stages, 

with the following most important: 

1. Oxygen diffuses into the surface of the catalyst from the environment. 

2. The surface of the catalyst absorbs oxygen. 

3. The electrons from the anode are transferred to the oxygen molecules via an external circuit. 

4. The oxygen connection is broken, and the oxygen bond becomes weaker. 

5. The hydroxyl-ion t is removed from the catalyst’s surface and transferred to the electrolyte. 

All the above processes are reversible in OER, which takes place during the charging process. 

Due to the relative stability of the intermediates created following oxygen adsorption on the catalyst, 
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either a four-step or a two-step route can be used in ORR and OER processes. The superoxide 

intermediate generated by the two-electron mechanism is a reactive oxygen species. 

O� + H�O +  2e� → HO�� + OH�                                            �5.15� 

The hydroxide OH− generated in the four-electron process in an alkaline medium is 

displayed in Equation (16). 

O� + 2H�O +  4e� → 4OH�                                            �5.16� 

The process of four electrons is highly demanded for energy densities and high power. 

Feeding purified air or employing an O2-permeable membrane is necessary for alkaline media to 

avoid accumulating carbonate ions in the liquid electrolyte with time [423-425]. 

5.6.4 Progress done in the Cathode 

Despite the fact that they have exceptional performance, the electrocatalytic activity of 

noble metal-based electrocatalysts is restricted by their high cost and poor durability [426, 427]. 

In order to overcome these restrictions, a research created a graphene quantum dot/graphene 

hydrogel GH-GQD that has good durability and extraordinary electrocatalytic activity in alkaline 

solution in primary ZABs. The GQD results in greater ORR electrocatalytic activity. After that, 

different concentrations of GQD were compared, and it was found that the GH-GQD-90 exposed 

high ORR activity and extraordinary durability in alkaline primary MABs, and high performance 

as an ORR catalyst in primary ZAB. When used in MABs and fuel cells, the GH-GQD presents 

tremendous promise for ORR as an alternative to noble materials [428]. 

 

Figure 5.13 (a) Cathodic polarization curves at ω = 1200 rpm for the ORR measured, (b) K-L plots 

at 0.6 V vs. RHE and (c) anodic polarization for the OER [345, 429]. 
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A research into rechargeable MABs generated a spinel-type manganese-cobalt oxide, 

MnCo2O4 (MCO), and CoMn2O4 (CMO) nanofiber that served as bi-functional cathode catalysts 

for the devices. As presented in Figure 5.13, these both have a high catalytic activity for both 

ORR and OER in an alkaline condition. 

 

Then, they were tested in ZABs as catalysts and as a result, the round-trip efficiency was 

increased as compared to a cathode without a catalyst. A comparison of the electrochemical 

performance of ZABs utilizing the nanofiber catalysts that were manufactured with the 

performance of Pt/C and catalyst-free carbon cathodes is depicted in Figure 5.14. 

 

Figure 5.14 Galvanostatic discharge-charge plots (a) at 10 mA cm-2 and (b) 25 mA cm-2, 

(c) battery voltages at different current densities and (d) cycling performance at 10 mA cm-2 of 

rechargeable alkaline ZABs with various catalysts [345, 429]. 

To receive Pt-based alternative electrocatalysts, a research mixed Ni, S and Co, to 

improve the electrochemical performance. Mixing sulfides and metal oxides containing 

transition metals frequently demonstrated useful electrochemical efficiency due to transition 

metal elements’ synergy with single sulfide or metal oxide. The porous structure of NiCo2S4 can 

aid in the diffusion of oxygen and hydroxyl reactants, and it usually has a high surface area for 

oxygen reactions because of its porous nature. When NiCo2S4 microspheres are examined in an 

alkaline medium, they exhibit good electrocatalytic activity for OER and ORR and improved 

stability, making them a suitable catalyst for aqueous AABs and rechargeable ZABs. NiCo2S4 

microspheres can be evaluated for aqueous MABs as an advanced electrocatalyst [430]. 
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In another research, a PdCo/C bimetallic nanocatalyst was prepared as a potential air 

cathode catalyst. The prepared catalysts went through a heat treatment process at 200 ◦C in 

H2/Ar atmosphere from 4 to 24 h. A clear correlation was found between the heat treatment 

and the total catalyst performance. As a result, the HT-8 h PdCo/C catalyst was examined in 

rechargeable Zn-air and Mg-air batteries. The resulting performance of each battery is depicted 

in Figures 5.15 and 5.16, respectively, to demonstrate its effectiveness. 

 

Figure 5.15 ZABs performance with PdCo/C catalysts. (a) Polarization curves, (b) discharge and 

charge voltage profiles for the first 20 h, (c) discharge and charge state end voltages for the 

consecutive 100 cycles of the HT-8 h through the first 20 h, (d) discharge polarization, and power 

densities curves and (e) battery long-term cycling stability using HT-8 h catalyst [431]. 

 

Figure 5.16 (a) Discharge polarization and power densities curves and (b) discharge stability 

curves of the HT-8 h, HT-0 h, and Pt/C in MABs [345, 431]. 
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When the HT-8 h PdCo/C catalyst is used, the stability and activity of ZABs and Mg-air 

batteries are enhanced, and the activity is improved [431]. 

The impact of temperature on the manufactured in-house air cathode may be seen in 

the polarization curves presented in Figure 5.17 and Table 5.10, respectively. 

 
Figure 5.17 (A) LSV curves of developed air cathode in NaCl solution at different temperatures 

and (B) In Io of the cathodic ORR plot as a function of the temperature reciprocal (data from 

Table 5.10) [345, 432]. 

Researchers utilized various characterization methods to further understand the 

performance and characteristics of the newly created air cathode, which was then compared 

to commercial air cathodes for comparison. 

Table 5.10 The ORR performance of advanced air cathode in air-saturated 10 wt% NaCl solution 

at a different temperature [345, 432]. 

Temperature (oC) 
Current Density (mA cm-2) 

at -1.55 V (vs. SHE) 

Geometric Exchange Current Density 

(mA cm-2) at Ambient Pressure 

22 127 9.21 x 10-3 

30 158 1.03 x 10-2 

40 182 1.16 x 10-2 

50 205 1.30 x 10-2 

60 224 1.44 x 10-2 

70 238 1.55 x 10-2 

The gas flow limitation and internal electrical resistance of the system are reduced, 

allowing an increase both in water transportation to reaction sites and in air permeability. As 

depicted in Figure 5.18, the performance of the magnesium-air single cell utilizing manufactured 

air cathodes is comparable to that of a commercial air cathode [432]. 

However, the newly designed air cathode, is both cost-effective in terms of production 

and materials and appropriate as a cathode for an MAB in a neutral or alkaline electrolyte. 
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Figure 5.18 Mg-air single cell performance with the commercial cathode and fabricated in-house 

air cathode in neutral solution [345, 432]. 

The non-aqueous LAB was used to examine the impact of the operating temperature on 

the morphology of the discharge product produced. The solid discharge product Li2O2 clogs the 

cathode pores, hence stopping the discharge process. The product should be oxidized before it 

can be used in the charging process. Following the application of a variety of operating 

temperatures at varying discharge current densities, the performance of the Li2O2 discharge 

product is presented in Figure 5.19. 

 

Figure 5.19 Discharge curves at different temperature and at current density (a) 0.1, (b) 0.2, and 

(c) 0.3 mA cm-2 [345, 433]. 
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This is in addition to Figure 5.20, which demonstrates the voltage-capacitance graphs at 

numerous temperatures. 

 
Figure 5.20 Charge curves at the battery operating temperature of 21 oC with discharge at 

different temperatures [345, 433]. 

In conclusion, changing the operating temperature at a specific discharge current density 

does not affect the form of Li2O2, while increasing the operating temperature leads to a 

reduction in the size of the discharge product. In addition, the operating temperature affects the 

charge voltage, cyclability, and capacity of a particular non-aqueous LAB [433]. 

5.7 Progress in the Design of MABs 

5.7.1 Introduction 

The two kinds of MABs are primary and secondary, as depicted in Figure 5.21 (a–c). 

 

Figure 5.21 (a) Primary Zn-air cell; secondary Zn-air cell in (b) three-electrode design and (c) two-

electrode design with a bifunctional catalyst layer [345, 434]. 

Primary MABs are non-rechargeable, while secondary MABs are rechargeable. The basic 

MABs have two electrodes, each with an ORR catalyst, while the rechargeable MABs have two or 

three electrodes, each with an ORR and OER catalyst, depending on the model. In the three-

electrode arrangement, the metal electrode is located between the charging electrode for the OER 

and the air cathode electrode. The air cathode is electrically separated during the charging process, 
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which extends its lifespan by preventing it from being exposed to the high OER potential during the 

charging phase. On the contrary, the two-electrode design of rechargeable MABs, presented in 

Figure 5.21 (c), consists of a metal electrode and a bifunctional air electrode that contains catalysts 

for ORR and OER and other functions [422]. Additionally, it has less mass (resulting in higher specific 

energy) and fewer interfaces, which decreases the possibility of kinetic rate losses [434]. 

5.7.2 Classifications Cell Structure 

Figure 5.22 depicts the three configurations of MABs, the conventional static battery, the 

flow battery, and the flexible battery. 

 

Figure 5.22 Configurations of MABs in a (a) multi-cell static battery, (b) flow battery and 

(c) flexible battery [345, 346]. 

The first configuration is the traditional static air battery, which consists of the three 

primary components (anode, cathode, and electrolyte) and a separator. In this configuration, the 

kinetics of the anode reaction are quick in comparison with the cathode reaction, and it demands 

highly efficient catalysts to assist the reactions, in addition to the challenge of the by-products that 

deposit insolubly on the surface of the electrodes during charge-discharge cycles, resulting in 

reducing the battery’s performance because of the blocking of the pores of the electrode, limiting 

the air diffusion step. The second configuration is the flow battery, which consists of an anode, 

cathode, electrolyte bank, electrolyte, separator and it is commonly installed with a pump in order 

to maintain the electrolyte flow. The configuration of the electrolyte flow reduced the volume 

density and energy efficiency. The third configuration is the flexible battery, which gained the 

attention of researchers due to the increasing requirement for flexible, portable electronics in last 

years which demands a flexible energy storage device. This type of battery consists of a thin 

metallic plate anode to decrease battery weight, a highly conductive electrolyte, a cathode such 

as carbon fiber and a separator. Nowadays, the ideal flexible batteries are ZABs and AABs, because 

of their high energy density, safe operation and low cost [346]. 
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5.7.2.1 Static MABs 

MABs with a static structure can be used for large-scale electronics and have been 

studied widely. Nevertheless, their performance is limited regarding practical power/energy 

density and energy efficiency. Furthermore, the integration of static cell structure with other 

energy technologies is difficult and complicated [435]. 

 Parallel-Plate Electrode Configuration 

The arrangement of the parallel-plate electrode configuration presented in Figure 5.23 

allows mass transport rates and high heat dissipation. 

 

Figure 5.23 Parallel-plate electrode configuration of Fe-air battery [345, 374]. 

For laboratories, small cells are preferable because of the low demands of power and 

volume. Nevertheless, the heat produced in large cells during the charge and discharge cycles 

has to be taken into account. The cross-section of a unit cell and the stack connecting several 

cells together to form a battery are illustrated in Figure 5.24. 

 

Figure 5.24 Fe-air unit cell. (a) Single-cell cross-section and (b) stack of 6 Fe-air cells [345, 374]. 

A variety of materials are examined in air cathodes such as Pt/C combined with Ir/C, and urchin-

like NiO2S4 microspheres covered by a sulfur-doped graphene nanosheet, S-GNS (S-GNS/NiO2S4) [436]. 
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 Coin-Type 

A coin cell type and its components are presented in Figure 5.25. 

 

Figure 5.25 Schematic diagram of a coin cell [345, 437]. 

Figure 5.26 shows the performance of this configuration using electrolytes at 6 M concentration, 

such as poly vinyl alcohol (PVA), potassium hydroxide (KOH), PAM and poly-acrylic acid (PAA) [437]. 

 

Figure 5.26 Zn-air coin cell: (a) discharge curves at different current densities and (b) discharge-

charge cycling performance at 0.5 mA cm-2 using various electrolytes [345, 437]. 

 In Situ Cell 

Numbered components of an in situ cell are depicted in Figure 5.27. 

 

Figure 5.27 (A) Schematic diagram of in situ cell. (B) The cell components sketch. (C) Close-up 

view of the separator module (the black arrows represented the apertures which connect the 

battery inner compartment with the cell exterior). (D) Real assembled cell [345, 438]. 
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The alloy clamp rings and PEEK screws, used to close the cell after assembly, are 

numbered 1 and 2, respectively. The thin sheets of Ni metal (used as positive and negative 

electrodes) are numbered 3 and 4, respectively. The tubing connections for pumping gas fuel or 

the electrolyte are numbered 5 and the thyristor is numbered 6. 

5.7.2.2 Flexible MABs 

The stability of the flexible MABs must be confirmed when subjected to frequent 

mechanical strain over an extended time period, and the security of the battery must also be 

confirmed when subjected to a variety of deformation situations. The electrodes in flexible 

MABs should have the ability of adaptation to changing conditions. Metal ribbons, rods and foil, 

or a flexible metal substrate covered with a metallic powder can be used as anodes, as can metal 

rods coated with a metallic powder. Complementary characteristics of a cathode current 

collector include high conductivity, great flexibility and air permeability. These characteristics 

should be combined with an active material coating to construct a flexible air cathode. The 

carbon materials with the greatest potential as active materials are nanotubes and graphene, 

which are distinguished by their high tensile strength and high Young’s modulus. The exceptional 

performance of the flexible MABs is attributed to the close contact that exists between the cell 

components [346, 439]. 

 Fiber - Type 

The configuration of this type of flexible MAB and the progress made in its development 

are presented in Figure 5.28. 

 

Figure 5.28 Schematic showing the progress made in the development of fiber-shaped metal-air 

batteries [345, 440]. 

The cell structure of this type of MAB is usually a polymer electrolyte, such as gelatin gel 

polymer electrolyte GGPE, around the central metal anode and flexible air cathode coated with 

the electrolyte and it may operate efficiently under external strain. Moreover, other researches 
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depicted the marvelous mechanical stability and electrochemical performance of this 

configuration type [439]. 

 Sandwich - Type 

The components in sandwich-type MAN are produced in plan form, then assembled as 

in Figure 5.29. 

 

Figure 5.29 Stability of sandwich-type Li metal battery (inset shows schematic of the cell) 

[345, 441]. 

This configuration exhibited high volumetric and gravimetric energy density and 

exceptional electrochemical and cycling performance under bending conditions even at a high 

current density [439, 441]. 

 Array 

A planner multilayer MAB array configuration is showed in Figure 5.30. 

 

Figure 5.30 (a) Multilayered structure of a flexible/stretchable rechargeable ZAB array and (b) bending 

and stretching the battery and different array connections series and parallel [345, 442]. 

It possesses flexible and stretchable characteristics, a thickness of nearly 3 mm and 

exposes extraordinary stable and rechargeable battery performance. This array may be 

connected in series and parallel, or in a combination between them and it may be used in 

wearable devices [392]. 
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5.7.2.3 Flow MABs (MAFBs) 

The flow system is adaptable and can be easily combined with a variety of energy 

technologies when it comes to cell construction. It is safe and has a long operational life due to the 

flow of the anolyte/electrolyte, reducing side reactions. It can be used for large-scale energy storage 

as well as stationary power plants. The anolyte circulation is demonstrated in Figure 5.31. 

 

Figure 5.31 Schematic diagram of MAFBs’ anolyte circulation [345, 443]. 

 Anolyte Circulation 

The system consists of an anode electrode, a casting air electrode, two current collectors, an 

ion transport membrane and catalysts. The cell in Figure 5.31 uses a flow of a redox couple at the 

negative electrode and air (or oxygen) at the positive electrode. The flow rate of the anolyte should 

be controlled to prevent any possible concentration polarization. Replacing the positive electrolyte 

tank that used conventional redox flow batteries REBs with an oxygen GDE decreases the total 

weight and volume, hence improving energy densities and power. An example of this approach are 

Zinc-air and Vanadium-air flow batteries (ZAFB, VAFB) towards metal-air flow batteries [435, 443]. 

 Electrolyte Cycling 

This approach is depicted in Figure 5.32 (A), where the fresh electrolyte constantly 

supplies the flow through the electrochemical cell. 

 

Figure 5.32 (A) Schematic diagram and (B) charge-discharge curves of the assembled ZAFB [345, 444]. 
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It improves the metal anode charge and discharges efficiency, while eliminates the by-

products and the side reactions. Hence, the cathode becomes less blocked, which is favorable 

for oxygen access. Lithium-air, Zinc-air and Sodium-air flow batteries can be constructed using 

this approach, and Figure 5.32 (B) presents the efficiency of zinc-air flow batteries using a NiSx-

FeOy/sulfur-doped carbon fiber paper SCFP catalyst [435]. 

 Hybrid Electrolyte Flow Battery 

Due to the fact that certain metals, like Na and Li, are water-sensitive, hence their use is 

questionable in aqueous media. Organic and inorganic hybrid electrolytes separated by a plate 

that is a superionic conductor are preferred in their flow configurations. Furthermore, this 

concept has been commonly improved in static sodium and LABs to protect the aprotic 

electrolyte and protect the extremely reactive the Na/Li metal anode from oxygen crossover or 

water and carbon dioxide impurities in ambient air [435]. 

 Bidirectional Flow Battery with a Two-Layered Cayhode 

The bidirectional flow battery components of vanadium-air flow battery (VAFB) are 

presented in Figure 5.33, where it used an interchangeable gas diffusion electrode with a 

different catalyst for both charging and discharging processes. 

 

Figure 5.33 A bidirectional VAFB based on a two-layered cathode [345, 448]. 

Involving this developed cathode in VAFB resulted in 44.5 % voltaic efficiency and 87.6 % 

coulombic at 40 mA cm−2 (used catalyst Pt/C and IrO2), but highly active electrocatalysts and 

crossover-minimizing membranes need to be collectively improved [435]. To reduce this 

problem, tungsten oxide nanofiller with a variety of mass loadings (0-20 % wt.) was announced 

in the Nafion matrix [445]. The coulombic efficiency, energy efficiency, and capacity retention 

were improved by 93 %, 75 % and 62 %, respectively, as compared to 88 %, 65 %, and 42 %, 

respectively, in the case of using pristine Nafion 212. Additionally, the electrode materials and 
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their cost have a great impact on the development and commercialization of flow batteries. As 

an example, in addition to the selection of mechanically and thermally stable electrodes, the 

cathode structure must be porous to facilitate the ORR reaction [446]. The treatment of graphite 

felt with polyacrylonitrile (PAN-GF) or rayon (R-GF) was performed to examine the impact of a 

precursor on the polarization effect [447]. The PAN-GF has higher conductivity because of the 

higher degree of graphitization and hence more negligible ohmic polarization. 
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CHAPTER 6 

Failures - Diagnostics of Metal-Air Batteries 

6.1 Failures of MABs 

6.1.1 General description 

The energy content of the MABs’ cell is theoretically specified by the amount of available 

anode material, as the cathode uses oxygen from ambient air. Nevertheless, the application of 

oxygen from ambient air demands a partially open battery casing, which increases the risk for 

the electrolyte of drying or leaking out. Furthermore, the entrance of CO2 and moisture can 

result in harmful side reactions such as the carbonation of alkaline electrolytes or the 

decomposition of the anode material because of the reactions with water, which needs to be 

resolved in order to avoid early failure of MABs. Therefore, the design of the air electrode by the 

application of suitable membranes has proven to be effective, but still there is enough space for 

improvements [456, 457]. 

For aqueous electrolytes, which mostly apply to Si-, Zn-, Fe-, and Al-air batteries, great 

failures for MAB cathodes exist in applying cheap, non-noble, but, high-performance, ideally, 

bifunctional, catalysts for the oxygen reduction / evolution reaction (ORR/OER). The ORR is a 

slow reaction, which decreases the availability of suitable non-noble catalysts already and 

reduces the choice of material even further once high-performance OER is demanded for the 

same material. Nevertheless, the application of bifunctional catalysts eliminates the risk of rapid 

catalyst degradation and, therefore, the demand for two separate air electrodes for charge and 

discharge operation. Catalyst degradation during repeated electrochemical cycling of MABs 

takes place when two different catalysts are chosen for the individual functionality of ORR and 

OER on the same electrode. Hence, extended catalyst study with respect to bifunctional 

materials is of great concern for MABs in order to decrease the complexity of the battery 

[459, 463]. 

In case of aqueous MAB-anodes, three great failures are appeared in the reprecipitation 

and dissolution of the anode material as a metal oxide or hydroxide on the metal electrode 

surface during repeated electrochemical cycling, the tendency of most metals towards corrosion 

and the hydrogen evolution because of the water splitting upon recharge of the battery. The 

first above failure can result in dendrite formation, which is extremely obvious for Zn-air 

batteries and sometimes leads to internal short circuits in the battery, if the applied current 
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density during the recharge is very increased. The second failure can lead in discharge capacity 

losses because of the dissolution of the anode material in the electrolyte. Especially in 

concentrated alkaline electrolytes, which are desirable for most aqueous MABs because of their 

marvelous ionic conductivity, most anode materials demonstrate severe corrosion unless a 

passivating layer forms on the electrode surface and prevents the metal from progressive 

dissolution on standby. The third failure should be avoided in order to prevent the battery from 

drying out and to improve the coulombic efficiency by the prevention of a parasitic side reaction 

during the recharge of the battery [465, 469]. 

For non-aqueous electrolytes, which particularly apply to Li-, Mg-, K-, Na-, Ca- and Si-air 

batteries, a significant failure in comparison to aqueous MABs is the quite different reaction zone 

for the discharge products. In non-aqueous MABs the discharge products typically accumulate 

on the air electrode, which demands the air electrode to offer both large storage capacity and 

decent oxygen permeability to be effective for long-lasting battery discharge. Else, the discharge 

of the cell will stop early, as the battery dies from oxygen starvation once the discharge products 

clog the pores of the air cathode and prevent the influx of additional oxygen into the battery. 

Furthermore, in non-aqueous MABs, an appropriate way to decrease the cathode-related 

overpotential during the recharge has to be determined, in order to sustain the performance 

and achieve long-term cycling stability [470, 471]. 

In addition, depending on the individual anode material, an appropriate electrolyte that 

is stable against decomposition by all of the occurring charge-/discharge (by-)products has to be 

determined, which is a necessary task because of the reactivity of the individual chemicals. 

Moreover, for non-aqueous electrolytes, another possible degradation mechanism may be the 

corrosive reactions with the applied electrode material, which lead into capacity losses of the 

battery and a possible development of a passivation layer on the metal surface. Additionally, for 

rechargeable MABs, the non-uniform re-deposition of the metal upon recharge can result in 

dendrite formation, which, finally, causes short-circuits and shedding of the electrode. In case of 

highly reactive metals as anode materials, for safety reasons, it is crucial to prevent water and 

oxygen access to the metal itself while forming stable Solid Electrolyte Interphase (SEI) in order 

to avoid electrolyte decomposition on the metal surface [472, 473]. 

6.1.2 Metallic Anode Failures 

One of the crucial problems facing MABs is the corrosion, passivation, and dendritic 

formation of the metallic anode. Corrosion is one of the most critical side reactions between a 

metal and an electrolyte, as presented by the following process. 
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M + �2 + x�H�O ⇄ 2M�OH� + H�                                              �6.1� 

M + H�O ⇄ MO` + H�                                                         �6.2� 

Hydrogen evolution is naturally favored in almost all MABs because the standard voltage 

of M/MO is under the level of hydrogen evolution. The rate of corrosion caused by the Hydrogen 

Evolution Reaction (HER) can be computed using the equations above. The HER can reduce the 

columbic efficiency of a metal anode, which may lead in a battery explosion. Corrosion can occur 

in FABs, ZABs, AABs and LABs, among other types of batteries. Table 6.1 demonstrates some 

methods for decreasing the HER rate while, at the same time, increasing charging efficiency. 

Table 6.1 Reducing corrosion strategies [345, 346]. 

Metal Reducing Corrosion or HER Rate by 

ZnO surface Increasing ZnO reduces the self-discharge rate. 

Al 
Changing purity, properties and temperature of the alkaline electrolyte. 

Utilization of ionic membrane. 

Fe 
Using an alloy as an anode instead of pure metal and additives such as 

sulfur or bismuth is a good way to save money. 

Passivation is the growth of an insulating layer on the electrode surface, which prevents 

the discharge product from moving around. Electrode discharge is prevented by the layer that 

develops. This can be seen in ZABs, LABs and AABs batteries, among other things. Depending on 

the system, the passivation layers in MABs are ZnO, LiOH and Al2O3, respectively. In the presence 

of an air cathode, the produced soluble species turned to a non-conductive layer on the surface 

of the metal. They increase the cell’s internal electric resistance, which prevents the dissolving 

of metal. The use of porous electrodes to avoid the development of a passivation layer is an 

effective approach [346]. 

Dendritic formation and deformation result in gradually modification of the shape of the 

metal electrode, meaning that the surface roughness becomes uneven as dendrites form. This 

takes place because of the accumulation of metal ions during metal electrode cycling in alkaline 

electrolytes and may lead in an unstable battery system, or it can cause a shortcut [346]. 

6.1.3 Electrolyte Failures 

Dissolving CO2 from the air in the aqueous KOH electrolyte is an important failure for a 

few types of MABs, as for example ZABs, because CO2 reacts with OH− and forms CO3
2-, hence 

decreasing both the electrolyte conductivity and the cell reaction. Appling a CO2 filter could solve 

this issue, however it will enhance the complexity and the cost of the system [449]. 

The development of hydrogen gas could be a failure for electrolytes with a metal 

electrode with a lower potential than hydrogen development because the electrolyte becomes 
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thermodynamically unstable [449]. When using an active electrolyte, the insoluble by-products’ 

deposition on both electrodes’ surfaces during the charge-discharge cycles is a failure that must 

be taken into account. These by-products decrease the battery’s performance because they 

block the electrode pores and restrict air diffusion [346, 450]. 

The absorption of moisture from the environment and the evaporation of electrolytes 

both shorten the life of aqueous MABs. As a result of the accumulation of water, air electrode 

flooding can happen, which may weaken oxygen delivery to the active areas of the catalyst. 

Nevertheless, water loss increases the electrolyte concentration in the body, which has a 

detrimental effect on the discharge response. Furthermore, if the electrolyte is diluted, the ionic 

conductivity will be reduced, resulting in higher internal resistances in the system. When 

designing the battery, there is a possibility of optimizing the internal water balance by 

considering the quantity of metal used, the composition and volume of the electrolyte and the 

degree of gas diffusion. The polymerization of the electrolyte can assist to reduce the amount of 

moisture that is lost. Additionally, the use of a siloxane membrane prevents from flooding and 

drying out [410]. 

6.1.4 Air Cathode Failures 

Different types of materials including noble and transition metals, MOFs, Perovskites and 

carbon-based materials are effectively utilized as cathode catalysts for bifunctional (ORR/OER) 

activity. It is a great challenge to develop a bi-functional air catalyst that is active, stable, 

inexpensive and is appropriate for both ORR and OER [449]. A perfectly designed catalyst may: 

1. enhance the catalyst's effective surface area with exposed electroactive sites, 

2. facilitate the smooth charge-discharge process by restricting the agglomeration process, 

3. control the porosity of the structure and 

4. increase the electrical conductivity. 

Therefore, the development of facile and operational approaches for the fabrication of binder-

free thermally and mechanically stable catalysts with controlled morphologies, size, 

conductivity, surface area, and dense electroactive sites may resolve this issue, however this 

area demands deep research work to achieve astonishing efficiency and stability.  

The precipitation of solid products such as Li2O2 in the cathode leads in a thick layer that 

restricts electron transport and can even lead in the blocking of cathode pores, decreasing the 

entire capacity of the cell. The transfer of oxygen is an issue for certain types of MAB when 

operating at high current densities [449]. 
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Furthermore, the link between electroactive active sites, by the development of 

mesostructure/microstructure, catalytic mechanism atomic/molecular modeling may be 

entirely understood by Density Functional Theory (DFT) and other simulation techniques. 

6.1.5 Failures of Zinc-air batteries and future prospects 

Nowadays, there is major progress in the field of ZABs, but still there are extensive 

failures such as the intensive work required for the synthesis of new flexible and self-supporting 

cathodes, insight into electrocatalytic mechanisms, and recognition of suitable materials for the 

synthesis of the flexible electrode with outstanding catalytic performance. 

A great development in the field of bifunctional ORR/OER electrocatalysts has been 

accomplished till now. However, there is an imminent need for advanced synthetic methods 

which can effectively (a) enhance the electroactive surface area of the catalyst with exposed 

catalytic active sites (b) control the porous structure (c) enhanced electrical conductivity, and (d) 

smooth charge-discharge process with restricted agglomeration problem, especially the latter 

part is mainly urgent because the nanoparticles agglomeration on the catalyst-GDL interface 

block the diffusion pathways and in turn limit the catalytic activity. So, the development of 

binder-free or direct growth of air electrodes is a promising solution to the above-mentioned 

problem as the electroactive nanoparticles, directly grown or deposited on the framework of the 

highly porous and conductive substrate prevent the particle's rapid agglomeration [450-455]. 

A reversible Zn electrode should (a) possess a high proportion of functional active 

material, (b) recharge with high efficiency, and (c) sustains its electrochemical activity over 

several hundred charge-discharge cycles. The structural modification via advanced casting and 

electrodeposition techniques as well as compositional modification through the addition of 

additives or chemical doping were found to be feasible solutions for all the above-mentioned 

requirements. Furthermore, the additives should be added in small amounts because a large 

proportion of additives affect the overall Zn capacity. Further research on the development of 

new additives is required to improve the electrochemical performance of the Zn-air battery 

[458, 460-462, 464]. 

New electrolyte technologies are required that allow the long-term operation of zinc-air 

batteries. Until now, the most popular electrolytes are aqueous alkaline electrolytes but the 

issue of electrolyte drying out and carbonate formation required to be addressed for better 

battery performance. Ionic liquids are a better alternative to aqueous alkaline electrolytes due 

to their limited electrolyte evaporation and resistance towards CO2 poisoning and hydrogen 

evolution, thereby improving the battery efficiency and life cycle. However, their instant use as 
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a potential electrolyte in Zn-air batteries is restricted due to several limitations like high viscosity, 

high cost, and slow reaction kinetics for Zn and oxygen reactions. For flexible devices, electrolyte 

solidification is vital for the maintenance of battery structural integrity under various 

deformations. However, the electrode-electrolyte interfacial properties need to be emphasized 

while replacing the unavoidable liquid electrolyte with a flexible solid-state electrolyte [466-

468]. 

In the case of the novel and cost-effective bifunctional electrocatalysts there is a need 

for an in-depth understanding of complicated ORR and OER reaction mechanisms, the 

development of novel catalysts capable of working in a wide range of voltage, temperature, and 

electrolytes, and introduction of new incorporation techniques, widespread adaption, and their 

scalability. Moreover, to develop a link between laboratory results with commercial applications, 

the catalysts should be tested under practical conditions [475, 476]. 

The current air electrode design in many Zn-air batteries is identical to that implemented 

in alkaline fuel cells; the catalysts are deposited on C-based gas-diffusion electrodes. But, the 

carbon materials are easily corroded in harsh conditions enforced by a repetitive charge-

discharge process in alkaline electrolytes. Moreover, the preparation of air-electrode is normally 

tedious and its main disadvantage is the use of auxiliary materials. So, the advanced design of 

air-electrode needs to focus on such new strategies to use corrosion-repellent carbon-based 

materials or metallic foams/meshes should be used as a support for the catalyst [474, 477]. 

The optimal stack and cell design need to work out such as the provision of purified 

atmospheric air by the addition of extra components in the air-electrode [478]. 

6.1.6 Failures of Lithium-air batteries and future prospects 

Although lithium-air batteries offer attractive prospect as a future electric power source, 

various scientific and technical limitations need to be overcome before they can become 

practical. In particular, the low practical capacity, low round-trip efficiency, and poor cycling life 

need to be addressed. Electrolytes are considered as the most critical components to achieving 

a long cycling life [450]: 

1. For non-aqueous electrolytes, one of the main failures at the current stage is the search 

for stable solvents and lithium salts. In addition, functional additives in electrolytes, 

aiming at stabilizing the electrolyte and/or promoting electrochemical reactions, need to 

be deeply investigated. 

2. For solid-state electrolytes, search for the one with a high lithium-ion conductivity, a very 

low diffusion coefficient for the other species, and a high stability towards both 
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electrolyte and lithium metal is in great need. In addition, polymer electrolytes with the 

promising applications in flexible LABs should draw more research interests. 

3. For aqueous electrolytes, choosing the suitable one with a high energy density and a high 

stability towards the solid-state electrolyte membrane is significant. 

In addition to electrolytes, air electrodes, which provide the place for electrochemical 

reactions, represent major challenges [450]: 

1. To obtain a high practical capacity, the reaction pathways among oxygen, lithium ions, 

and electrons should be maintained as long as possible. Consequently, the structure in 

different types of lithium-air batteries should be well designed. Specifically, for solid-

state lithium-air batteries, the reaction boundaries should be enlarged; for non-aqueous 

lithium-air batteries, detailed investigations on the correlations between the cathode 

microstructures and the synergy transport in the electrolyte are required; for liquid-

based (including non-aqueous, aqueous, and hybrid) lithium-air batteries, facilitating the 

transport of species in the liquid electrolytes (e.g., optimizing the electrolyte distribution 

inside the cathode, or developing a flow system) is important. 

2. To facilitate the electrochemical reactions in the discharge and charge processes, 

catalysts are introduced. In aqueous electrolytes, finding inexpensive alternatives to 

noble metals, especially with bifunctional catalytic activities for both ORR and OER, 

should be the ultimate target. For non-aqueous and solid-state LABs, understanding the 

roles of catalysts in the formation and decomposition of the solid product is essential to 

develop effective catalysts. In addition, advanced characterization approaches for 

monitoring the discharge and charge processes should be applied. 

3. To ensure a long cycling life, the instabilities of carbon materials should be well 

addressed. Effective approaches include applying a protective layer onto the carbon 

surfaces and applying catalysts with activities towards the decomposition of carbonate 

species. Besides, stable non-carbon cathodes have attracted great research interests, but 

achieving a large practical discharge capacity is challenging. 

4. To operate the battery in ambient air instead of pure oxygen, developing an oxygen-

selective membrane with high oxygen selectivity and permeability, or applying catalysts 

with activities for the decomposition of side products (e.g., Li2CO3 and LiOH) are required. 

Meanwhile, a membrane that can suppress the evaporation of liquid electrolytes is 

needed for long-term operation of non-aqueous, aqueous, and hybrid LABs. 
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Metallic lithium is typically chosen as the anode material in most studies of lithium-air 

batteries, which is expected to achieve the highest capacity and energy. The challenges for using 

lithium include [450]: 

1. In non-aqueous LABs, the reactions on the interface between the lithium anode and 

electrolytes are far more complicated due to the oxygen/water/side products crossover. 

Consequently, protecting the lithium electrode through suitable membranes or 

passivation films is important. 

2. Although lithium dendrite formation (Figure 6.1) in LABs has been few reported in the 

current stage, the suppression approaches are important in further research. 

 

Figure 6.1 Schematic representation of Li stripping / plating on original lithium electrode and 

sheltered lithium electrode [450]. 

3. Given the stability issues associated with safety concerns, alternative materials of 

metallic lithium with a high stability, safety, as well as a high theoretical energy density 

are necessary. 

The electrode material's future development also needs to be a great concern with the 

following features [450]: 

1. Fast charging is a highly valued feature of portable electronics and EVs due to remarkably 

shortened charging time. Unfortunately, the structure devastation of electrode materials 

and performance decay rapidly occur under high current density, thus appropriate 

materials need to be designed [479-482]. 

2. Safety of material as changes in the crystal structure, chemical composition, and 

electrode morphology may activate side reactions and may release heat/gas. Thereby, 

internal failure mechanisms, safety issues, and triggering circumstances need additional 

investigation [484, 486-488, 492-496]. 

3. Temperature tolerance as external temperature difference caused by seasons and 

regions can touch 50 ◦C, which strongly affects the movement of metal ions and the 
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electrode material stability. High discharge rate at low temperatures along with 

maximum safety at high temperatures are requisite for electrode materials and need to 

be further worked out [483, 485, 489, 490, 498-500]. 

4. Scale-up fabrication with affordable cost is the point of attention concerning 

commercialization. Manufacture art, cost accounting, and process flexibility are very 

important as the process started practically [491, 497]. 

6.1.7 Failures of Aluminum-air batteries and future prospects 

Besides the current progress of AABs, there is a need of 

1. some noteworthy approaches to fabricate the economical (non-noble metal) metal 

catalysts and to explore the influence of physio-chemical properties such as valence 

state, structure, composition, structure, morphology, surface area, conductivity, and 

size, etc. on the inherent catalytic activity of the material [507]. 

2. Designing novel electrocatalysts equipped with advanced structures and a large number 

of active sites [510, 513]. 

3. Optimizing the synthetic conditions and strategies like temperature, precursor, reaction 

time, atmosphere, and reaction procedures to attain better activity and durability 

[517, 519]. 

4. Understanding of the link between the microstructure, electroactive active sites, and 

ORR response through theoretical calculations by using the DFT and other simulation 

techniques [505, 509, 514]. 

5. There is an utmost requirement for the development of facile and operational 

approaches for the synthesis of controlled morphologies and structures to encounter the 

requirements of ORR catalytic activity and durability [502, 511, 512, 515]. 

6. Mostly the preparations of catalysts are reported at the laboratory level. So, there is a 

need for simple and scalable methods for practical applications [516, 518]. 

7. Regarding the electrolytes, the non-aqueous systems avoid electrode corrosion and 

hydrogen evolution as compared to aqueous electrolytes. Especially the polymer 

electrolytes are the potential candidate for practical applications in AABs owing to their 

flexibility, thermal stability, superior electrochemical response, and lightweight nature. 

Thus, solid-state aluminum-air batteries with polymer electrolytes can be an important 

research area as they can address the issue of stability and electrolyte evaporation, and 

even can limit the dendrite's growth. But the comparatively low ionic conductivity of 
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these electrolytes under ambient conditions is the main challenge to overcome 

[501, 503, 504, 508]. 

8. The introduction of corrosion inhibitors into electrolytes can lessen the self-corrosion of 

Al anodes in turn enhancing the practical efficacy of AABs. The selection of effective 

corrosion retarders with appropriate concentration is a main investigation area for the 

future advancement in Al-air batteries [506]. 

9. Some advanced characterization methods e.g. synchrotron radiation particularly the in-

situ techniques can be applied to disclose the various reaction mechanisms. 

Furthermore, computational studies must be used to investigate and predict the failure 

features and E0 value of new electrode materials [450]. 

6.1.8 Failures of Magnesium-air batteries and future prospects 

The Mg-air batteries exhibit the second uppermost specific energy density and cell 

voltage value. However, this battery system is currently in evolving stages and its efficiency is 

not yet fully realized owing to failures regarding cathode, anodes, and electrolytes. These 

failures need to be properly addressed before the large-scale deployment of Mg-air batteries. 

The development of appropriate air cathodes in all types of batteries is particularly challenging 

because of the sluggish kinetics of OER and ORR. So, the development of electroactive catalysts 

to speed up the oxygen reactions kinetics and the designing of appropriate electrode material is 

the utmost requirement. Moreover, Mg-air batteries use alkaline electrolytes where air 

cathodes perform much better than acidic and neutral electrolytes. So, the issues related to 

electrodes including the creation of passivate films of Mg(OH)2 on anodes and the carbonate 

precipitation at cathodes due to atmospheric CO2 can develop interfacial films at anodes and 

block the pores of catalysts and in turn terminate the discharge processes as a result of high 

interfacial resistances [450]. 

Several failures restricting the commercialization of Mg-air batteries that need to be 

addressed are mentioned below: 

1. Inadequate fundamental understanding of synergies and the reactions mechanisms of 

oxygen reactions, particularly the role of supports on the native N2 coordination 

atmosphere of catalyst electroactive sites and elucidation of catalyst electroactive sites 

for O2 stimulation and catalyst-support interactions [526, 528]. 

2. Inadequate strategies for designing the catalyst, selection of raw material, high yield 

synthesis, and optimization of catalyst performance [524, 531]. 
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3. Un-optimized fabrication and designing of cell/electrode which is mismatched with novel 

catalysts in which catalytic reactions at the triple-phase boundary are complicated [530]. 

To overcome the above-mentioned failures, several research directions are favorable, 

including: 

1. The combination of theoretical research with experimental characterization techniques. 

Inclusively a thoughtful approach to a better understanding of the connection between 

catalyst composition/structure and reaction mechanism [529]. 

2. The proper selection of raw materials to get optimized synthesis, design, and 

performance. Furthermore, the combination of atomic/molecular modeling and 

characterization through experimental techniques is essential for understanding the 

relationship of catalyst electronic structures and compositions with ORR catalytic 

mechanisms to further improve the oxygen catalytic reactions in MABs. For instance, the 

Density Functional Theory (DFT) calculations are used to study the ORR kinetic, 

containing the electrocatalytic reaction mechanism of each step, particularly the rate-

determining steps, activated states, activation energies, and the comparison of the 

catalytic behavior of different catalysts. Moreover, in-situ spectroscopy (IRAS), X-ray 

absorption spectroscopy, Raman spectroscopy, and X-ray photoelectron spectroscopy, 

etc. can be used for a better understanding of structure and property relationships by 

determining the reaction intermediates, and local reaction environment [521, 523]. 

3. The detailed study of the electronic structure and geometric configuration structure of 

catalysts like the coordination environment of centrally electroactive metal sites 

including coordination numbers, adjacent atomic species, and distance between them is 

required as it can help to guide the design of anode and cathode material along with 

other battery components to optimize the conditions and parameters of electrode 

thickness, composition, and fabrication as well as the catalyst morphology [527]. 

4. The invention of innovative methods for the synthesis of carbon/ composite materials 

for advanced electrocatalysts. The composite material can also be optimized via a careful 

selection of materials and innovative designs. Additionally, the synergistic effects 

between different components further help to counteract the limitations of individual 

components and to generate more electroactive sites. Consequently, deep insight and 

development of morphology-controlled fabrication techniques to get high surface areas, 

appropriate pore sizes, and disseminations are required to augment the stability and 
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catalytic activity. Moreover, the controlled porous structure leads to facilitated reactant 

transport and charge transfer processes [520, 522]. 

5. Since the advanced structures with related air cathode constituents play an important 

role in battery efficiency. So, the innovative design and optimized air-cathode and 

catalyst based on multi-physics simulation and experimental techniques are needed to 

accomplish high-performance Mg-air batteries for practical applications [525, 532]. 

6.1.9 Failures of Iron-air batteries and future prospects 

The iron-air batteries were introduced first of all in 1960. The complicated reactions at 

the Fe electrode, limited understanding of their kinetics, and the modest data availability from 

a process carried out under controlled conditions have strictly restricted the improvement in 

mathematical models of the Fe-air batteries, regardless of their potential utilization in 

prediction, performance rationalization, and optimization. To develop more proficient Fe-air 

batteries, the critical research areas include the following points [450]: 

1. The Fe electrode supports the complex electrochemical reactions without any shape-

change problems taking place due to the deposition/stripping process as in zinc-air 

batteries. The synthesis of robust nanostructured electrocatalysts having a stable 

response to the charge-discharge process without corrosion or HER problems remains a 

significant research endeavor [533]. 

2. Development of more proficient and medium-cost bifunctional oxygen electrodes [534]. 

3. Fabrication of negative electrodes with economical and easily scalable techniques needs 

more attention [534]. 

4. Utilization of improved engineering while designing the cell by using additive 

manufacturing technology [536]. 

5. Implementation of proven and accessible mathematical models to effectively 

demonstrate and simulate the battery performance by using aqueous, non-aqueous 

electrolytes with robust electrodes [537]. 

6. The progress of practical multi-physics simulations to rationalize the performance of the 

Fe-air cell and the presentation of its response by operational parameters should be 

deliberated in a critical research area. 

6.1.10 Failures of Silicon-air batteries and future prospects 

The most commonly used anode material is Si wafers but the high corrosion rate is the 

major drawback of this anode material. So, there is a need for Si anode material, capable of 
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sustaining its capacity even after a large number of charge-discharge cycles. Therefore, nano-

structured Si, as well as doped silicon, is used to improve the response of the Si anode. Structural 

modifications like electrodeposition and chemical modification by the addition of a small 

number of additives prove to be an ideal solution to this issue. More efforts are required to 

properly figure out the charge-discharge mechanisms to get optimized discharge time. A more 

practical methodology is needed to address the problem of corrosion or passivation of Si-air 

batteries [538, 539]. 

The most important part of the metal-air battery is the air cathode but its sluggish 

kinetics for ORR hampers its performance. So, the electrocatalysts perform an important part in 

the activity of the cathode. Noble metals like Pt and Pt composites-based catalysts are 

extensively utilized as electrocatalysts for air electrodes. To make this process cost-effective, 

different types of electrocatalysts e.g. high spin state transition metal compounds and organic-

inorganic hybrid can be effectively used as an efficient alternative. The research output is that 

the air cathode-specific capacity depends on multiple factors. Thus, a choice of suitable air 

electrodes with a very thin and exceedingly porous graphitic nano-sheet with optimized pore 

size is the best option. Further improvement of economical catalysts with upgraded activity and 

stability is requisite to improve the air cathode sluggish kinetics. The most appropriate option 

that needs to be further worked out is an inexpensive bi-functional electrocatalyst, active for 

both ORR and OER [540]. 

Novel and remarkably stable electrolyte technologies for the long-term operation of 

silicon-air batteries require further advancement. Currently, ionic liquids are the most potent 

option for Si-Air batteries. However, mechanically and thermally stable gel-polymer electrolyte 

seems to be viable electrolyte for advanced research. In addition, electrolyte solidification is 

important for safe operation and easy handling of Si-air batteries and structural stability under 

innumerable deformations. It is of utmost importance to study the silent features of the 

electrolyte-electrode interface of the battery [541]. 

Simulations/modeling are needed for an optimal design of Si-air batteries for the 

structural design of electrodes, as well as dispersion of electrocatalyst, electrolyte, current 

collector & depolarizers to provide a corrosion-resistant contact between the electrolyte and 

electrodes. Furthermore, the deep insight into Si dendritic growth is still in its infancy and needs 

to explore further [450]. 
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6.1.11 Summary of MABs’ failures and future prospects 

All MABs have their specific merit and demerits, limitations, and potential applications. 

The nature of the electrolyte, electrode materials, separator, pH as well as temperature are 

different parameters affecting the efficiency of metal-air batteries while silent features 

reflecting proficiency of the metal-air batteries are power density, current density, life cycle, 

discharge capacity, and resistance. Nanostructured carbonaceous materials reformed by 

doping/metal-nitrogen complexes are auspicious, abundant, and economical electrocatalysts 

applicable to oxygen reactions [535]. However, the development of new strategies to study the 

synergistic interaction between carbon and dopant for improved stability and catalytic activity 

via Density Functional Theory (DFT) and other simulation techniques, extensive revision 

regarding the catalyst structure/design, the effect of atomic doping, internal connection 

between the electronic configuration of the catalyst and its performance towards oxygen 

reactions still required further attention. Among these carbon-based materials, the Carbon 

Nanotubes (CNTs) show certain limitations like the undefined toxicity of CNTs, deprived 

repeatability on different substrates, and higher cost as compared to other flexible 

electrocatalysts which need to work out. 

Besides the considerable progress in this field, the growth of metal-air batteries is 

considerably hindered due to their mediocre rate capability, corrosion and dendrites formation 

during electrochemical reactions, sluggish kinetics of oxygen reactions at the cathode, and less 

improvement in the field of strategies of electrode material design, electrolyte modification, 

good selection of separator and limited understanding of the reaction mechanism. A reversible 

metal electrode (anode) with (a) multiple functional electroactive active sites (b) high recharge 

efficiency, and (c) long-term stability is the requirement of the efficient system and this area can 

be improved further by structure and composition modification through novel synthetic 

techniques and addition of the suitable amount of proper additives/chemical doping. The 

incorporation of effective corrosion retarders in appropriate concentration is also the main 

exploration area for future advancement. In addition, the hydrogen evolution makes the 

electrolyte thermodynamically unstable which needs to address further. The deposition of 

insoluble by-products on the electrode surfaces during the charge-discharge process must be 

taken into consideration as these by-products diminish the battery's performance owing to 

blockage of the electrode pores, and limited air diffusion. In the case of aqueous electrolytes, 

the problem of stability, leakage, and thermodynamic limitations need more investigation. Ionic 

Liquids and polymer electrolytes are comparatively better options than aqueous electrolytes but 
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this area needs further advancement. Flow MABs are a safe and reliable option with long 

operational life as the flow of anolyte/electrolyte minimizes the side reactions. Flow MABs can 

be effectively utilized for both stationary power plants and large-scale energy storage purposes 

but it deserves further work. 

6.2 Diagnostics of MABs - In Situ Spectroelectrochemical Techniques 

6.2.1 Raman Spectroscopy 

6.2.1.1 In Situ Raman Spectroscopy for MABs 

In situ Raman spectroscopy of MABs has established mechanistic detail about the 

fundamental reactions at the oxygen cathode interface. This includes the characterization of 

species present on the formation of reduced oxygen species (ROS) and electrolyte-electrode 

component degradation products. 

An example of an in situ Raman cell is shown in Figure 6.2. The cell body was made from 

quartz glass with vacuum grade seals to allow removal, positioning, and cleaning of the 

electrodes. 

 

Figure 6.2 Schematic of an example in situ electrochemical Raman cell [542]. 

6.2.1.2 Background Theory 

The Raman effect corresponds to the excitation of a molecule, to a real or virtual, excited 

electronic state and a subsequent emission to a different vibrational state in the electronic ground 

state [543]. This results in scattered lines either side of the incident frequency scattered light (Rayleigh 

scattering). These lines are known as Stokes (u=0-1) and anti-Stokes (u=1–0) lines (Figure 6.3). 
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Figure 6.3 Comparison of Raman scattering processes [542]. 

Raman spectroscopy is based on scattering processes that are intrinsically weak when 

compared with optical processes like absorption and fluorescence [544]; therefore, it requires 

an amplification of the signal [544]. Approximately 1 in 107 photons is inelastically scattered, and 

the enhancement of Stokes and anti-Stokes scattering processes is required to provide sufficient 

signal from these excitations, and the vibrations they correspond to, in order to gain adequate 

sensitivity and to observe adsorbed species at electrode interfaces. 

A method to achieve signal increase by up to 1014 times has been surface-enhanced 

Raman spectroscopy (SERS) [545]. 2017 was the 50th anniversary of the discovery of the surface 

enhancement phenomena [546]. Two independent groups after an initial finding of the SERS 

effect of pyridine on electrochemically roughened silver noted that the concentration of species 

at the interface did not account for the enhanced signal [546, 547]. The mechanisms used to 

explain the SERS effect were the electromagnetic [547] and charge transfer [546] enhancement 

of the Raman signal. There is still debate as to the mechanism of SERS, but it is generally accepted 

that contributions from both of these proposed mechanisms are apparent. The field of Raman 

signal enhancement is growing in terms of studies understanding the fundamental mechanism 

and in developing reproducible SERS-active substrates [548, 549]. 

Two subsets of techniques can be employed to enhance the Raman effect. The majority 

of nonaqueous in situ MABs work in this area has used nano-structuring of the surface, usually 

gold, to employ SERS. These methods include electrochemical roughening [550-559], Au metal 

deposition [560], and shell-isolated nanoparticle-enhanced Raman spectroscopy (SHINERS) 

[561]. This is to enhance the signals detected corresponding to electrochemically surface-active 

species such as oxygen (O2), superoxide (O2
-), and peroxide (O2

2-) and their subsequent 

interactions with alkali metal cations (Li+ and Na+). 
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6.2.2 Infrared Spectroscopy 

6.2.1.1 Background 

Infrared (IR) spectroscopy is a vibrational spectroscopy technique that relies on the 

absorbance of the IR light by a molecule when a beam of IR light falls on it. The interaction of IR 

radiation is associated with molecular vibrations; only those molecules whose electric dipole 

moment changes during vibration can absorb IR light. The frequency of the absorbed IR radiation 

coincides with the vibrational energy levels of the molecule. The exact frequency at which a given 

vibration occurs is determined by the strengths of the bonds as well as the mass of the atoms 

involved. Knowing these absorption frequencies and their intensities would help to get fingerprint 

information about the structure and composition of the molecule. Traditionally dispersive IR 

spectrometers (which emerged in the 1940s) were used to obtain IR spectra that used a grating that 

was scanned through the wavelength range of interest. By contrast Fourier transform instruments 

simultaneously illuminate the sample with a broad spectral band of IR radiation. A moving 

interferometer modulates the IR light, and the resulting intensities as a function of the 

interferometer mirror position form an interferogram, which is transformed into the frequency 

domain spectrum through Fourier transformation. Fourier transform infrared (FTIR) spectrometers 

convey throughput advantage since the grating is dispensed of, and also with rapid scanning 

interferometers (or step-scan methods), the speed of spectral acquisition can be used for time-

resolved studies. As such modern FTIR spectrometers have improved the acquisition of IR spectra so 

dramatically that FTIR spectrometers have, to a very large extent, replaced dispersive instruments. 

6.2.2.2 IR Studies of Electrochemical Interfaces 

Transmission-mode IR spectroscopy has been popular for conventional IR analyses, 

whereas IR characterization of electrode–electrolyte interfaces normally adopts reflectance 

methods. Over the past few decades, various designs utilizing internal, specular (external), or 

diffuse reflection of IR radiation at the metal-solution interface have been developed. A few 

examples are infrared reflection-absorption spectroscopy (IRRAS) employing specular 

reflectance, attenuated total internal reflection infrared spectroscopy (ATR-IR) utilizing total 

internal reflectance, and diffuse reflectance infrared spectroscopy (DRIFTS). There are three 

different acronyms used for IRRAS in the literature, viz. IRRAS, IRAS, and RAIRS, but IRRAS is more 

prevalent. The absorption of IR radiation by the medium through which an IR beam passes 

before and after the reflection can hamper the sensitivity to the interfacial region. External 

reflection spectroelectrochemistry methods (e.g. IRRAS) have to address the problem of 
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attenuation of IR signal by an overwhelming absorption by the electrolyte, while internal 

reflectance (ATR) techniques have to consider absorption of the radiation by the internal 

reflection element (IRE) that limits/determines the spectral range. The polarization modulation 

infrared reflection-absorption spectroscopy (PM-IRRAS) has proved successful for studying 

surface reactions on well-polished and reflective surfaces, and polarization modulated 

techniques also benefit from the surface selection rules. 

The simplicity of ATR techniques and their applicability on nonreflective surfaces make 

them more appealing. In fact, ATR-IR is currently very popular for the ex situ characterization of 

battery electrodes. There are two possible optical geometries in the ATR mode, the Otto [562] 

configuration and Kretschmann [563] configuration; surface sensitivity of ATR techniques is also 

dependent on the configuration. The Kretschmann configuration is generally preferred for in situ 

studies; the Otto configuration is widely adopted for ex situ analyses where the electrode is 

analyzed after it is removed from the electrochemical cell. 

In 1980 Hartstein et al. [564] found that very thin discontinuous films (∼10 nm thick) of 

gold or silver coated on an ATR prism with molecular layers resulted in signal enhancement. This 

approach has been named surface-enhanced infrared absorption spectroscopy (SEIRAS). Using a 

metal film deposited on a silicon ATR prism, Osawa et al. [565] demonstrated the scope of ATR-

SEIRAS for in situ electrochemical studies [565-567]. A schematic representation of the external 

and internal reflection IR spectroscopy setups is shown in Figure 6.4. 

 

Figure 6.4 Schematic showing typical in situ setups used for IR reflection-absorption spectroscopy 

(a) as well as internal reflection SEIRAS spectroscopy (b) [542]. 

Each of the IR spectroscopy approaches listed above has its own associated advantages 

and limitations; external reflection ATR-IR techniques are being widely used for ex situ analyses 

of battery electrodes as they can be applied virtually to any electrode material. 
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IR spectroscopy is widely being used for ex situ analyses of the precipitates or 

decomposition products on metal-air battery electrodes. While ex situ analyses can be easily 

carried out on more practical MABs systems, in situ approaches are necessary to obtain 

information regarding the reaction pathways or intermediary species. 

6.2.3 UV/Visible Spectroscopic Studies 

UV/Vis spectroscopy is a characterization tool that is becoming increasingly utilized in MAB 

studies for the study of reactive intermediates formed during the discharge or charge process. The 

setup of a practical nonaqueous system in conjunction with standard spectrometers can provide 

challenges for researchers such as in the design of bespoke sealed cells capable of sufficient 

transmission of light or reflection of light within given space restrictions. UV/Vis spectroscopy 

allows the study of the UV range (190-400 nm), visible range (400-780 nm), and NIR (spectrometer 

dependent). From the absorption and luminescence spectra related to the electronic and 

vibrational transitions (generally molecular overtone and combination vibrations) of interest, this 

technique can be applied to battery electrolyte systems [568]. 

6.2.3.1 UV/Vis Spectroscopy 

UV/Vis spectroscopy is the study of the excitation from the ground state to the 

electronically excited state. Original measurements on O2 reduction in these systems utilized 

reflection modes, but the battery-related literature has typically utilized transmission modes 

only (Figure 6.5) [569]. 

 

Figure 6.5 Schematics of UV/Vis cells [542, 557, 570]. 

A common problem with MABs is the passivation of the electrode surface, and 

precipitation of large crystalline discharge products can quite easily decrease the transparency 

of the electrode throughout the discharge process. Careful consideration in the appearance and 
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disappearance of signals when utilizing these measurements is critical to gaining accurate 

representations of the model processes being carried out in these cells. 

6.2.4 Electron Spin Resonance 

Electron spin resonance (ESR) or electron paramagnetic resonance (EPR), which can be 

considered as broadly comparable in principle with nuclear magnetic resonance (NMR), excites 

electron spin instead of the spin of magnetic nuclei. Although not as widely used in chemistry as 

NMR, it nevertheless holds an important place in the detection and study of unpaired electron 

spins, for instance, in organic free radicals, in paramagnetic inorganic metal complexes, or in 

solid-state materials, and it can also detect free electrons in metals. It is becoming an 

increasingly present technique across battery research including lithium-ion and MABs. In the 

latter case its ability to detect unpaired electrons enables analysis of radical species produced 

during battery charge or discharge such as superoxide and ROS and other side products arising 

from unwanted ancillary chemical or electrochemical processes. 

ESR was discovered by Zavoisky in 1945 and since the late 1950s it has been used to study 

electrochemical processes [571]. Figure 6.6 shows a cell used by Wandt et al. [573] for the study 

of MABs electrochemistry [572]. 

 

Figure 6.6 In operando EPR cell design for the detection of O2 in an aprotic LAB. Top left: cell housing 

with (1) lid containing a connection for gas purging and three feedthrough wires for contacting of 

working, counter, and reference electrodes and (2) EPR tube containing the electrochemical cell. 

Center: tubular electrochemical cell with (3) poly(tetrafluoroethylene) (PTFE) spacer. Bottom right: 

cut-through electrochemical cell, (4) Vulcan working electrode coated on Celgard separator, (5) 

reference electrode, (6) LiFePO4 counter electrode coated on Al wire (10), (7) glass fiber separator, (8) 

Al wire (0.1 mm diameter) as working electrode current collector, (9) PTFE tube, and (10) Al wire 

(2.0 mm diameter) as counter electrode current collector [542,572]. 

The components are those commonly found in MAB testing, but these are housed in a 

cell capable of being analyzed within an ESR spectrometer. The main difference in cell design in 

this case is the tubular shape required for these types of spectroscopies, similar to an NMR tube. 
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CHAPTER 7 

Recent Advances in Recycling of Metal-Air Batteries 

7.1 Introduction 

Disposal of spent batteries represents an environmental problem because of heavy 

metals that can be dispersed in the environment; as a matter of fact, some types of batteries, 

like the alkaline and zinc–carbon ones, can be thrown away together with unsorted municipal 

wastes. Current community legislation is Council Directive 91/157/EEC (and subsequent 

amending acts of Directives 93/86/EEC and 98/101/EC) on batteries and accumulators 

containing certain dangerous substances. The Directive 2006/66/EC has been applied to all 

batteries and accumulators, whereas the ultimate disposal of portable, industrial and 

automotive batteries and accumulators by incineration or landfilling is strictly prohibited. Best 

Available Technique (ΒΑΤ) defined in the IPPC Directive 2008/1/EC, which defines the best, i.e, 

the most effective in terms of environmental protection, available techniques, i.e, the 

techniques developed on a scale, which allows implementation in the relevant industrial sector 

under economically and technically viable conditions (EU Commission, 2009). Mandatory 

collection started in Austria in 1991 followed by many other Countries, which have arranged a 

financing system that enables to cover all the costs related to the recycling activities, such as 

collection, transportation to the plant, process net costs, information campaigns and so on. The 

European Battery Recycling Association (EBRA) members recycles (a) primary (non-

rechargeable) batteries (Alkaline, Zinc-Carbon, Li primary and some types of button cells) and 

(b) secondary batteries (NiCd, Lead-acid, Nickel Metal Hydride, Li-ion and some types of button 

cells of Zinc-air batteries (the only type of metal-air batteries). 

Zinc-air batteries are promising energy storage devices with high energy density, safety, 

and economic feasibility [575]. Most of the volume in the zinc-air battery is occupied by the 

anode, and hence, it provides up to five times more capacity and three times the energy of 

common alkaline batteries in a compact package [576-578]. Primary zinc-air batteries are 

implemented for medical (hearing aids, cardiac telemetry monitors), military, 

telecommunication (pagers, wireless messaging), and railway signaling/navigation applications 

[576]. Due to their low power output capability, zinc-air batteries are commercialized for hearing 

aid applications (< 10 mW, ~ 1300-1400 Wh/L) [579]. 
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The zinc-air batteries are promising alternatives to lithium-ion batteries as zinc is highly 

stable, inexpensive (almost two orders of magnitude lower than lithium-ion) and has a higher 

energy density (~ 1353 Wh/kg) [580, 581]. 

Zinc is the major constituent of zinc-air batteries, which is primarily mined from 

underground (80 %) and open-pit mines (8 %) [582]. The most abundant mineral source is 

sphalerite (ZnS), while non-sulfide zinc deposits cover 10 % of the world’s metallic zinc 

production [583, 584]. The world’s zinc reserves (250 million tons) are majorly concentrated in 

Australia (27 %), China (18 %), Russia, Mexico (9 % each), Peru (8 %), Kazakhstan (5 %), USA 

(4 %), and India (3 %) [585]. 

7.2 Need for recycling 

According to the United States Geological Survey (USGS), zinc is proposed as a critical 

element due to (a) site-specific concentration of primary zinc sources with 50 % consumption 

realized by few countries, (b) mineral competency, and (c) supply risk (0.48, above the threshold 

of 0.4) [586]. However, zinc is not listed as a critical element per the European Union’s (EU) list 

of critical metals [587]. The declining ore quality [585], limited reserve life (14 ~ 17 years) 

[588, 589], and supply risk associated with zinc calls for the inevitable recycling of secondary 

sources. 

A comparison of various zinc anode-based primary batteries is shown in Table 7.1. 

Table 7.1 Comparison of cell chemistries and performances of various zinc-based batteries 

[574, 579]. 

Battery 

type 

Theoretical 

specific energy 

(kWh/kg) 

Volumetric 

energy 

density (Wh/l) 

Capacity 

(g(Ah)-1) 

Theoretical 

operating 

voltage (V) 

Self-

discharge 

rate (%/day) 

Lifespan 

Sealed 

(years) 

Zinc 
alkaline 

0.35 450 4.46 1.5 0.009 5.1 
Zn + 2MnO2 + 2H2O → Zn(OH)2 + 2MnO(OH) 

Zinc- 
carbon 

0.35 156 4.46 1.5  2-3 
Zn + 2MnO2 + 2NH4Cl → ZnCl2 + 2NH3 + Mn2O3 + H2O 

Zinc- air 
1.3 1300-1400 1.22 1.4 0.007 3 

Zn + ½ O2 → ZnO 

It was calculated that 1 ton of zinc-air batteries contains zinc concentration equivalent to 

8 tons of primary ore (% Zn ~ 5.85 %), while zinc-carbon and alkaline batteries contain only 

~ 2 tons, ~ 3 tons, respectively [Primary ore equivalents = % Zn in 1 ton of battery ÷ % Zn in 

primary ore]. Therefore, it is worth examining zinc-air batteries as a secondary zinc source 

compared to other zinc batteries. 
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As per the EU directives, landfilling, incineration, or improper disposal of spent batteries 

is illegal; therefore, they must undergo recycling. Every year 160,000 tons of consumer batteries 

enter the EU, ending in municipal solid; however, without specific mention of zinc-air [590, 591]. 

ZABs are generally not considered for recycling because of the non-existence of recycling 

rules/targets, non-hazardous stature, abandonment, and lack of technical know-how. 

A circular economy is a sustainable approach to recycling, wherein the product should 

be extended for maximum use, and at the end of life, it becomes a potential secondary source. 

A circular economy aims at reducing the economic disparity due to limited and depleting natural 

resources. A circular recycling model suggested for the ZABs (Figure 7.1) is aimed at resource 

conservation and mitigation of primary production. The circular economy model interweaves 

the processing and consumption stages, where the recovered zinc is recycled and consumed in 

the primary processing of new batteries [574]. 

 

Figure 7.1 Circular recycling model for ZABs [574]. 

Herein, zinc-air batteries used in hearing aids are evaluated and considered because of 

their rich zinc source (~ 88 %), higher volumetric zinc (due to minimal cathode area), easy 

availability, and growing user demand. For recycling considerations, evaluating the economic 

value, mineralogy, and complexity of contained valuables in discarded zinc-air batteries is 

important. 
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7.3 Technologies for extracting metals from battery active materials 

7.3.1 Pyrometallurgy 

Pyrometallurgy is a branch of metallurgy also known as thermal metallurgy where heat 

is used for extraction and purification of metals followed by condensation. In this technology, 

the major operations are roasting, smelting, and refining. The roasting is performed to transform 

sulfide ores into oxides as SO2 gas in the presence of air without fusion, whereas smelting is the 

process usually employed in the blast furnaces to reduce iron from ores. This technology is used 

to recover metals from waste battery by introducing higher temperature into it. Due to higher 

temperature, several reactions would occur in the battery recycling, viz., decomposition of 

compounds and reduction and evaporation of metals [574]. 

7.3.2 Hydrometallurgy 

The hydrometallurgy is a part of extractive metallurgy where aqueous solutions are used 

to recover metals from ores and waste materials. This technology includes pre-treatment 

followed by leaching, solvent extraction, ion exchange, and electrowinning process for selective 

recovery of metals [574]. 

After the collection of spent batteries and before their chemical treatment, some 

mechanical/physical pre-treatments are required. These may include shredding or cut-crashing, 

thermal procedures, separation of ferrous metal from inert compounds (paper, plastic, ferrous 

and non-ferrous scraps) by the use of magnets as well as powder sieving. Subsequently, 

hydrometallurgical processes may be applied, usually in small scale plants, which involves 

leaching, separation and metal recovery steps. Due to the complex nature and numerous 

parameters that might affect the efficiency of leaching and the subsequent separation step(s), 

these processes still remain an important research avenue [574]. 

7.3.3 Direct recovery 

Instead of hydrometallurgical degradative recovery of metals in spent batteries to 

prepare electrode materials, recent efforts have focused on the direct utilization of recycled 

active materials to prepare electrode materials without losing the energy embedded in the 

battery particles. However, the performance of the materials is low [574]. 
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7.4 Characterization of zinc-air batteries 

Discarded zinc-air batteries of various sizes (1 unit ~ 0.3-1.8 g) used in hearing aids 

(Figure 7.2) were procured from hearing aid users. 

 

Figure 7.2 Photograph and internal structure of the discarded zinc-air battery used in hearing 

aids [574]. 

Batteries were manually dismantled into components: anode, cathode, and separator. The 

anode powder was scrapped off from the anode case and dried overnight. As observed in 

Figure 7.2, the cathode electrode is porous, providing air diffusion passage into the electrode. 

Further, the cathode consisted of a gas diffusion membrane, a catalyst layer, and a current 

collector, and the porous separator physically separated the anode and cathode electrodes [574]. 

7.5 Methods and observations 

The separated anode was subjected to various characterization studies to delineate the 

metal values and association. X-ray diffraction (XRD, Rigaku) of anode powder was carried out at 2θ 

range of 20-90◦ with a scanning rate of 3◦/min to determine the underlying phases. The thermal 

response of the anode was studied using thermogravimetric analysis (TGA) in the temperature range 

of 25-1000 ◦C under air and argon atmosphere at 10 ◦C/min. Morphology and elemental analysis of 

the anode and catalyst layer were carried out using Scanning Electron Microscopy equipped with 

Energy Dispersive X-ray Spectroscopy (SEM-EDS) (FE-SEM, Zeiss EVO18). X-ray fluorescence 

technique was used to determine the elemental composition of the anode powder [574]. 

The batteries were left to discharge in the open air, and it was observed that they are prone 

to the formation of white powder on the outside surface, which tends to clog the air pores. EDS 

analysis revealed that the powder consists of C-12.0 %, O-48.2 %, K-34.6 %, and Ni-8.2 %, which is 

indicative of electrolyte flooding (K), carbonate precipitation (C and O), and corrosion of outer nickel 

casing which was primarily used for good electrical contact. The representative XRD analysis of 

anode powders in Figure 7.3 (a) reveals a variable degree of zinc oxidation on usage. It is observed 

that some discarded batteries showed both Zn (~ 41 %) and ZnO (~ 59 %) phases, indicating the 
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tendency to form passivating products. The XRF analysis of the representative sample revealed that 

the anode comprises Zn ~ 88.1 %, K ~ 10.3 %, and additives like Al (0.48 %) and In (0.36 %), which are 

used as passivating agents and surface modifiers, respectively [592, 593]. It was also observed that 

the anode consisted of zinc powder gelled with an alkaline electrode (KOH) [Figure 7.3 (b)], while in 

a discharged/used condition, either characteristic crystallites of zinc oxide [Figure 7.3 (c)] or flaky 

zinc particles [Figure 7.3 (d)] are observed. 

 

Figure 7.3 Variation of zinc anodes as observed by (a) XRD and (b-e) SEM/EDS analysis. 

Morphology of (b) unused and (c)-(e) end-of-life zinc anode [574]. 

These dendritic particles possibly indicate an incomplete chemical reaction in the cell 

caused by ZnO passivation [592]. Figure 7.3 (e) represents EDS analysis of the zinc anode 

particles indicating Zn, O, and K values. The catalyst layer and current collector consist of a 

carbon (38.9 %) layer pressed on a Ni (73.9 %) mesh [Figure 7.4 (a)]. Furthermore, Mn (oxide) is 

embedded in the C layer [594]. 

Thermogravimetric Analysis (TGA) [Figure 7.4 (b)] reveals a slight decrease in weight 

above 300 ◦C under both argon and air atmospheres. Above 650 ◦C, an increase in weight 

(~ 8.2 %) in the air atmosphere represents the oxidation of residual zinc. In an argon atmosphere, 

weight loss of ~ 35.1 % was observed above 650 ◦C due to zinc vaporization [595]. 
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Figure 7.4 (a) Carbon pressed catalyst layer on a current collector, (b) Thermogravimetric 

analysis [574]. 

The activation energy (Ea) is determined using TG data by the Coats-Redfern (C-R) 

method, which can provide valuable guidelines for recycling the zinc anode during 

pyrometallurgical processes. 

7.6 Recycling of ZABs: Outlook and recommendations 

The measures for prolonging the life of batteries in favor of a circular economy involves the 

storage of batteries in original packaging before use, covering terminals, and embedding them in dry 

sand [596]. It is essential to study zinc flow analysis concerning zinc applications in batteries, their 

collection, separation, and recycling stages. The recommendations are broadly shown in Figure 7.5.  

Recycling ZABs is recommended due to the risk of harmful disposal (children swallowing 

due to small cell size), presence of metal values, possible waste generation, and outsourcing of 

batteries from developed countries. Due to their smaller size, and heterogeneity in the batteries 

(size and type), the ZABs are unlikely to enter the recycling chain (formal/informal) unless a 

systematic collection system is enforced. As per EU battery regulations, higher collection targets 

of ~ 70 % by 2030 are enforced to cater to improper disposal of portable batteries [597]. 

In the EU, the battery waste management rules advocate the Extended Producer 

Responsibility (EPR) principle, wherein the producers are responsible for the product’s overall 

lifecycle, from production through end-of-life. The responsibilities of the producers include (a) 

designing safe and durable products, (b) collection, (c) recycling of end-of-life products, and (d) 

re-using the recovered material in newer batteries as per the set targets [591]. EPR involves 

channelizing the e-waste to authorized dismantlers or recyclers through a take-back system or 

by the setting of a collection network. As a result, the financial burden of product disposal lies 

on the producer, which compels for eco-friendly designs, saving of natural resources, efficient 
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collection, and reduction of environmental impacts of the products [598]. EPR is an effective 

framework that enables the transition from a linear to a circular recycling model. 

 

Figure 7.5 Guidelines / recommendations for the recycling of end-of-life ZABs [574]. 

Under EU regulations, labeling batteries or bearing a QR code that covers the details of the 

kind and type of battery may facilitate the identification and sorting of batteries for efficient 

recycling. Further, accurately identifying the type of batteries using deep learning (X-ray imaging) 

and their sorting before dismantling may ease the downstream processing routes [599]. The 

extended producer responsibility targets are specific to the kind of battery that needs to be 

streamlined for zinc-based batteries, particularly zinc-air batteries. It is recommended to make a 

policy of issuing new batteries at a lower price in exchange for discarded batteries to consumers or 

buyback to prevent disposal and maintain the recycling chain. The collected batteries can be sent to 

formal recyclers for value recovery [600]. However, the imbalance between resource recovery and 

collection cost (prevalent in battery recycling) needs detailed investigation. In general, the 

responsibility for collecting and recycling household batteries is not taken due to negative economic 

incentives [601]. Moreover, formal recycling is hampered by a lack of awareness, limited collection 

centers, and the non-implementation of rules and regulations. 

The Zn/ZnO obtained from batteries can be used as feedstock in the zinc production 

process for metallic zinc. The recovered anode material can be re-processed for various 
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applications (such as ZnO) in electronics, optics, sensors, and UV detectors [602]. Like the 

concept of regeneration of zinc anodes from refuelable zinc-air batteries, ZnO product can be 

dissolved in a KOH solution to form zincate solution [ZnO + 2KOH + H2O ⇄ K2Zn(OH)4] followed 

by electrowinning to recover Zn. The recovered zinc can be re-processed for zinc anodes, 

provided good electrochemical characteristics are attained. 

7.7 Zinc recycling: Various secondary sources and ZABs 

The possible pathways for recycling ZABs could be identified from the available literature 

on various zinc sources, especially where zinc is present as ZnO. The identified zinc recycling 

sources are electric arc furnace (EAF) dust, primary production waste, and zinc-based e-waste 

(zinc-alkaline, zinc-carbon, and silver oxide batteries). A summarized literature on the recycling 

of zinc from various secondary sources is shown in Table 7.2. 

Table 7.2 Summarized literature on the recycling of zinc from various secondary sources 

[574, 603, 606, 607, 609-611, 626]. 

Process and salient features Product form; 

recovery (%) EAF dust (ZnFe2O4, ZnO, ZnS, Zn2SiO4); (%) Zn: 15-34, (%) Fe: 18-38 

Thermal treatment (CaO, 900-1100 oC, 3-6 h), magnetic separation (5 T) (ZnO 
non-magnetic). Unwanted residue generation. 

ZnO; >95 

Leaching 

Two-stage (2 M HCl, 20 oC, 30 min), refining (activated C/ metallic 
Zn), electrolysis (cationic exchange membrane, 300-2000 A/m2). 
Acidic electrolysis is costly 

Zn metal; >90 

(FeCl3 • 6H2O, 150 oC, 8 h), Unwanted addition of ferric salts. Zn (II); 100 
Thermal treatment (CaO, 1100 oC, 5 h), alkaline (NaOH), or 
chloride (NH4Cl) leaching (2 M, 70 oC, 2 h). Generation of 
unwanted residue, high cost of alkaline reagents. 

Zn (II); >95 

10 % aqua regia, 1.2 M HCl, 0.94 M citric acid, 1.5 M HNO3, 1 M 
H2SO4, 25-80 oC, 168 h. Long reaction time, high acid 
consumption with the possibility of co-dissolution. 

Zn (II); >75 

Roasting (dust/NaOH-1.94, 450 oC, 1 h), 0.94 M citric acid, 40 oC, 
120 min. High cost of alkaline reagents. 

Zn (II); 100 

I- atmospheric (6 M NaOH, 70 oC, 2 h), II- hydrothermal reduction (6 
M NaOH, 260 oC, 10 g/L starch). Unwanted addition of sodium salts. 

Zn (II); >69 

Heat treatment (SO2, 600 oC, 30 min), Water (80 oC, 20 min) Zn (II); >93 

Primary production  

Leaching 

(i) Jarosite (ZnSO4, ZnFe2O4); (%) Zn- 6; Fe-22 
1.5 M H2SO4, 80 oC, 7 h, reduction of Fe(III) to Fe(II) (50 oC, 4 h), 
electrodeposition-500 A/m2 Fe-Zn alloy; 60 
(ii) Geothite sludge (ZnFe2O4, ZnSiO4); (iii) Zinc residue (ZnS, 
ZnSO4); (%) Zn-3-6, Fe-4-24 MW assisted (0.1-1 M HCl, 280-300 
g/L NaCl, 200 oC, 30-60 min) Zn (II); 70-90 
(iii) Zinc ash (ZnO, Zn, Zn5(OH)8Cl2•H2O); (%) Zn-55-61, Cl-14-17 2 
M HCl/ 20 wt% H2SO4, 20 oC, 30 min- 3 h), precipitation of Fe 
(pH-4.5, CaO), electrowinning (1-5 A/dm2) 

Zn (II) or Zn metal; 
Zn-95-100 

(iv) Zn plating mud (ppm) Zn-440, Mn- 8.5, Cd- 1.7, Fe-240 
0.01 M HCl + few drops of HNO3, 60 oC, SX (0.002 M Cyphos 104, 
2 stages, A/O-1:1), stripping (1 M HNO3) Zn (II); 93 
(v) Zn oxide dust ZnO, ZnS (%) Zn- 46, Pb-8, Fe-8 choline chloride 
-urea-ethylene-glycol, (2:4:1, 80 oC, 48 h), ligand (nitrilotriacetic 
acid, 0.05 to 0.11 mol/L), electrodeposition (2 V, 80 oC) Zn metal; 85-87 
MSWI- Fly ash (%) Zn- 2.5 (HCl, H2SO4, 60 oC, 10 min), 
precipitation (NaOH, 60 min) Zn(OH)2; 70 
Zinc rich paint Zn, ZnO; (%) Zn- 46, Ca-8.4 NaOH- 250 g/L, airflow 
rate-0.6 L/min, 1.5 h, electrowinning 50 mg/L of gelatin, 200 A/m2. Zn; 98 

Institutional Repository - Library & Information Centre - University of Thessaly
28/07/2024 03:22:54 EEST - 52.15.221.227



 
 119 

The purpose is to understand possible recycling pathways and establish the importance 

of ZAB recycling given its uncomplicated structure, higher zinc concentration, and comparatively 

pristine zinc source. 

7.7.1 Electric arc furnace (EAF) dust 

The Waelz process (based on the carbothermal reduction) is employed to recycle the 

hazardous EAF dust (ZnFe2O4 and ZnO). ZABs consist of zinc values above the threshold limit of 

the Waelz process (> 18 %); however, it incurs the challenge of higher energy and carbon 

requirements, environmental regulations, and uneconomical processing [603, 604]. Gibbs’s free 

energy plot using HSC Chemistry, 10.1, shown in Figure 7.6 (a), reveals that above 1100 ◦C (Waelz 

process), higher energy is required for producing zinc from ZnO (-6.59 cal/mol) [Figure 7.6 (a)]. 

 

Figure 7.6 (a) Free energy plot of various zinc phases observed in different secondary sources, 

(b) Pourbaix diagram for zinc leaching in sulfate media [574]. 

Hydrometallurgy for recycling zinc is advantageous with comparatively lower energy 

requirements, environment friendliness, easy scalability, predictability, controllability, and high 

selectivity [605]. Also, ZnO can be dissolved in solution either by acidic (pH < 7) 

[ZnO(s) + 2H+ (aq) ⇄ Zn2+ (aq) + H2O] or alkaline conditions [ZnO(s) + H2O ⇄ ZnO2
2− (aq) + 2H+]. 

In contrast to zinc-air batteries, most zinc in EAF dust exists in an un-leachable form (ZnFe2O4). 

Therefore, pre-treatments such as alkali treatment (CaO, NaOH) are necessary to convert it into 

leachable compounds making the overall process costly and complicated. ZABs are a preferable 

zinc source due to their higher zinc concentration, easily recoverable zinc (ZnO) form, and 

absence of impurities such as Fe, Pb, and halogens. 
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7.7.2 Zinc production waste 

Primary zinc production waste is also explored for zinc extraction via leaching (direct and 

microwave-assisted) due to comparatively lower zinc content (3-6 %) [606-608]. However, the 

recovery suffers from drawbacks due to low zinc content (less than primary ore concentration) 

and complicated and multi-elemental chemical composition (ZnFe2O4, Fe2SiO4, Fe3O4 phase). 

The hydrometallurgical route for zinc recycling from zinc ash (Zn = 55-61 %) or zinc oxide dust 

(Zn = 46-80 %) involves leaching (HCl, H2SO4, choline chloride - urea - ethylene-glycol) followed 

by electrowinning, and it could be extended to zinc-air batteries due to the similar ZnO phase 

(~ 20 %) [609-611]. However, the cost of collection, process economics, solution contamination 

(Fe, Mn, Cl ions), the surface morphology of deposited zinc, and product yield need to be 

ascertained. 

Dismantling and separation/scrapping off anode are the only process steps for zinc-air 

batteries due to the non-involvement of complex components. It is observed that a dominantly 

hydrometallurgical route is adopted for the recovery of zinc values from zinc batteries [612-616]. 

Sulfuric acid leaching is preferred due to better reaction kinetics with reducing agents (glucose, 

H2O2, others) mainly employed for leaching complex manganese phases. Purifying the leachate 

containing major elements such as Zn and Mn from multiple impurities (Fe, K, Ni, Cu, Co, Pb) is 

challenging (due to flux usage during remelting co-precipitation, interference in the 

electrowinning step). In the case of zinc-air batteries, as per the Eh-pH diagram in Figure 7.6 (b), 

ZnO is easily converted to soluble zinc sulfate, and due to minimal impurities, reducing agent 

consumption and multiple purification steps are avoided. For the production of highly pure 

Zn/ZnO (95-99 %; 3-11 μm) from alkaline batteries, energy-intensive carbothermal reduction 

(1150-1200 ◦C, 1-2 h) process was adopted [617, 618] while it is available in pristine form in zinc-

air anodes. However, the yield and quality of Zn/ZnO significantly impacts raw material, labor, 

and utility costs, which needs to be considered in detail. 

The imperial smelting process (ISP) (Duisburg, Germany) recycles zinc-carbon and zinc-

air batteries alongside zinc production [619]; however, complete details are not available in the 

public domain. On an industrial scale, hydro-based recycling (MMM Sedema, Batenus, Revabat, 

Recupyl) can recycle ZABs via mechanical process, leaching (H2SO4 + H2O2) and refining [620]. In 

the pyro process, sequential pyrolysis, reduction, and incineration are possible options (Recytec, 

Sumitomo, Batrec, Citron), wherein the zinc is recovered in vapour form and cast into ingots 

[621]. Recycling zinc-air with other batteries may dilute/compromise the purity of available zinc; 
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however, this route seems preferable due to the lack of specific recycling studies and robust 

collection systems. 

The thermodynamic analysis in Figure 7.6 (a) reveals that reducing ZnO using carbon is 

unfavorable below 650 ◦C. However, as the Gibbs free energy decreases (negative) above 650 ◦C, 

ZnO can be reduced by C at the expense of CO/CO2 formation (endothermic process). Using CO 

as a reductant for low-temperature reductions makes the reaction more favored. However, it is 

important to understand the kinetics of the reaction and the effect of mixture quality (Zn/ZnO) 

on the recovery economics in bulk discarded ZABs. In the case of mixed zinc alkaline and zinc-

carbon batteries, pyrometallurgical process routes involving pyrolysis (5%H2(g)–N2(g) mixture, 

950 ◦C) and oxidative roasting (700-1150 ◦C) are adopted to recover either zinc metal (due to 

vaporization and condensation) or ZnO respectively [622-623]. The energy required to produce 

per mole of Zn from ZnO and ZnMn2O4 using pyrolysis (H2) [Figure 7.6 (a)] are almost similar; 

however, from alkaline batteries, the obtained ZnO contained high Cl and F impurities; which 

poses a serious challenge in electrowinning for zinc metal production. In contrast, the zinc-air 

battery is free from such impurities; however, feasibility and process economics needs further 

exploration. Hydrogen reduction depends on factors such as hydrogen partial pressure, the 

surface area of ZnO, and the presence of a third gas, such as N2/zinc vapors [624]. 

7.7.3 Recycling zinc from spent zinc-based batteries 

The most suitable battery recycling processes and selected representative companies in 

the EU for alkaline battery recycling are mostly based on pyrometallurgical treatment or possess 

a stage with thermal pre-treatment. These pyrometallurgical techniques consist mainly on the 

selective volatilization of metals at elevated temperature followed by condensation [792]. These 

methods are usually seen as less expensive routes, capable of high metal recovery with a rapid 

reaction rate without the requirement of complex pre-treatment process, as they permit the 

separation of materials in the form of molten metal or gases from other products that can be 

high value by-products. Nevertheless, because of the high temperatures needed, these 

techniques tend to be highly energy intensive and can emit dust and release dangerous gases, 

demanding expensive cleaning and dust collecting system to prevent air pollution [793]. 

These constraints explain the recent progress of further research on alternatives 

methods, specifically hydrometallurgical methods. These processes do not demand extremely 

high temperatures, as the pyrometallurgical ones. Hence, the energy consumption is reduced 

and dust production are minimized. 
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7.7.3.1 Hydrometallurgical recycling of spent batteries 

After the collection of spent batteries and before their chemical treatment, some 

mechanical/physical pre-treatments are needed. These may involve shredding or cut-crashing, 

thermal procedures, separation of ferrous metal from inert compounds (plastic, paper, ferrous 

and non-ferrous scraps) by the use of magnets as well as powder sieving [792]. Afterwards, 

hydrometallurgical processes can be applied, often in small scale plants, which include leaching, 

separation and metal recovery steps. Because of the complex nature and several parameters 

that could impact the efficiency of leaching and the subsequent separation step(s), these 

processes still remain a significant research avenue. 

 Leaching 

The target of the leaching is to extract the metals from the solid matrix into the aqueous 

phase. Often, strongly acidic or alkali solutions, with or without the presence of reducing agents, are 

used. The leaching processes may be categorized into four simplified main types: neutral, acid (or 

acid-reductive), alkaline and complexation leaching. These processes depend on the type of 

chemicals applied and reactions may vary from simple dissolution to dissolution plus redox reactions. 

 Neutral leaching 

Neutral leaching corresponds to the use of deionized water to leach out the electrolyte 

and other soluble components of the spent batteries. In the case of alkaline batteries, this 

electrolyte is KOH while for zinc-carbon is NH4Cl, as referenced above. In the case of a 

subsequent acid leaching implementation, neutral leaching is formerly used to leach these and 

other water soluble components of the spent batteries in order to prevent extreme use of acid 

as well as to prevent interferences with other later processes, like electrolysis [794]. During the 

neutral leaching, the KOH and NH4Cl dissolve in the deionized water and can afterwards be 

recovered, ready for reuse as electrolytes for new batteries [795]. 

 Alkaline leaching 

Alkaline leaching is mainly applied using a strong base (e.g. NaOH), which reacts 

according to the following equations [796]: 

Zn(s) + 2NaOH(aq) + 2H2O(aq) → 2Na+(aq) + Zn(OH)4
2-(aq) + H2(g)                   (7.1) 

ZnO(s) + 2NaOH(aq) + 2H2O(l) → 2Na+(aq) + Zn(OH)4
2-(aq) + H2O(l)                  (7.2) 

 Acid leaching 

Acid leaching is mainly conducted using mineral acids, like hydrochloric acid (HCl), nitric 

acid (HNO3) and especially sulphuric acid (H2SO4) because of its low cost. The reactions of the 
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main Zn forms that can be present in alkaline spent batteries after leaching with acid, like H2SO4, 

are represented below [794]: 

ZnO(s) + H2SO4(aq) → ZnSO4(aq) + H2O(l)                                         (7.3) 

Zn(s) + H2SO4(aq) → ZnSO4(aq) + H2(g)                                           (7.4) 

 Complexation-assisted leaching 

Complexation-assisted leaching is a method that implies the use of complexing agents,like 

ammonium carbonate [(NH4)2CO3] or ammonium chloride (NH4-Cl). The ability of these leaching agents 

originates from the formation of soluble complexes of Zn with the added ligands, which activate 

selective dissolution of Zn from the battery waste using less aggressive conditions (near neutral pH) 

than when alkaline leaching is used (pH > 13). The following equations represent the formation of the 

most dominant complexes formed between Zn with the complexing agents added [797]: 

ZnO(s) + 2NH4
+(aq) + 3Cl-(aq) → ZnCl3NH3

-(aq) + NH3(aq) + H2O(l)                   (7.5) 

   ZnO(s) + 2NH4
+(aq) + 4Cl-(aq) → ZnCl42-(aq) + 2NH3(aq) + H2O(l)                     (7.6) 

   ZnO(s) + 2NH4
+(aq) + 3NH3(aq) → Zn(NH3)4

2+(aq) + H2O(l)                           (7.7) 

In Table 7.3, are listed the works in which alkaline complexation and acid leaching were used. 

Table 7.3 Detailed performance of alkaline, complexation and acid leaching strategies tested on 

spent alkaline and/or zinc carbon batteries. Data were normalized in function of both the molar 

quantities of leachant per g of waste [795, 798-804, 814]. 

 
S/L ratio 

(g/mL) 
Leachant (M) 

Mol leachant 

/g waste 

Time 

(h) 

Particle 

size (μm) 
T (oC) Zn (%) 

Alkaline 
leaching 

0.1 NaOH (4) 0.04 1 <2380 80 63.4 
0.1 NaOH (4) 0.04 0.5 <2380 80 82 
0.1 NaOH (4) 0.04 3 <1000 80 38 
0.1 NaOH (4) 0.04 0.05 <1000 ∗ 82 
0.1 NaOH (4) 0.04 0.23 <1000 ∗∗ 81 
0.1 NaOH (6) 0.06 2 <1250 80 >64 
0.1 NaOH (6.5) 0.065 3 - 80 52 

Complexation 
leaching 

0.1 (NH4)2CO3 (2) 0.02 1 <2380 60 83 
0.1 NH3 (2.5) 0.025 1.5 <2380 60 39 

0.05 NH4Cl (5) 0.1 4 <3970 100 72 

Acid leaching 

0.1 H2SO4 (1) 0.01 1.5 <2380 30-32 98 
0.1 H2SO4 (1) 0.01 3 <1000 80 86 
0.1 H2SO4 (1) 0.01 8x10-3 <1000 ∗ 94 
0.1 H2SO4 (1) 0.01 3.3x10-2 <1000 ∗∗ 92 
0.1 H2SO4 (1.5) 0.015 3 <1000 80 99 
0.1 H2SO4 (2) 0.02 3 - 80 100 
0.1 H2SO4 (2) 0.02 1 <1250 60 96 
0.1 H2SO4 (2) 0.02 - <2380 60 92 
0.1 HCl (5) 0.05 2 - 70 96.1 

∗ Microwave-assisted / ∗∗ Ultrasound-assisted 
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The main results using reductive acid leaching are demonstrated in Table 7.4 by 

alphabetical order of the reductant. 

Table 7.4 Detailed performance of reductive acid leaching tested on spent alkaline and/or zinc 

carbon batteries. Data were normalized in function of the molar quantities of leachant, expressed 

in mol of leachant per g of waste, as well as the quantity of reductant, expressed in mmol of 

reductant per g of waste [794, 796, 798, 802, 805-814]. 

S/L 

ratio 

(g/mL) 

Leachant 

(M) 

Mol 

leachant 

/g waste 

Reductant SP 

mmol 

reductant 

/g waste 

NTSR 
Time 

(h) 

Particle 

size 

(μm) 

T  

(oC) 

Zn 

(%) 

0.05 H2SO4 (1) 0.02 Activated carbon 2 5.0 - 3 <88 80 84.08 

0.05 H2SO4 (0.5) 0.01 Ascorbic acid 10 1.1 2.0 2 5-100 25 98 
0.05 H2SO4 (2) 0.01 Ascorbic acid 10 1.5 2.5 3 <88 70 99.99 

0.2 H2SO4 (1.8) 0.009 Citric acid 9 1.0 1.3 1 <2000 40 100 
0.02 H2SO4 (2) 0.1 Glucose 12 0.6 1.2 1 <53 100 100 
0.1 H2SO4 (2) 0.02 Glucose 12 0.1 0.2 1 <53 100 70 

0.1 H2SO4 (1.5) 0.015 Glucose 12 1.1 2.6 0.017 <566 - 95 
0.05 H2SO4 (2) 0.04 Guar meal 12 2.2 - 3 <88 70 100 
0.1 H2SO4 (3) 0.03 H2O2 1 58 9.3 1 <2380 60 98 

0.1 H2SO4 (2) 0.02 H2O2 1 58 11.1 1 - 25 98 

0.1 H2SO4 (2) 0.02 H2O2 1 58 16.1 0.5 <2380 60 93.3 
0.1 HCl (6) 0.06 H2O2 1 50 9.5 1 <1000 - 99.9 

0.1 H2SO4 (4.5) 0.045 H2O2 1 50 9.5 3 <1000 - 99.9 
0.1 H2SO4 (2) 0.02 Lactose 12 0.3 0.7 3 <1000 90 100 
0.2 H2SO4 (1.8) 0.009 Oxalic acid 1 3.3 0.5 5 <500 80 100 
0.1 H2SO4 (1) 0.01 SO2 - N.A. - 1.5 <2380 30-40 98 

In Table 7.4, SP is the Stoichiometric Proportion of reductant used, when applicable and NTSR 

is the Number of times that the reductant was used relatively to the stoichiometry required. 

7.8 Proposed flowsheet for discarded ZABs 

The proposed method is envisaged based on current zinc battery recycling practices, 

which can also be integrated for ZABs as shown in Figure 7.7. 

 
Figure 7.7 Proposed recycling flowsheet for recovering zinc values from discarded ZABs [574]. 
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One-ton primary ore contains 0.058-ton metal zinc, while end-of-life ZABs contain zinc 

equivalent to 8 tons of primary ore. Several challenges related to recycling zinc from ZABs include 

collection/sorting, process integration, comparative life-cycle assessments with similar 

secondary zinc sources, and effluent treatment. Predominantly, the collection stage is a major 

challenge, which will affect more in the case of ZABs due to their much smaller size and lack of 

awareness. Identifying batteries and their chemical composition before any recycling step is 

crucial, which can be achieved by advanced tools such as X-Ray imaging, deep learning, and QR 

labeling. A comparatively low zinc concentration (less than ~ 35 %) in the waste source is 

considered uneconomical for recycling; therefore, a certain pre-processing method is required 

for upgradation (55-60 %). However, the zinc content is much higher in the case of ZABs without 

any harmful impurities and requires no pre-processing. 

The ZABs should be dismantled, preferably via automation, to separate the anode 

powder (Zn/ZnO), followed by a suitable treatment to recover Zn. Possible methods are the 

hydrometallurgical treatment of leaching in acidic (H2SO4) or alkaline conditions and reduction 

by carbon or hydrogen. The acid leaching leads to intense hydrogen evolution due to a reaction 

with metallic zinc (apart from ZnO), which utilizes corrosive chemicals in large quantities, which 

is unfavorable for industrial applications. Moreover, hydrometallurgical treatment releases 

effluents generally neutralized using CaCO3 and Ca(OH)2. In sulphuric acid, CaO forms CaSO4, 

which is undesirable, while Na2CO3 and NaOH perform comparatively better but are expensive 

[625]. 

On the other hand, oxidative alkaline leaching (NaOH) studied for the leaching of zinc 

(Zn/ZnO), followed by electrowinning, is a preferred route to obtain pure zinc metal [626]. The 

pyrometallurgical process suffers from the drawbacks of possible emissions, CO2 release, high 

energy requirements, and investment costs. However, the emissions, residues, and recovered 

metal would be a function of the amount, composition, and recovery route followed, which 

needs further evaluation. Hydrometallurgical zinc production offers the lowest operational 

costs; however, in pyrometallurgical processes, the flexibility of feedstock and comparatively 

feasible recovery from by-products and residues are advantageous [627]. 

The recycling studies can be widened by utilizing solar energy for 

reduction/electrowinning. The thermodynamic efficiencies on comparison showed that the 

solar-carbothermal process functions better (19-36 %) than the solar-electrowinning process 

(2.4-11.4 %) at commercial scales [628]. However, process development and economic returns, 

particularly in the case of ZABs, need to be ascertained.  
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Recycling only ZABs by formal recyclers would be unprofitable, with other limiting factors 

such as high investment and higher labour costs (in developed countries). Moreover, formal 

recycling in developing countries faces challenges such as inconsistent supplies, high costs, 

inadequate infrastructure, and lack of financial incentives [629]. Adopting the recycling 

flowsheet solely for zinc-battery recycling will not be economically feasible. Therefore, it is 

recommended to integrate recycling with the primary processing route (as utilized for PCB 

recycling via copper smelting route) or with other zinc-based battery recycling methods. 

However, having a uniform feedstock at a plant site and preventing contamination, such as Cd, 

Hg, Mn, etc., from other zinc-based batteries is essential. 

The recycled mass should be reutilized in the primary zinc production stream for 

sustainable cyclic metal flow for an efficient recycling approach. Generally, recycled metals in 

primary production have significant chances of degrading the quality of recovered metal (due to 

secondary impurities). Nevertheless, using zinc-anode from batteries may bypass such 

challenges. Additionally, the utilization of recovered anode in the primary processing stream 

may save energy ~ 2372 MJ/ton, reduce the emissions (431 kg CO2-eq.) and slag production 

(3.8 kg/ton) [630, 631]. Hence, challenges, possibilities, energy consumption, and economics 

should be considered to sustain zinc through utilization in primary production. 
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CHAPTER 8 

Materials Design for Rechargeable Metal-Air Batteries 

8.1 Introduction 

MABs are a family of electrochemical cells powered by metal oxidation and oxygen 

reduction, exhibiting a great advantage regarding theoretical energy density, which is about 3-

30 times higher than commercial LIBs [632-635]. The two types of batteries that have attracted 

most attention are LABs and ZABs [636]. LABs (with Li2O2 as the discharge product) can deliver a 

superior theoretical performance of a large energy density of 11,429 Wh kg-1 (based on the mass 

of Li metal), a high specific capacity of 3,860 mAh g-1 (based on the mass of Li metal), and a cell 

voltage as high as 2.96 V [637]. For ZABs the theoretical energy density is 1,350 Wh kg-1 (based 

on the mass of Zn metal), still about 5-fold higher than LIBs [638]. In addition, ZABs also have the 

advantage of low cost compared with LIBs [638]. Except LABs and ZABs, other types of MABs 

also have their own superiorities. For instance, Al-air batteries exhibit the highest volumetric 

capacity (8,040 Ah L-1) [639], and Na-air batteries show smaller charge overpotentials than LABs 

[640]. So, the MAB family has great potential to serve as next-generation electrochemical 

energy-storage devices. 

MABs most of the times contain four major parts: an air electrode, metal electrode, 

electrolyte, and separator, as illustrated in Figure 8.1 (A). 

 

Figure 8.1 Introduction of MABs: (A) Schematic illustration of a MAB. (B) A brief timeline of 

research progress in MABs [642-658, 791]. 
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For most MABs, the air electrode reactant O2 is obtained from the ambient air rather 

than encapsulated in the cell. So, the air electrode several times consists of only an 

electrocatalyst layer to reduce the electrode overpotential and a gas-diffusion layer (GDL) to 

enhance the oxygen diffusion between the ambient air and the catalyst surface. The commonly 

investigated metals for the metal electrode include zinc, lithium, aluminum, magnesium, and 

sodium [641]. For highly active metals that are unstable in aqueous systems, such as Li, Na, and 

K, a non-aqueous aprotic electrolyte is usually required, while for relatively inactive metals such 

as Zn, Al, Mg, and Fe, alkaline aqueous electrolytes are widely employed [635]. The separator is 

an optional component in a MAB used to separate two different electrolytes, obstruct some 

mass transportation processes between the electrodes, and prevent the short-circuit caused by 

metal dendrites. 

Much progress has been made in the research on MABs from the invention of the first 

primary ZΑΒ in 1878 [Figure 8.1 (B)]. In general, ZABs are composed of zinc plate or zinc foil as 

anode, high-concentration alkaline solution and zinc ion salt as electrolyte, and oxygen reduction 

reaction (ORR) catalyst as cathode. Such primary ZABs have been widely commercialized. For 

rechargeable ZABs, the catalyst also needs to have the catalytic activity of oxygen evolution 

reaction (OER) which is thus called “bifunctional”. Compared with traditional lithium-ion battery, 

ZABs have higher theoretical specific energy (1218 Wh kg-1), lower price and intrinsic safety. In 

particular, the tolerance of flexible ZABs assembled with solid electrolyte in bending, torsion, 

tensile, compression and other flexibility tests is much better than that of flexible lithium-ion 

batteries, making it one of the most powerful competitors for commercially flexible energy 

devices [642-650]. 

Nevertheless, it does not mean that flexible ZABs can certainly become the energy source 

of the next-generation flexible and wearable electronics. In fact, there are still many problems 

to be solved in the process of industrialization. First, as the most important part of the whole 

device, catalytic activity, durability and cost of the oxygen catalyst still needs to be optimized. In 

addition, the solid electrolyte used by most flexible ZABs contains a certain amount of water, 

which makes it easy for the high-concentration alkaline electrolyte to seep from semi open 

devices during bending and compression, which is absolutely unacceptable in the field of flexible 

and wearable electronics. Furthermore, although most studies claim that the assembled ZABs 

are flexible and give demonstration as evidence, these flexibility tests are usually just simple 

bending and tensile under low strains. It is far from enough to expect that these simple tests can 

be applied in practically complex environments [651-658]. 
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8.2 Evaluation Parameters and Current Issues of MABs 

The discharge properties and the rechargeability are the two aspects that the 

performance evaluation of rechargeable MABs can be divided into. Unfortunately, by this time, 

most of the MABs under study still have only very limited practical application areas. It is still a 

huge challenge the improvement of the MABs’ performance concerning both discharge 

properties and recharge ability. So, it is important for promoting the further development of the 

MABs to study the problems and challenges in these batteries from the perspective of materials 

science and look for solutions through the material design of air electrode, metal electrode, 

electrolyte, and separator materials. The discharge properties and the rechargeability of MABs, 

which are the main challenges, are mentioned here. 

Information about how much the current density can be reached at a specific discharge 

voltage can be given from the polarization performance and also reflects the peak power density 

that a MAB can provide. The overpotential and the reaction rate of air electrode and metal 

electrode reactions are the factors that affect the polarization performance of MABs. The 

reduction of oxygen on the air electrode is sluggish in kinetic and is considered to be the rate-

determining step. So, efficient electrocatalysts are required on the air electrode to reduce the 

oxygen reduction overpotential, thus achieving a high reaction rate [659, 660]. Apart from the 

reaction kinetics, the mass transport is also a serious factor in affecting the reaction rate [638]. 

Rational material designs are needed to minimize the mass transport resistance, including 

employing a GDL on the air electrode, regulating the pore structure of electrodes, and 

preventing the deposition of insulating products/by-products on the electrodes. 

The theoretical capacity of a MAB is determined by the amount of metal encapsulated in 

the battery as the metal electrode, as the air electrode reactant O2  is achieved from ambient air 

and is nearly infinite. Nevertheless, there are also some factors that limit the practical capacity 

of a MAB. For aqueous MABs, passivation of the metal electrode could occur as the metal 

electrode is being coated by an insulating metal oxide film during the discharge process, resulting 

in termination of the discharge process [641]. There is another cause for the degradation of 

capacity for non-aqueous MABs: the limited storage of metal peroxides or superoxides in the air 

electrode [636]. Modification of metal electrodes, the introduction of additives in the 

electrolytes, and the pore-structure design of air electrode electrocatalysts are some of the 

material design strategies that are under development, in order to minimize the capacity loss of 

MABs. 
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Round-trip efficiency, Coulombic efficiency, and cycle life are some of the typical 

parameters to describe the rechargeability of MABs.  The round-trip efficiency is determined by 

the ratio of the energy released during discharge and the energy needed in the recharge process, 

representing the energy-utilizing efficiency of a MAB. It is often characterized by dividing the 

discharge voltage by the charge voltage obtained at a constant current density. The round-trip 

efficiency depends on the overpotential of both discharge and charge reactions. It requires the 

air electrode electrocatalyst to be bifunctional toward the conversions between oxygen and 

water/peroxides/superoxides. The mass transport during the charge and discharge process 

should also be taken into account. Note that in the charge process of non-aqueous MABs, the 

decomposition of peroxides and superoxides on the air electrode needs a solid-solid contact of 

the reactant and the electrocatalyst, when a charge process of non-aqueous MABs occurs. 

Material design methods such as regulating the air electrode structure and adding redox 

mediators in the electrolyte have been proposed in order to lower the overpotential induced by 

the insufficient solid-solid contact [659, 661]. 

The Coulombic efficiency is defined as the ratio of charge capacity and discharge capacity 

in a full discharge-recharge cycle, representing the capacity loss after a cycle. The Coulombic 

efficiency of a battery must be higher than 99.98 % in order to retain 80 % of the initial capacity 

after 1,000 cycles [662]. But, MABs most of the times suffer from irreversible consumption of 

metal electrodes and parasitic reactions, resulting in low Coulombic efficiency [637]. The low 

Coulombic efficiency of MABs that have been studied so far strongly limits their applications as 

truly rechargeable batteries in mobile electronics and electric vehicles. Optimizations of the 

electrode, electrolyte, and separator materials have been studied to minimize this problem 

[637, 641]. 

The cycle life of a MAB relies on the stability of all the parameters covered above and on 

high Coulombic efficiency. A long cycle life needs the stable structure and composition of all the 

components in the battery. Some common issues in MABs, such as the deactivation of 

electrocatalysts shape and the decomposition of electrolytes and the dendrites change of metal 

electrodes could cause shortening of the cycle life [637, 663]. 

In conclusion, the problems of MABs’ performance mainly come from the materials side. 

Through rational material designs these problems can be minimized and the battery 

performance improved, as presented in Figure 8.2. 
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Figure 8.2 Summarization of Evaluation Parameters, Material Challenges and Material Design 

Strategies for MABs [791]. 

Taking under consideration that previous research on MABs mainly focused on Zn-air and 

Li-air batteries [636], these two systems will be chosen as representatives for non-aqueous and 

aqueous MABs in the present chapter. 

8.3 Material Design of Air Electrodes 

8.3.1 Electrocatalyst Layer 

A key role in achieving high power density and high round-trip efficiency plays oxygen 

electrocatalysts on the air electrode of MABs. Aqueous and non-aqueous MABs have distinct air 

electrode reactions. For that reason, electrocatalysts for these two types of MABs will be 

analyzed separately [664, 665]. 
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8.3.1.1 Electrocatalysts for Aqueous MABs 

Aqueous MABs need efficient ORR/OER bifunctional electrocatalysts on the air electrode 

to lower the overpotential of both the discharge and charge process. The main difficulty in 

developing an ORR/OER bifunctional electrocatalyst is that ORR and OER have different 

requirements for electrocatalysts. ORR and OER are multi-step reactions, involving the 

adsorption of various kinds of oxygen-containing species on the surface of electrocatalysts. 

Analyses of the mechanism of ORR and OER revealed that the desired adsorption energies of the 

oxygen-containing species on electrocatalysts, are most of the times different, to achieve the 

best ORR or OER activity [666]. Most reported materials for ORR and OER bifunctional 

electrocatalysis can be classified into two categories: transition-metal-based materials and 

carbon-based materials [638, 654, 655, 667-669]. The common regulation strategies of these 

catalytic materials for achieving high intrinsic activity are presented in Figure 8.3. 

 

Figure 8.3 Material Design Strategies for Improving the Intrinsic Activity of ORR/OER 

Electrocatalysts in Aqueous MABs: (A) Material design strategies for carbon-based materials. 

(B) Material design strategies for transition-metal-based materials [791]. 

High apparent activity for electrocatalysts is also achieved with high intrinsic activity, fast 

gas, electrolyte, and electron transport. The electrocatalysts employed in MABs could lower the 

discharge and charge overpotentials, leading to high power density and round-trip efficiency, 

through the combination of high intrinsic activity and favorable microstructures.  A short time 

ago, an approach on the material design of metal-organic framework (MOF)-derived air 

electrode electrocatalysts was proposed by Zou et al. [670] to obtain high power density in Zn-

air batteries. Cobalt nanoparticle-embedded N-doped carbon nanotubes (CNTs) grown on 

carbon fibers (NCo@CNT-NF700) were obtained through the pyrolysis of single-crystal cobalt 

MOF-74 nanotubes and dicyandiamide (DCDA) as additional carbon and nitrogen source at 

700 oC. A three-dimensional (3D) hierarchical structure was noticed by scanning electron 
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microscopy (SEM) and transmission electron microscopy (TEM) characterizations [Figures 8.4 (A) 

and 8.4 (B)]. 

 

Figure 8.4 Material Design of Electrocatalysts in Aqueous MABs: (A and B) SEM (A) and TEM 

(B) images of NCo@CNT-NF700. (C) Polarization curve and corresponding power density plot of 

the primary Zab using NCo@CNT-NF700 and Pt/C as the air electrode catalyst. (D) High-

resolution TEM images of CNT@POF. Inset: the contrast profile along the white dashed line. (E) 

Polarization curve and corresponding power density plot of the rechargeable ZAB using 

CNT@POF and Pr/C+Ir/C as the air electrode catalyst. (F) Galvanostatic discharge-charge cycling 

curves at 2.0 mA cm-2 of CNT@POF and Pt/C+Ir/C [670, 671, 791]. 

Co nanoparticles and N-doped carbon provide the electrocatalytic ORR activity, and the 

network constructed by carbon fibers and carbon nanotubes ensures the high electrical 

conductivity and porous structure of Co-MOF-74-NT700. As a result, Co-MOF-74-NT700 

exhibited an outstanding electrocatalytic ORR performance with a half-wave potential of 0.87 V 

versus reversible hydrogen electrode, only 7 mV lower than a Pt/C electrocatalyst. When applied 

into a ZAB, a high peak power density of 220 mW cm-2 can be achieved, shown by the 

polarization curve [Figure 8.4 (C)]. So, improvements on the MAB discharge performance were 

realized by the design of efficient air electrode ORR electrocatalysts. 

Both discharge and charge processes of MABs, can be helped by the development of 

bifunctional ORR/OER electrocatalysts. For instance, Li et al. [671] reported a hybrid material of 

cobalt-coordinated porphyrin covalent organic framework (POF)-coated CNTs, named 

CNT@POF, as a bifunctional electrocatalyst for ZABs. Thin POF layers coaxially wrap the surface 

of the CNTs, facilitating fast electron transfer [Figure 8.4 (D)]. The coating of POF also leads to a 

superb hydrophilic surface, which ensures the accessibility of electrolytes. Zn-air batteries with 
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CNT@POF as the air electrode electrocatalyst exhibited satisfactory discharge and charge 

performances, through the rational design of the CNT@POF electrocatalyst. For discharging, a 

peak power density of 237 mW cm-2 was revealed by the polarization curve [Figure 8.4 (E)]. In 

respect of cycling properties, the galvanostatic discharge-charge cycling test at 2.0 mA cm-2 

[Figure 8.4 (F)] exhibited an initial discharge and charge voltage of 1.25 V and 1.96 V, 

respectively, with a voltage gap of 0.71 V and a round-trip efficiency as high as 63.8 %. In 

addition, no obvious performance degradation was observed after 200 cycles (over 66 h). 

For other types of aqueous MABs such as Mg-air batteries and Al-air batteries, the air 

electrode reactions are the same as those of ZABs. So, these aqueous MABs share the same 

electrocatalyst design principles [672]. In a word, the design of air electrode electrocatalysts for 

aqueous MABs mostly emphasizes on the fast conversions between oxygen and water with low 

overpotential, thus improving the power density and energy efficiency. 

8.3.1.2 Electrocatalysts for Non-Aqueous MABs 

The air electrode reactions of non-aqueous MABs are different from those of aqueous 

MABs. Therefore, the material design of air electrode electrocatalysts for non-aqueous MABs 

demands different strategies to boost the air electrode reactions. Taking LABs for example, the 

two-electron reactions of the formation and decomposition of Li2O2 contain fewer steps than 

four-electron aqueous ORR and OER. However, the conversion between O2 and Li2O2 is still 

sluggish because of the complicated intermediates and multiple side reactions [673]. Moreover, 

the insulating nature of Li2O2 and the limited storage of Li2O2 in the air electrode could also affect 

the capacity and recharge properties [674].  Mitigation of the problems of air electrode reactions 

can be achieved by the material regulations on air electrode electrocatalysts and electrolytes 

[637, 659, 675]. In this chapter, materials for non-aqueous MABs electrocatalysts are discussed 

from the aspect of active material selection and pore-structure design. 

Carbon materials have been widely investigated as air electrode electrocatalysts and 

supports for Li-air batteries, for their high electrical conductivity, large specific surface area, 

porous structure and their high electrical conductivity, which are favorable for achieving rate 

capability and high discharge capacity [667, 676]. On the other hand, carbon materials suffer 

from their low activity on Li2O2 decomposition and poor stability at high charge potentials, 

leading to inferior round-trip efficiency and cycling stability [673, 676]. So, much attention has 

been paid to non-carbon LIB air electrode materials in recent years. Materials including precious 

metals [650, 677, 678] and transition metal oxides [679-682] have proved their activity on 

aprotic oxygen reduction and evolution reactions. Similar to aqueous MABs, structure and 
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composition regulation strategies can be applied on the electrocatalysts to enhance the 

performance of non-aqueous MABs. 

A multifaceted design of Co3O4 electrocatalyst on surface, interface, and doping was 

recently mentioned by Gao et al. [683] Co3O4@Co3O4/Ag hybrids with a yolk-shell structure, as 

presented in Figure 8.5 (A), were synthesized by a synchronous reduction method. On the 

porous Co3O4 shell, part of the Ag is doped into the crystal lattice and part of the Ag is on the 

surface of Co3O4 shell in the form of single atoms or clusters. The Ag-Co3O4 interface tunes the 

electronic structure to provide active sites with higher activity for ORR and OER. When applied 

as the air electrode electrocatalyst of a LAB, Co3O4@Co3O4/Ag exhibited a high initial capacity 

(12,000 mAh g-1@200 mA g-1, based on the mass of electrocatalyst) and rate capability 

(4,700 mAh g-1@800 mA g-1). In a charge-discharge cycling test with a limited capacity of 

1,000 mAh g-1 at the current density of 200 mA g-1, the LAB catalyzed by Co3O4@Co3O4/Ag could 

retain the initial capacity after 80 cycles. This great performance can be attributed to the highly 

active species, the electrical conductivity of Ag nanoparticles, the porous structure of Co3O4, and 

the modified structure of the discharge product Li2O2. 

 

Figure 8.5 Design of Catalytic Materials in Non-aqueous MABs: (A) Schematic illustration of 

Co3O4@Co3O4/Ag yolk-shell structure. (B and C) SEM images of Co3O4@Co3O4/Ag-based (B) and 

Co3O4-based (C) air electrode after discharge. (D and E) Field-emission SEM images of 

Au/NPNi/FNi (D) and AuNi/NPNi/FNi (E) air electrode after discharge with a limited discharge 

capacity of 3,000 mAh g-1. (F) A mechanism of Li2O2 electrochemical growth on AuNi/NPNi/FNi 

and Au/NPNi/FNi air electrode [683, 685, 791]. 

Air electrodes with Co3O4@Co3O4/Ag and Co3O4 as electrocatalysts exhibited different 

morphology after discharge [Figures 8.5 (B) and 8.5 (C)]. The flowerlike structure of Li2O2 on 

Co3O4@Co3O4/Ag possesses larger surface area, which is favorable for mass diffusion and Li2O2 

decomposition. The change in Li2O2 morphology is benefited by the introduction of Ag, which 

provides nucleation sites for Li2O2 deposition [684]. 
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Although a wide investigation has been held on non-carbon electrocatalysts, carbon 

materials are still utilized as conductive additives and as catalyst supports the air electrode of 

many LABs. So it is necessary to develop non-carbon air electrodes, which are free of carbon in 

the whole electrode. This requires free-standing and conductive features of electrocatalysts. 

Considering this, Xu et al. [685] proposed an all-metal air electrode architecture of nanoporous 

Ni (NPNi) with a nanoengineered AuNi alloy surface directly attached to Ni foam (FNi), denoted 

as AuNi/NPNi/FNi. The Ni foam ensures the mechanical stability and the electrical conductivity 

of the air electrode; the porous Ni facilitates mass transfer; and the AuNi alloy provides ORR and 

OER activity. Thus, the LAB with AuNi/ NPNi/FNi as the air electrode exhibited ultrahigh capacity 

of 22,551 mAh g-1
AuNi and long cycling life (286 cycles) at a current density of 1.0 A g-1

AuNi with a 

capacity limit of 3,000 mAh g-1
AuNi. For the LAB with Au/NPNi/FNi as the air electrode, in which 

nanoporous Ni is coated by pure Au instead of AuNi alloy, the air electrode was covered by Li2O2 

film after discharge [Figure 8.5 (D)], while for AuNi/ NPNi/FNi, Li2O2 showed a nanosheet-like 

structure [Figure 8.5 (E)], similar to that in Figure 8.5 (B), which is favorable for achieving a high 

capacity. A possible mechanism is presented in Figure 8.5 (F). The Ni atoms in AuNi alloy prevent 

the reduction of LiO2 on the surface and promote their diffusion into the electrolyte. The 

dissolved LiO2 then undergoes disproportionation to form Li2O2 nanosheets. However, for 

AuNi/NPNi/FNi, the ORR occurs on the Au air electrode surface, resulting in the formation of 

Li2O2 thin films. As can be seen from the above research, regulation of the active material of 

electrocatalysts can accelerate the reaction kinetics, as well as tuning the structures of discharge 

products of non-aqueous MABs. 

For a certain active material, a well-designed pore structure can bring about further 

improvements in the mass transport and the deposition of the discharge products. For 

conventional air electrodes with electrocatalysts coated or grown on conductive porous 

substrates, the specific capacity is limited by the surface passivation and low mass loading of the 

discharge products [Figures 8.6 (A) and 8.6 (B)] [686]. Thus, Lyu et al. [686] designed a 3D-printed 

hierarchically porous air electrode for Li-O2 batteries, the schematic diagram of which is 

presented in Figure 8.6 (C). This hierarchical pore structure can provide sufficient space for Li2O2 

storage, and the good contact between electrocatalysts and Li2O2 nanoparticles is favorable for 

Li2O2 decomposition. 

The air electrode design was then realized by the carbonization of 3D-printed Co-MOF, 

with Co nanoparticles assembled in nitrogen-doped nanoporous carbon flakes as active material 

[690], denoted as 3DP-NC-Co [Figure 8.6 (D)]. Compared with NC-Co randomly packed on carbon 
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paper (RP-NC-Co) and NC-Co grown on carbon paper (CP-NC-Co), Li-air batteries with 3DP-NC-

Co as the air electrode exhibit much superior performances for specific capacity [Figure 8.6 (E)], 

overpotential [Figure 8.6 (F)], and cycle stability [Figure 8.6 (G)]. Therefore, electrocatalytic 

materials for non-aqueous MABs can be rationally designed from the aspects of active material 

and pore structure and give rise to the cell performances. 

 

Figure 8.6 Design of Air Electrode Structure in Non-aqueous MABs: (A and B) Schematic 

illustrations of Li2O2 growth on air electrodes with conventional structure. (C) Schematic 

illustration and advantages of 3D-printed self-standing and hierarchically porous catalyst 

framework as the air electrode. (D) Optical, SEM, and TEM images of 3DP-NC-Co. (E-G) First 

discharge curves at the current density of 0.05 mA cm-2, (E) charge and discharge overpotentials 

at a limited capacity of 1 mAh, (F) and cycle abilities with the current density of 0.1 mA cm-2 (G) 

of 3DP-NC-Co and contrast samples in Li-O2 batteries [686, 791]. 

The air electrode reactions of Na-air and K-air batteries are not exactly identical to those 

of Li-air batteries for the different discharge products: Na2O2 and NaO2 for Na-air batteries, and 

KO2 for K-air batteries [635, 640, 687]. As Na+ and K+ could more effectively stabilize superoxide 
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ions than Li+, lower ORR overpotentials can be obtained on Na-air and K-air batteries [688]. 

Nevertheless, material designs of Na-air and K-air batteries are still required to regulate the 

growth and decomposition mechanism of discharge products, thus achieving better discharge 

capacity and Coulombic efficiency [689]. 

8.3.2 Gas-Diffusion Layer (GDL) 

In the air electrode of MABs, the GDL is outside the electrocatalyst layer. Primary roles 

of the GDL include preventing electrolyte flooding and leakage, ensuring efficient gas diffusion 

between the electrolyte and ambient air and providing a conductive support for electrocatalysts 

and a mechanically stable. The gas-diffusion layer for fuel cells has been well studied, and 

commercial GDLs have been developed, which can be directly employed in MABs. The most 

commonly used materials for GDLs are woven carbon paper and non- woven carbon cloth, both 

composed of carbon fibers. GDLs are usually surface treated to reduce their affinity to the 

electrolyte and coated by a microporous layer of carbon powder on one side to strengthen the 

interaction with electrocatalysts. This type of commercial carbon fiber-based GDL has been 

widely utilized in MABs. Laboratory-made GDLs have also been reported. For instance, Yang et 

al. [691] fabricated a polydimethylsiloxane (PDMS)-based flexible and stretchable GDL for use in 

flexible Li-O2 batteries. Liquid PDMS was poured on Ni foam and filled in the holes, and after the 

solidification of PDMS, the removal of Ni foam template, and drying in vacuum, the GDL was 

obtained. This new type of GDL exhibits excellent mechanical stability and flexible ability, which 

are essential features of the flexible LAB. 

The degradation of the electrode may be caused by the corrosion of carbon-based GDLs, 

thus influencing the cycle life [692]. So, metal-based GDLs with higher electrochemical stability 

and electrical conductivity have also attracted much attention. Metal-based materials such as Ni 

foam [685, 693], stainless-steel mesh [692], and titanium mesh [694] have been investigated to 

serve as media for gas diffusion in both aqueous and non-aqueous MABs. 

Until now, commercial carbon papers or carbon cloths have been used as GDLs in the 

majority of the reported MABs. For modifications on GDLs and developments of new types of 

GDLs in future research, the following issues need to be addressed. (1) Commercial GDLs are 

mainly designed for aqueous fuel cells. Surface treatments such as a coating of polyvinylidene 

difluoride or polytetrafluoroethylene are applied to improve their hydrophobicity. Nevertheless, 

such types of GDLs may not be suitable for organic electrolytes. For that reason, it is necessary 

to develop specialized GDLs according to the properties of electrolytes. (2) The electrocatalyst 
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layers are often combined with GDLs by drop casting or heat pressing. The weak interaction of 

electrocatalysts and GDLs may result in the immersion of electrocatalysts in the electrolyte, 

which blocks the contact between electrocatalysts and the oxygen. Therefore, the design of 

integrated air electrode structure is also worth investigating. 

8.4 Material Design of Metal Electrodes 

Metal electrodes of MABs face the challenges of electrode shape change, corrosion, side 

reactions, metal dendrites and surface passivation [641, 695]. For different types of metals, the 

key issues and the mitigation strategies can be different. In this section, the material design of 

the most investigated Zn and Li metal electrodes will be analyzed, and advances in other metal 

electrodes will also be shorty presented. It is worth mentioning that the solutions to the 

problems of the metal electrode can also be obtained from the research on the electrolyte and 

the separator. 

8.4.1 Zn Electrode 

Zinc-air batteries are usually filled with a high concentration of alkaline solution as the 

electrolyte. The reactions on the Zn electrode of alkaline Zn-air batteries are as follows: 

Zn + 4OH� ⇄ Zn�OH�c�� + 2e�                                                 �8.1� 

Zn�OH�c�� ⇄ ZnO + H�O + 2OH�                                               �8.2� 

In the discharge process, the metallic Zn is oxidized to Zn2+ and then converted to zincate 

in the strong alkaline solution. After the zincate ions are saturated, the ZnO will precipitate as 

the final discharge product. The deposition of insulating ZnO on Zn electrode leads to the 

passivation of Zn, which is a key factor that determines the specific discharge capacity of Zn-air 

batteries [696]. In addition, the diffusion of zincate ions in the electrolyte makes the ZnO deposit 

not only on the Zn electrode but also on the air electrode and the inner side of the battery shell. 

Zinc oxides that are not deposited on the Zn electrode may cause the capacity loss and a low 

Coulombic efficiency. ZnO coated on the air electrode could also influence the performance of 

the oxygen electrocatalyst. Hence, the main target of the material design for the discharge 

process in Zn-air batteries is to regulate the ZnO deposition. 

Factors that may cause Zn electrode failure in the charge process can be separated into 

two categories. The first one is the morphology change. The concentration of zincates is 

unevenly distributed in the electrolyte, as a function of the distance from the Zn electrode 

surface. That results to a preference to zincate ions to be deposited on protrusions of the Zn 

electrode surface during charge [641]. With continuous cycling, sharp needle-like Zn dendrites 
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would grow on the electrode surface, which can pierce the separator and even lead to short-

circuit. Apart from dendrites, changes on the electrode thickness and surface area can also be 

observed during the cycling of Zn-based batteries [697]. The Zn electrode shape change can be 

attributed to the non-uniform distribution of the current and reaction zones on the electrode, 

bringing about densification of the electrode and a decrease in capacity [663]. The other issue is 

the hydrogen evolution on the Zn electrode. The hydrogen evolution reaction (HER) is the main 

side reaction on the Zn electrode of aqueous Zn-air batteries. The energy provided for charging 

would be partly consumed by hydrogen generation, resulting in low Coulombic efficiency. 

Additionally, the corrosion of Zn electrode could take place under non-operating status, due to 

the coupling of hydrogen evolution and zinc oxidation. This self-discharge process is also an 

important reason for the decay in capacity. 

Τhe main target for improving Zn electrode performance is to retain its original status 

after long discharge-charge cycles. Efforts made on the modification of Zn electrodes to improve 

their reversibility were focused on designing the electrode structure and introducing electrode 

additive [641, 645, 663]. Issues such as dendrites, ZnO deposition, and electrode corrosion are 

widespread problems for batteries with Zn as the metal electrode. Hence, some design 

strategies for Zn electrode in other types of Zn-based batteries can also be applicable in ZABs. 

An optimized structure of Zn electrode can control the dissolution/precipitation process 

of Zn and ZnO and minimize the shape change of Zn electrode under long-time cycling [698]. 

Parker et al. proposed a 3D-structured Zn sponge with interconnected pores and long-range 

electrical conductivity and have utilized it as the Zn electrode in various types of Zn-based 

aqueous batteries [698-700]. 

Figure 8.7 (A) presents the application of 3D Zn sponge electrode in alkaline Ni-3D Zn 

batteries, in which the reactions on the Zn electrode are the same as those in Zn-air batteries 

[700]. In contrary to the serious dendrite problem on commercial Zn powder electrode, the 3D 

Zn sponge electrode exhibited minimal shape change with no dendrites observed. The high 

surface area and the monolithic structure of the 3D Zn sponge electrode also contributes to a 

high utilization efficiency of Zn. The battery achieved over 90 % of the theoretical capacity based 

on the mass of Zn, and more than 95 % of the capacity can be recovered in the charge process. 

The superior performance of the 3D Zn electrode can be attributed to the well-distributed 

current and electrolyte [698]. Nevertheless, the reduced resistance of HER due to the high 

electrical conductivity and high surface area of the 3D-structured Zn electrode should be 

examined [663]. 
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Introducing surface coatings additives or surface coatings into Zn electrodes can regulate 

their interface structures and their chemical properties. Electrode additives are expected to 

improve the Zn electrode performance from the following aspects: (1) regulating the surface 

structure, electrical conductivity, and current distribution to inhibit the growth of dendrites; (2) 

limiting the migration of Zn(OH)4
2- to minimize electrode shape change and irreversible 

consumption; and (3) stabilizing the Zn electrode and preventing electrode corrosion. 

 

Figure 8.7 Regulation of the Structure and Composition of Zn Electrodes for Zn-Air Batteries: (A) 

Effect of the 3D sponge structure on the reversibility of Zn electrode. (B) Schematic illustrations 

of morphology evolution for nano-CaCO3-coated Zn foils during Zn stripping/plating cycling. (C) 

The role of ion-sieving nanoshell on a ZnO nanoparticle on limiting zincate mitigation. (D) 

Schematic illustration of a thin TiO2 to protect the Zn electrode [700-703, 791]. 

Carbon materials [704, 705], metals [706-708], and metal compounds [701, 709] have 

been investigated as additives for Zn electrodes to prevent dendrite formation. Kang et al. [701] 

coated nanoporous CaCO3 on Zn foil to realize uniform Zn dissolution and precipitation. 

Figure 8.7 (B) presents the mechanism for maintaining a smooth electrode surface by nano-

CaCO3 coating. On one hand, the high porosity of CaCO3 layer induces uniform electrolyte flux 

and zinc dissolution/precipitation rate over the electrode surface. On the opposite, the 

insulating feature of CaCO3 enlarges the potential gradient across the CaCO3 layer. Thus, only 

the area near the electrode surface can provide negative enough potentials for Zn formation in 

the charge process, thus preventing the accumulation of Zn on the protrusions. When applied in 

rechargeable aqueous batteries, Zn electrode with nano-CaCO3 coating afforded 42.7 % higher 

discharge capacity and over 15-fold longer cycle life than bare Zn foil. 

Institutional Repository - Library & Information Centre - University of Thessaly
28/07/2024 03:22:54 EEST - 52.15.221.227



 
 142 

The migration of Zn(OH)4
2- can be limited by ion-sieve coatings or additives with high 

affinity to Zn(OH)4
2-. Carbon materials have been studied as Zn electrode coatings to limit zincate 

diffusion [702, 710]. Wu et al. [702] synthesized carbon shell coated ZnO nanoparticles as the 

metal electrode of Zn-based aqueous batteries. As presented in Figure 8.7 (C), the carbon shell 

slows down the migration of zincate, and thus confines the anode shape change in a small space. 

At the same time, the carbon shell is permeable to smaller OH- ions. When applied as metal 

electrode material in Ni-Zn batteries, the carbon shell coated ZnO exhibited about 1.6- and 6-

fold longer cycle life than bare ZnO powder and Zn foil electrodes. Besides carbon materials, 

polymer coatings have also been used to control the zincate migration and the Zn electrode 

shape change [711]. For additives with high zincate affinity, Ca-based materials were greatly 

investigated because they can form solid compound Ca(OH)2•2Zn(OH)2•H2O with zincate. 

Carbon materials with oxygen-containing groups have also been reported to form a hydrogen 

bond with zincates [710]. 

The stabilization of Zn electrode can be achieved by adding metals [712, 713], metal 

compounds [703, 714], and polymers [715] in the electrode. Lately, ultrathin TiO2 coating on Zn 

plate was reported by Zhao et al. to mitigate hydrogen evolution and Zn corrosion in alkaline Zn-

MnO2 batteries [703]. The ultrathin TiO2 of ≈ 5 nm was coated via an atomic layer deposition 

process. As illustrated by Figure 8.7 (D), the ultrathin TiO2 layer avoids the direct contact of the 

Zn electrode and the electrolyte while allowing fast electron and ion transport. The Zn-MnO2 

battery with the TiO2-coated Zn plate as the metal electrode can maintain 85 % of the first 

capacity after 1,000 cycles, exhibiting much higher stability than pristine Zn plate with a cycle 

life of about 400 cycles. 

According to the above, regulations on the composition and structure of Zn electrodes 

can mitigate the problems of corrosion, shape change, passivation, and dendrites, leading to a 

better reversibility of Zn electrodes. Similar strategies have also been applied on Mg and Al 

electrodes in aqueous batteries with similar challenges [716, 717]. 

8.4.2 Li Electrode 

Li metal electrode is considered the ‘‘Holy Grail’’ in energy-storage systems due to its high 

theoretical specific capacity (3,860 mAh g-1), low density (0.59 g cm-3), the lowest negative redox 

potential (-3.04 versus standard hydrogen electrode) [719]. Lithium metal batteries (LMBs), 

including Li-S and Li-air batteries, have been mostly examined as next-generation energy-storage 

devices [719, 720]. In the research on LMBs, the inhibition of Li dendrites has attracted most 

attention [721]. Similar to Zn dendrites as discussed above, Li dendrites can lead to degradations in 

Institutional Repository - Library & Information Centre - University of Thessaly
28/07/2024 03:22:54 EEST - 52.15.221.227



 
 143 

specific capacity, Coulombic efficiency, stability, and so forth. More seriously, as Li is much more 

active than Zn, the piercing of the separator and the circuit shortcut can cause severe safety issues 

[722]. In addition to the dendrite problem, which is common for all types of LMBs, the Li electrode 

in Li-air batteries also suffers from the O2 crossover effect [723]. The diffusion of O2 from the air 

electrode induces the electrolyte decomposition and the formation of LiOH and carbonates on the 

Li electrode [724]. At the same time, the influence of H2O, CO2, and N2 on the Li electrode stability 

when LABs are operated in ambient air should not be ignored [725]. To solve these problems, 

material design methods for Li electrode, electrolyte, and separator have been announced [637]. In 

this section, modification strategies for Li metal electrode are outlined. 

The performance of Li metal electrodes can be improved by applying a 3D Li host [726-729], 

tuning the electrode composition [649, 730-732] and surface coating [730, 733-736]. One important 

target of applying these regulation methods is to control the current distribution and ion flow, so 

changing the nucleation and deposition behavior of Li and inhibiting the Li dendrite growth 

[728, 737]. Lately, Guo et al. [738] applied this strategy to stabilize Li metal anodes for Li-air batteries 

by using lithiophilic Co/Co4N nanoparticles to regulate lithium nucleation and deposition. The anode 

was fabricated by depositing Li on MOF-derived hollow N-doped carbon-based cubes with uniformly 

embedded Co/Co4N nanoparticles (Co/Co4N-NC), as presented in Figure 8.8 (A). 

Lithiophilic functional groups such as N heteroatoms in carbon and Co4N promote the 

homogeneous nucleation of Li deposits, and the porous carbon structure provides high Li-

storage capacity. Thus, the lithiated Co/Co4N-NC electrode exhibits a smooth and dendrite-free 

morphology [Figure 8.8 (B)]. When serving as the metal electrode of a Li-air battery, the lithiated 

Co/Co4N-NC electrode remained reproducible after 70 cycles at a current density of 200 mA g-1 

and a limited specific capacity of 500 mA g-1 [Figure 8.8 (C)]. 

On the contrary, pure Li electrode failed after only 34 cycles in the same testing 

condition. The solid electrolyte interface (SEI) formed on the surface of Li electrode in Li metal 

batteries is considered to be favorable for enhancing the cycling ability of the Li electrode as a 

protective layer [730, 739]. Hence, approaches have been developed to improve the stability 

and uniformity of SEI or build an artificial SEI to stabilize Li electrode [719, 733-736]. The 

protective layer for the Li electrode in LABs is required to afford properties such as high 

mechanical strength to suppress the Li dendrite growth, low O2 and H2O permeability to protect 

the Li electrode, good electronic insulation to avoid electrolyte decomposition, high ionic 

conductivity to ensure fast Li-ion diffusion, and high stability. Given these requirements, Liao et 

al. [734] created a Ge-based artificial SEI layer on the Li surface to allow stable cycling of Li-O2 
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batteries. The protective layer was generated by immersing Li foil in GeCl4-tetrahydrofuran 

steam. The as-synthesized film is about 1.5 mm thick with micrometer-scale spheres containing 

amorphous germanium (Ge and GeOx) and lithium compounds (Li2CO3, LiOH, Li2O, and LiCl). This 

protective layer is robust enough to suppress the Li dendrite growth and keep the Li surface 

smooth after Li plating/stripping cycling and is also able to protect the Li electrode against H2O 

attack, as presented in Figure 8.8 (D). As a result, the LAB with Ge-based artificial SEI layer on Li 

electrode can be stably discharged and charged over 150 cycles in humid O2 with 45 % relative 

humidity. 

 
Figure 8.8 Design of Lithium-Containing Electrodes and Lithium Surface Coatings for Li-Air 

Batteries: (A) Schematic illustration of lithiated Co/Co4N-NC nanoparticles. (B) SEM image of 

Co/Co4N-NC electrode after Li deposition with a limited capacity of 2.0 mAh cm-2. (C) Discharge/ 

charge profiles of the LAB using the lithiated Co/Co4N-NC electrode at a current density of 

200 mA g-1 with a limited capacity of 500 mAh g-1. (D) Schematic illustration of Li plating/ 

stripping on pristine lithium electrode and protected lithium electrode [734, 738, 791]. 

Na and K electrodes face challenges similar to those of the Li electrode, including O2 

crossover and dendrite growth. Similar strategies have also been developed to improve the 

performances of Na and K electrodes [740, 741]. 
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The development of stable and reversible metal electrodes for metal batteries has 

attracted much attention recently, and most of the battery performances are tested in a closed 

system [721, 742]. For the open system of MABs, the side reactions on the metal electrode can 

be more complicated [743]. So, specific requirements for MABs need to be under consideration 

when adopting the metal electrode design methods for other metal-based batteries. 

8.5 Material Design of Electrolytes 

8.5.1 Aqueous Electrolytes 

MABs with water-stable metal electrodes, such as Al-air batteries and Zn-air batteries 

and Al-air, usually use aqueous alkaline electrolytes [636, 639]. Compared with acidic and 

neutral electrolytes, MABs with alkaline electrolytes can reach better oxygen electrocatalysis 

activity and higher metal corrosion resistance [663]. Among the commonly used alkaline 

electrolytes including NaOH, KOH and LiOH, concentrated KOH solutions, with the highest ionic 

conductivity and the lowest viscosity, are most frequently employed in MABs [663]. 

Alkaline electrolytes are sensitive to the CO2, resulting in the formation of carbonates 

and decrease in electrolyte concentration. The adsorption of CO2 has been confirmed to have 

negative effects on the capacity and cycle life of ZABs [636]. In addition, strong alkaline 

electrolytes are also environmentally unfriendly. Thus, proper neutral electrolytes for MABs 

have been examined [744, 745]. For the future development of neutral electrolytes, 

electrocatalysts with high OER and ORR activity in neutral conditions are highly desirable. 

As above discussed, metal electrodes in aqueous MABs suffer from issues such as 

dendrite growth, passivation, hydrogen evolution and dendrite growth. Some of these issues can 

be mitigated by the material design of the electrolyte [706, 746]. In addition, aqueous 

electrolytes have also been used in the air electrode side of LABs to enhance the tolerance to 

ambient air and the electrolyte stability [747]. In this case, solid-state glass ceramic electrolytes 

are commonly used to protect the Li electrode [636, 659]. 

8.5.1.1 Aqueous Electrolytes for Improving Metal Electrode Performance 

Much research on ZABs used 6 M KOH solution with 0.2 M zinc chloride or zinc acetate as 

the electrolyte [638, 660]. The additional zinc ions convert to zincate ions in strong alkaline solution, 

which can improve the reversibility of the metal electrode and the rechargeability of the battery 

[748]. Zincate ions generated on the Zn electrode rapidly precipitate as ZnO in a concentrated zincate 

solution and thus the migration of zincate ions is limited, leading to a minimized shape change. 
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Modifications on the KOH electrolyte such as reducing the KOH concentration and adding 

potassium salts have been investigated to reduce the zincate solubility, thus minimizing the Zn 

electrode shape change [663], mostly applied on Ni-Zn batteries [749]. 

The reversibility of Zn electrodes can also be enhanced by changing the existing form of zinc 

species in the electrolyte. Wang et al. [658] studied a highly concentrated Zn-ion electrolyte (HCZE) 

to realize dendrite-free Zn plating/stripping at nearly 100 % Coulombic efficiency. In this 1 mol kg-1 

Zn(TFSI)2 + 20 mol kg-1 LiTFSI electrolyte (TFSI, bis(trifluoro-methanesulfonyl)imide), zinc ions are 

surrounded by TFSI ions instead of water. The Zn2+-solvation sheath occupied by TFSI suppressed the 

hydrogen evolution on the Zn surface, leading to a reversible and dendrite-free Zn plating/stripping. 

In a Pt/Zn coin cell with HCZE, the Zn plating and stripping at a constant current density exhibited 

≈99.5 % Coulombic efficiency after the first three cycles [Figure 8.9 (A)]. 

 

Figure 8.9 Modifications of Aqueous Electrolytes to Improve Metal Electrode Performance to Be 

Employed in LABs: (A) Zn plating/stripping time (left) and Coulombic efficiency at the current 

density of 1 mA cm-2 on Pt electrode in HCZE. (B) Full-range voltage profile of the ZAB in HCZE 

with 70 wt % super P as the air electrode at a constant current of 50 mA g-1 (based on the air 
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electrode). (C) Cycling performance of the ZAB in HCZE at a constant current of 50 mA g-1 and a 

limited capacity of 1,000 mAh g-1. (D) Cycling performance of the LAB in WiS electrolyte with LFP 

as pseudo-metal electrode and Ru/TiSi2 as air electrode. (E) Average voltage and round-trip 

energy efficiencies as a function of cycling numbers calculated from the data in (D). (F) Cycling 

performance of the LAB in WiS electrolyte with protected Li metal electrode and Ru/TiSi2 air 

electrode [657, 658, 791]. 

When applying HCZE in a Zn-air cell with carbon paper as air electrode, the cell delivered 

a capacity of ≈3,000 mAh g-1 and discharge/charge voltages of around 0.9/1.9 V at 50 mA g-1 

[Figure 8.9 (B)]. The Zn-air battery also showed good stability after 200 cycles at a limited 

capacity of 1,000 mAh g-1 and a current density of 50 mAh g-1 [Figure 8.9 (C)]. Lee et al. [750] 

used alkoxide and acetate ions as additives in a KOH electrolyte to replace hydroxide ions in 

zincate. The formation of ZnO was suppressed by this method, resulting in enhanced reversibility 

of the Zn electrode. Electrolyte additives have also been utilized to enhance the performance of 

metal electrodes beyond zinc. Aluminum is highly active in alkaline solutions, and electrolyte 

additives, named as corrosion inhibitors in aluminum electrode research, have been studied to 

prevent Al self-corrosion in Al-air batteries [639, 751-753]. 

8.5.1.2 Aqueous Electrolytes for Li-Air Batteries 

The use of aqueous lithium salt solutions as electrolytes for LABs can avoid the side 

reactions and electrolyte decomposition problems caused by organic solvents. Nevertheless, the 

application of aqueous electrolytes for Li-based batteries is limited by their narrow potential 

window [754]. The high-voltage operation of aqueous electrolytes can be achieved by 

eliminating free water molecules in the electrolyte, for instance by using high concentration 

water-in-salt (WiS) electrolytes [755] or hydrate-melt electrolytes [756]. Lately, Dong et al. [657] 

designed a water-in-salt system with superconcentrated 21 mol kg-1 LiTFSI to serve as the 

electrolyte for LABs. The LAB with WiS electrolyte, Ru/TiSi2 as air electrode, and LiFePO4 (LFP) as 

pseudo-metal electrode exhibited stable cycling performance for 300 cycles at a discharge depth 

of 1,000 mAh g-1 Ru [Figure 8.9 (D)], and the energy efficiency remained higher than 62 % 

[Figure 8.9 (E)]. 

When using as metal electrode, glass ceramic-protected Li, the LAB delivered good 

polarization performance but poor stability [10 cycles, Figure 8.9 (F)]. For that reason, the 

engineering of the electrolyte and the electrode should be considered together in the full cell 

design of MABs. 
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8.5.2 Organic Electrolytes 

Aprotic organic electrolytes are widely employed in MABs with metal electrodes that are 

unstable in water, such as Na and Li. Optimizations of this type of electrolyte have been studied 

with respect to metal salt solutes, electrolyte additives and organic solvents. The material 

designs are mostly aimed at enhancing the air/metal electrode performance and improving the 

stability of the electrolytes. 

8.5.2.1 Electrolyte Stability 

In MABs, the superoxide species generated on the air electrode can cause the 

decomposition of organic solvents, forming CO2, H2O, and metal carbonates [33, 45]. Thus, 

unceasing efforts have been made in searching for stable organic solvents that meet the 

standards for MABs, including wide potential window, high oxygen solubility, low volatility in air, 

and high solvation of superoxides/peroxides and good metal ion conductivity [675]. Carbonate-

based solvents were firstly investigated but were then under the attack of superoxide species 

found to be unstable [662, 674]. Ether-based solvents were then studied and confirmed to be 

more insusceptible to reduced oxygen species than carbonate-based solvents [757]. 

Nevertheless, research on LABs has revealed that the O2 crossover could induce the 

decomposition of ether-based electrolytes on the Li electrode [724]. Other types of organic 

solvents including sulfoxide-based and amide-based solvents have also been employed in MABs 

[687]. A protective layer on the metal electrode is usually needed for better electrolyte stability 

[675, 687]. 

Metal salt solutes are another essential part of organic electrolytes. Highly soluble metal 

salts with stable anions are recommended for metal-air batteries. Taking LABs as an example, 

lithium salts including LiPF6, LiClO4, LiBr, LiNO3, LiTFSI, and LiCF3SO3 have been studied [758]. The 

discharge product Li2O2 and other oxygen species are the major cause of the decomposition of 

lithium salts, especially for that with F-containing anions [637]. The stability of metal salts also 

varies with the type of electrolyte solvents and the concentration [759, 760]. Therefore, the 

optimization of metal salts and organic solvents should be considered together for better 

electrolyte stability. 

8.5.2.2 Organic Electrolytes for Improving Air Electrode Performance 

Regulation of the electrolyte in non-aqueous MABs can improve the air electrode 

performance by increasing the superoxide/peroxide storage during the discharge process and 

facilitating the superoxide/peroxide decomposition during charge process. Influences of 
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electrolyte solvents, metal salts, and additives on the Li2O2 generation and decomposition have 

been intensively studied in LABs [675, 761]. 

On the air electrode of LABs, oxygen is first reduced to O2
-. The solubility of superoxide 

intermediates depends on the donor number (DN) of the electrolyte solvent, which represents 

the solvent basicity according to the HSAB theory [675]. Solvents with high DN can afford higher 

stability for the (Li+-[solvent]n-O2
-) complex [659, 674] and induce a solution growth mechanism 

for Li2O2 formation, whereby soluble LiO2 disproportionates into Li2O2 and O2 in solution. On the 

contrary, the oxygen reduction in low-DN solvents obeys the surface mechanism. LiO2 is 

adsorbed on the electrode surface and then electrochemically reduced to an insulating film of 

Li2O2 on the Li surface [761]. Thus, electrolytes with high-DN solvents are beneficial for achieving 

high capacity in MABs. Moreover, the lithium salts and water content in the electrolyte also 

affect the Li2O2 growth mechanism, as presented in Figure 8.10 (A) [762]. 

 

Figure 8.10 Material Designs of Non-aqueous Electrolytes with Organic Solvents and Their Effects 

on the Performance of Air Electrode and Metal Electrode of MABs: (A) Effects of solvents, lithium 

salts, and water content on the Li2O2 growth mechanism on air electrodes. can, acetonitrile; 

glymes, polyethers (CH3O(CH2CH2O)nCH3); DMA, dimethylacetamide; DMSO, dimethyl sulfoxide; 

Tf -, trifluoromethanesulfonate. (B) Diagram of the mechanism and the suitable redox potential 

region of redox mediators. (C) Schematic illustration of dendrite-free epitaxial growth of Li in LiBr-

LiNO3 electrolyte under O2 atmosphere. [762-764, 791]. 
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This indicates that a trace amount of water in the electrolyte can be favorable for the air 

electrode performance, while the parasitic reactions induced by water should also not be 

ignored. 

In the charge process of LABs, the oxidation of Li2O2 primarily occurs at the contacting 

part of the Li2O2 and the solid electrocatalyst, resulting in insufficient charging and low 

Coulombic efficiency. Hence, a specific type of electrolyte additive, called redox mediators 

(RMs), has been employed in LABs to promote the Li2O2 decomposition by catalyzing the 

reaction in the solution [653]. At the same time of charging, RMs are first oxidized on the air 

electrode, after which the oxidized RMs react with Li2O2 to form Li+ and O2. A suitable RM for 

this process needs to be soluble and stable in the electrolyte, and its redox potential should be 

in an appropriate range to reduce the charge overpotential, as presented in Figure 8.10 (B) 

[763]. Since now various materials including organic, organometallic, and halide materials have 

been investigated as RMs in LABs [661]. RMs for the ORR process have also been developed to 

improve the discharge capacity and to regulate the Li2O2 formation [765]. 

8.5.2.3 Organic Electrolytes for Improving Metal Electrode Performance 

One strategy in the material design of the metal electrode is to build a protective layer 

on the metal electrode to suppress the dendrite growth and avoid side reactions [730]. The 

protective layer can be coated on the metal electrode before the fabrication of a MAB and can 

also be generated in the metal-air battery with the assistance of the electrolyte [764, 766, 767]. 

The formation of an ultrathin and homogeneous SEI layer on the Li electrode in a Li-air battery 

with LiBr-LiNO3 dual-anion electrolyte was reported by Xin et al. [764]. Figure 8.10 (C) 

schematically presents Li stripping and plating in the LiBr-LiNO3 electrolyte. In the discharge 

process, Br- ions promote the corrosion of the original irregularly shaped SEI layer, and NO3
- ions 

immediately passivate the Li surface to form a thin Li2O-rich SEI layer. This thin and 

homogeneous SEI layer contributes to a dendrite-free epitaxial growth of Li in the charge 

process. This leads to, a stable cycle performance of more than 900 h at the current density of 

0.5 mA cm-2. 

8.5.3 Ionic Liquid Electrolytes 

Room-temperature ionic liquids are a type of salts whose melting point is below 100 oC 

and composed of large organic cations and organic/inorganic anions. Ionic liquids are promising 

alternatives for the electrolyte solvents in both aqueous and non-aqueous electrolytes due to 

their low volatility, high ionic conductivity, nonflammability and wide potential window 
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[637, 646, 663]. Ionic liquids can benefit metal-air battery performance from various aspects. 

Shiga et al. [768] employed ionic liquid electrolyte in a Ca-air battery to enhance the reversibility 

of Ca stripping/plating. Thomas et al. [769] designed a Li-air battery with [Li(G4)][TFSA] 

electrolyte (G4 = tetra-glyme, TFSA = bis(trifluoromethanesulfonyl)amide). Benefited by the 

hydrophobic nature of ionic liquids, the LAB exhibited high moisture resistance. Ionic liquids 

were also studied as electrolyte additives. A tetramethylpiperidinyloxyl (TEMPO)-grafted ionic 

liquid (IL-TEMPO) was synthesized by Zhang et al. [770] and employed as an electrolyte additive 

in LABs. The TEMPO group functions as the redox mediator and oxygen shuttle, and the 

imidazolium moiety facilitates the formation of a stable SEI layer. The IL-TEMPO can also serve 

as the electrolyte solvent to enable the operation in atmospheric air. Asadi et al. [771] 

introduced a LAB with a mixed electrolyte of 25 % ionic liquid 1-ethyl-3-methylimidazolium 

tetrafluoroborate (EMIM-BF4) and 75 % dimethyl sulfoxide (DMSO). This electrolyte is stable in 

the Li-air system and affords high LiO2 solubility to ensure the solution growth mechanism of 

Li2O2. The strong binding of H2O and CO2 in the ionic liquid also prevents side reactions on Li2O2. 

8.5.4 Solid-State Electrolytes 

In comparison with liquid electrolytes, solid-state electrolytes can avoid the problems of 

electrolyte leakage, gas crossover and electrolyte evaporation [637]. Additionally, the 

application of solid-state electrolytes is favorable for improving the energy density of MABs, and 

at the same time enables the fabrication of flexible and wearable devices [772]. For the 

development of solid-state electrolytes for MABs, suitable materials with high ionic conductivity, 

wide potential window, and chemical stability are required [773]. 

8.5.4.1 Gel-Polymer Electrolytes 

Gel-polymer electrolytes consist of a 3D polymer skeleton with a liquid electrolyte 

expanded throughout its whole volume to afford fast ion transport similar to liquid electrolytes, 

as well as high flexibility. Recently gel-polymer electrolytes have been widely investigated in 

both aqueous and non-aqueous flexible MABs [656, 774, 775]. 

MABs with gel-polymer electrolytes suffer from the quick loss of electrolyte solvents and 

the limited stability of polymer frameworks, resulting in short cycle life. Thus, stable, solvent-

retaining gel-polymer electrolytes are highly desired for extending the battery lifetime. Taking 

into account this, Huang et al. [776] studied a sodium polyacrylate hydrogel (PANa) for flexible 

ZABs. ZAB with PANa electrolyte exhibited stable cycling performance at 2 mA cm-2 for 160 h 
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[Figure 8.11 (A)], significantly superior to traditional polyvinyl alcohol (PVA) electrolyte, which 

showed a rapid drop of round-trip efficiency from 60.4 % to 29.3 % after only 16 h. 

In addition, the electrostatic interactions between acrylate ions in PANa and Zn ions 

induce the formation of a quasi-SEI layer to avoid Zn dendrite growth [Figure 8.11 (B)]. For 

flexible LABs, gel-polymer electrolytes have been reported to ensure the flexibility and protect 

the Li electrode from corrosion in ambient air [777, 778]. 

 

Figure 8.11 Applications and Optimization Methods of Solid-State Electrolytes for MABs: 

(A) Galvanostatic discharge-charge cycling curves at 2 mA cm-2 of ZABs with PANa and PVA gel 

polymer electrolytes. (B) Schematic illustration of the formation of quasi-SEI to prevent Zn 

dendrite growth. (C) Schematic illustration of a LAB with a solid polymer electrolyte. 

(D) Schematic diagram of a LAB with Ge film-coated LAGP solid-state electrolyte. (E and F) Cycling 

performance of LABs with Ge film-coated LAGP (E) and uncoated LAGP (F) at a constant current 

of 2,000 mA g-1 and a limited capacity of 1,000 mAh g-1. [776, 779, 791]. 

8.5.4.2 Solid Polymer Electrolytes 

Similar to gel-polymer electrolyte, a solid polymer electrolyte is composed of an ion-

conducting polymer matrix, but not swollen with liquid solvents. Due to the absence of liquid 

solvents, the ionic conductivity in solid polymer electrolytes is limited [781]. Commonly 

investigated polymer materials for solid polymer electrolytes include polyacrylonitrile (PAN), 

poly(carbonate-ether), and poly(ethylene oxide) (PEO) [637]. Figure 8.11 (C) schematically 

illustrates a LAB with PEO-based electrolyte proposed by Balaish et al. [779]. But, this LAB was 

operated at 80 oC, above the melting point of the poly(ethylene oxide)-lithium triflate 
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electrolyte, to obtain acceptable ionic conductivity. Theoretical studies on the ion-conduction 

mechanisms revealed that polymers with lower glass transition temperature (Tg) and more 

amorphous structure could provide higher ionic conductivity [781]. 

8.5.4.3 Ceramic Electrolytes 

Inorganic ceramic electrolytes, including LISICON (Li+ superionic conductor), NASICON 

(Na+ superionic conductor), perovskite, garnet, and sulfides, have demonstrated their 

applications in solid-state Li and Na metal batteries [773]. The high mechanical strength of 

ceramic electrolytes is favorable for mitigating the dendrite growth on the metal electrode [781]. 

For better performance of MABs with ceramic electrolytes, the material design on ceramic 

electrolytes mostly focuses on the following points: the stability with Li/Na metal, the 

electrolyte-electrode interfacial contact and the ionic conductivity [772, 773, 780, 782]. 

Liu et al. [780] reported a protective film between the Li electrode and a NASICON type 

solid-state electrolyte to protect the electrolyte and enhance its contact with the Li electrode. 

The NASICON type solid electrolyte LAGP (Li1.5Al0.5Ge0.5P3O12) exhibits high lithium ionic 

conductivity and good mechanism strength, but Ge4+ ions are feasible to be reduced to Ge0 and 

Ge2+ on the Li electrode, leading to a decrease on the Li-ion conductivity. To alleviate this 

problem, an amorphous Ge thin film is introduced between LAGP and the Li electrode, as 

presented in Figure 8.11 (D). This Ge film can suppress the reduction of Ge4+ and also form a Li 

ionic interlayer to ensure intimate contact between Li metal and the solid electrolyte. Thus, the 

solid-state LAB with Ge/LAGP electrolyte exhibited stable cycling performance at 200 mA g-1 for 

30 cycles [Figure 8.11 (E)], while the LAGP electrolyte without Ge coating showed much inferior 

stability [Figure 8.11 (F)]. Nevertheless, the cycling stability of 30 cycles is still far from 

satisfactory, and further investigations of solid-state MABs with performances acceptable for 

practical use are required. 

8.6 Material Design of Separators 

A separator is a membrane placed in the electrolyte between the electrodes to avoid 

direct contact of the electrodes while permitting the ionic flow. An ideal separator should be 

electronic insulating, inert to chemical reactions, and with no resistance for ionic transport, while 

separators in reality could only be close to the ideal status, with acceptable electronic/ionic 

resistivity and chemical stability [783]. Materials for battery separators include polymer films, 

solid ion conductors and woven fibers [783]. Apart from the basic functions, a separator can also 
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improve the MAB’ performance by limiting the migration of some specific ions or molecules 

[784-790]. 

In ZABs, the migration of zincate ions to the air cathode is responsible for the loss of 

Coulombic efficiency and also influences the activity of oxygen electrocatalysts. Hence, 

separators that suppress zincate crossover have been studied to solve this problem [786, 787]. 

Kim et al. [787] introduced a polymer blend electrolyte (PBE) membrane composed of ion-

conducting PVA/PAA (PAA = polyacrylic acid) and ion-repelling Nafion as the separator of ZABs. 

The Nafion phase can limit the diffusion of zincate ions by the Donnan exclusion effect, thus 

minimizing the formation of ZnO on the air electrode, as presented in Figure 8.12 (A). 

The ZAB with the PBE separator showed electrochemical rechargeability over 2,500 min 

at 20 mA cm-2. On the other hand, the ZAB with commercial Celgard3501 separator reached the 

cutoff voltage after only 900 min. For LABs, to prevent the decomposition of redox mediators on 

the Li electrode, one solution is to apply an RM-sieving separator to restrain the shuttling 

[788, 789]. Lee et al. [789] modified a commercial glass fiber (GF/C) separator with a polymer 

mixture of PEDOT: PSS (poly(3,4-ethylenedioxythiophene) polystyrene sulfonate) to suppress 

the migration of the redox mediator DMPZ (5,10-dihydro-5,10-dimethylphenazine) in LABs. 

 
Figure 8.12 Material Design of Separators to Improve the Performance of MABs: (A) Conceptual 

illustration of the role of PBE separator on mitigating zincate crossover in ZABs. (B) Schematic 

illustration of a modified separator to suppress the migration of redox mediators in LABs. (C) Li 

dendrite growth in a cell with FNC-coated separator. φs and φt represent the potentials at the 

base and the tip of the dendrite, respectively. The potential difference of φt and φs is the driving 

force for the dendrite growth.  [787, 789-791]. 
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The role of this modified separator is presented in Figure 8.12 (B). The negatively charged 

groups in the separator interact with DMPZ+ by Coulombic interactions, thus preventing DMPZ+ 

from diffusing to the Li electrode. As a result, the LAB with this modified separator and high 

concentration of DMPZ exhibited stable cycling performance of 90 % round-trip efficiency for 

more than 20 cycles. The modification on the separator was also reported to control the 

dendrite growth of metal electrodes. Liu et al. [790] presented a unique method of coating 

functionalized nano-carbon (FNC) on the commercial Celgard separator of Li metal batteries to 

prevent the short-circuit caused by dendrites. Battery configuration is illustrated in 

Figure 8.12 (C). The FNC layer is immobilized with Li+ ions and electrically connected to Li 

electrode. When charging, Li dendrites grow from both the Li electrode and the FNC layer, in the 

through-plane direction. With cycling, the dendrites from the opposite directions contact with 

each other and then grow in the in-plane-direction instead of piercing through the separator. 

Finally, a dense Li metal layer is formed between the Li anode and the separator. In Li/Li 

symmetric cells with various types of electrodes, the cells with FNC-coated separators exhibited 

improved cycle life and Coulombic efficiency compared with the blank cells with clean Celgard 

separators. 

8.7 Key materials of flexible ZABs 

Flexible cathode, solid electrolyte and flexible zinc anode are the three main components 

and also the decisive factors affecting the performance of flexible ZABs. This section will 

comprehensively introduce the current research status and development trend of these three 

key materials. 

8.7.1 Flexible cathode 

The flexible cathode is composed of a current collector and an ORR/ OER bifunctional 

catalyst supported thereon. According to the different combination modes of current collector 

and catalyst, it can be divided into bifunctional catalyst containing binder and self-supporting 

bifunctional catalyst. The development process will be introduced from these two aspects 

below. 

8.7.1.1 Bifunctional catalyst containing binder 

The kinetically sluggish ORR/OER processes severely limit the catalytic effectiveness of 

the air electrode, which therefore has an impact on the performance of ZABs [815]. As a result, 

it is critical to fabricate cathode catalysts with high catalytic activity. In fact, under both acidic 

and alkaline conditions, the most practicable ORR catalysts are platinum [816-819]. Platinum has 
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gotten a lot of interest since Balantin researched the binding energy of the catalyst and 

developed the volcano map in 1969. Platinum is the element with the most moderate binding 

energy. 

Nevertheless, due to the disadvantages of limited raw resources and high cost, 

researchers have been focusing on non-noble metal catalysts to replace noble metal catalysts. 

Among these researches, carbon-based catalysts are the most active ones. It can be divided into 

transition metal doped carbon based catalysts and non metal doped carbon based catalysts 

[820]. Non metal doped carbon based catalysts refer to ORR catalysts synthesized with carbon 

materials as matrix and N [821, 822], O [823, 824], B [825, 826], P [827, 828], S [829, 830] and F 

[831, 832] as doped elements, especially N-C materials. Although the cost of non-metal-doped 

carbon-based materials is extremely low, it is difficult to become a strong competitor of noble 

metal catalysts due to poor catalytic activity. In comparison, the catalytic activity of transition 

metal doped carbon based catalysts has reached or even exceeded that of noble metal catalysts. 

Transition metal doped carbon based catalysts are noble metal like catalysts with Fe [833, 834], 

Co [835, 836], Mn [837, 838] and Ni [839, 840] as active sites. Because of its wide source of raw 

materials, high catalytic activity and good stability, it is the mainstream research direction of 

non-noble metal catalysts [841-843]. 

OER catalysts, like ORR catalysts, are nowadays commonly used noble metal catalysts 

such as RuO2 and IrO2. Researchers are also exploring for high-performance non-noble metal 

based OER catalysts to replace RuO2 and IrO2, with transition metal hydroxyl oxides serving as 

an example [844, 845]. FeOOH [846-848], NiOOH [849-851] and CoOOH [852-854] hydroxyl 

oxides have OER performance that is comparable to or even better than noble metal based 

catalysts. In addition, the modification of transition metal hydroxy oxides is also a method to 

further enhance their oxygen electrocatalytic activity. For example, Deng et al. obtained oxygen 

electrocatalysts with high catalytic activity and cyclic stability through simple spontaneous 

vulcanization [855]. Most of the high-performance bifunctional catalysts synthesized at present 

are powders, so it is necessary to use binders to cover them on flexible current collectors as 

cathodes [856-859].  

Due to the low cost, high activity and multifunctional design, heteroatom-doped carbon 

materials have received a lot of attention among all bifunctional catalysts comprising binder. The 

addition of trace transition metals can greatly boost their catalytic activity [863]. The adsorption 

energy of intermediates in the ORR/OER reaction process is greatly lowered due to the change 

in local electronic structure generated by coordination between metals and heteroatoms in the 
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carbon matrix, resulting in good activity equivalent to noble metal catalysts [864]. For instance, 

Tang et al. used defect engineering to create atomically distributed Co-Nx-C active sites in nano 

carbon, exhibiting good performance for flexible ZABs [Figure 8.13 (a)] [860]. The carbon matrix 

is made up of multilayer graphene sheets, and there are no apparent cobalt nanoparticles 

according to TEM images. The cobalt atoms that survived from pickling are believed to be the 

bright dots in the dark field high-resolution TEM image [Figure 8.13 (b)]. 

 

Figure 8.13 (a) Schematic illustration of the hierarchical Co/N/O tri-doped graphene catalyst 

(NGM-Co). The grey atom represents for carbon, blue for nitrogen, yellow for oxygen and red for 

cobalt. (b) Morphology and composition characterization of NGM-Co catalyst. (c) Application of 

NGM-Co in flexible ZAB. (d) The preparation flow chart for hierarchically porous nitrogen-doped 

carbon (HPNC) and hierarchically porous iron/nitrogen co-doped carbon (HPFe-N-C). (e) 

Potential-current density curves and corresponding power density. (f) Schematic illustration of 

the synthesis of FeCo/Se-CNT catalyst. (g) Open-circuit plots of ZAB with FeCo/Se-CNT vs. 

Pt/C+RuO2/C (inset shows LED bulbs lit by three flexible ZABs). (h) Cycling stability of the solid 

flexible Zn-air battery at 5 mA cm-2. [860-862, 924]. 

The presence of pyridine nitrogen coupled with Co as well as a carbon matrix doped with 

N and O, is revealed by XPS fine spectrum analysis. The former is known to be a good ORR 

catalytic site, whilst the latter improves the reaction kinetics by lowering the electron density of 

nearby carbon atoms and increasing the adsorption of ORR and OER intermediates. 

The flexible ZABs had an air cathode made of Co/N/O tri-doped graphene catalyst (NGM-

Co) coated carbon cloth, an anode made of flexible zinc foil, and an electrolyte made of alkaline 

polyvinyl alcohol (PVA) gel. The flexible battery, as illustrated in Figure 8.13 (c), can deliver a high 

open circuit voltage of up to 1.439 V and a power density of about 30 mW cm-2. The good 

flexibility is demonstrated by the stable charge/ discharge voltage platform under various 

bending angles.  
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Moreover, the research on-single atom iron-doped carbon material as an ORR/OER 

bifunctional catalyst is significant, because calculations suggest that Fe-N has somewhat higher 

catalytic activity than Co- N. Using a simple double molten salts mediated template process, Xu 

et al. created a novel Fe-N-C porous carbon material [861]. As presented in Figure 8.13 (d), the 

authors used ZnCl2 and NaCl as pore forming agents, adenine as a carbon and nitrogen source 

and high-temperature pyrolysis to obtain porous carbon skeleton, which was then pyrolyzed 

again after mixing with Fe phen to obtain a dual functional catalyst. The authors employed an 

alkaline polyvinyl alcohol (PVA) gel electrolyte to fabricate a flexible ZAB being similar to the 

above. The open circuit voltage of this battery can reach 1.431 V. As presented in Figure 8.13 (e), 

the flexible ZABs can reach a peak power density of 109 mW cm-2. 

Even though monatomic catalysts having advantages of excellent chemical selectivity 

and atomic economy, they have challenges in becoming a large-scale alternative to noble metal 

catalysts due to low productivity and poor stability [865-868]. Zhang et al. used chemical vapor 

deposition to create a very stable FeCo bifunctional oxygen electrocatalyst on Se-doped CNT 

[Figure 8.13 (f)] [862]. The FeCo/Se-CNT catalyst exhibits good ORR and OER performance 

(E1/2 =0.9 V vs. RHE, E10 = 1.57 V vs. RHE) as well as the excellent stability over 30,000 cycles. 

Similarly, a flexible ZAB with the catalyst as the cathode can achieve a high open circuit voltage 

of 1.405 V, and three solid-state batteries can power a string of blue LED bulbs [Figure 8.13 (g)]. 

The flexible ZABs based on FeCo/Se-CNT has better charge/discharge cycle stability than 

Pt/C + RuO2 catalyst. After 20 h (120 cycles), the performance loss is almost negligible 

[Figure 8.13 (h)]. 

8.7.1.2 Self-supporting bifunctional catalyst 

The bifunctional catalyst containing binder has advantages of simple synthesis. 

Nevertheless, the addition of binder hinders the contact between active sites and electrolyte, 

leading to the decline of ORR/OER performance of air electrode. Additionally, the binder also 

destroys the microstructure of the bifunctional catalyst, which further weakens the catalytic 

activity and increases the resistance of the catalyst. Researchers devised self-supporting air 

electrodes with bifunctional catalytic activity in order to address these problems. Generally, a 

flexible conductive matrix such as stainless steel mesh [869], nickel foam [870, 871] and carbon 

cloth [872-874] are used as the substrate, on which a high-performance catalytically active unit 

is built using electrodeposition or chemical deposition. The resulted self-supporting air electrode 

unites the catalyst and the current collector, considerably lowering the transfer resistance and 
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increasing the durability. These advantages determine that the self-supporting air electrode 

might be more promising for the commercialization of flexible ZABs. 

Many self-supporting bifunctional catalysts, including powdered bifunctional oxygen 

electrocatalysts, are still carbon materials. For example, Li created a porphyrin covalent organic 

skeleton (POF) and employed it as the cathode catalyst in a flexible zinc-air battery [875]. Cobalt 

ions are first coordinated in porphyrin units, then coated on CNTs with high hydrophobicity, as 

presented in Figure 8.14 (a). 

 

Figure 8.14 (a) Schematics of a flexible ZAB assembled by the CNT@POF cathode and chemical 

structure of the single-layer POF. (b) Photograph of the free-standing CNT@POF film in the bent and 

extended (inset) states, and SEM image of CNT@POF. (c) Open-circuit voltage and polarization curves 

of the flexible ZAB with the CNT@POF cathode, galvanostatic discharge-charge cycling curves at 

1.0 mA cm-2 under bending at 0◦, 90◦ and 180◦, respectively, and photographs of a commercial red LED 

lit by two flexible ZABs connected in series when bent to various angles. (d) Schematic illustration of the 

fabrication process for hierarchical NC-Co3O4 arrays on flexible carbon cloth. (e) SEM images of NC-

Co3O4 nanoarrays on carbon cloth. Charge/discharge curves and the corresponding power density plot. 

(f) Digital image of eight orange LEDs powered by two ZABs connected in series with different bending 

angles of 0◦, 90◦ and 180◦. (g) Schematic illustration of the synthesis of FeP/Fe2O3 @NPCA. (h) 

Charge/discharge curves and the corresponding power density plot. (i) Cyclic galvanostatic charge-

discharge plots at 5 mA cm-2. (j) Schematic illustration of the growth of 3D rechargeable Co3O4 

nanowires (NMs) air cathode for bifunctional catalysis of ORR and OER. (k) Schematics of the synthetic 

route and the corresponding structural unit of V-K2Fe4O7/Nickel foam. (l) Schematic illustration of the 

four-step synthesis process for 3D core-shell Cu@Cu NWs@LDH electrocatalysts. [875-880, 924]. 
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After a further dehydration procedure, a POF coating with a thickness of roughly 4 nm is 

created. The film has good flexibility, as shown in physical Figure 8.14 (b), and there is no damage or 

cracking while bending. It is worth noting that since the bonding mode between the catalyst and the 

current collector is Van der Waals force rather than the adhesion of the binder, the catalyst can be 

classified as a self-supporting cathode catalyst. The film is intertwined with CNT as the skeleton, as 

evidenced by SEM pictures. The film is directly employed as an air cathode in the construction of a 

flexible all-solid-state zinc air battery, with an open circuit voltage of 1.39 V. The entire solid-state 

battery is a promising energy-efficient conversion device, with a peak power density of 22.3 mW cm-

2 and a robust charge/discharge process in bending state. Two all-solid-state zinc-air batteries 

connected in series can power a red LED bulb, demonstrating its wearable potential. Carbon cloth 

(CC) [Figure 8.14 (c)], which is commonly employed as a fluid collector in flexible energy storage 

devices, can also be used as a conductive substrate in addition to CNT. 

By embedding hollow Co3O4 on the flexible carbon fabric, Guan and colleagues created a 

self-supporting air electrode with good cycle stability and mechanical flexibility [876]. Cobalt ions 

were turned into uniform and plentiful Co3O4 nanoparticles in the oxidation process due to the 

nitrogen doped carbon coating’s ability to govern cobalt ion diffusion [Figure 8.14 (d-e)]. Its 

remarkable catalytic activity arises from the greatly concentrated Co3O4 active sites. The two 

flexible ZABs are connected in series and light up eight orange LED bulbs at varied bending angles 

because one ZAB can yield an open circuit voltage of roughly 1.44 V [Figure 8.14 (f)]. 

There are also self-supporting bifunctional catalysts made from pyrolyzed carbon-

containing precursors [881-884]. Using directional freeze casting and pyrolysis, Wu et al. created 

a carbon aerogel [877]. The as-fabricated self-supporting air electrode has a 3D honeycomb 

form, and in-situ grown FeP/Fe2O3 nanoparticles are dispersed between carbon nanosheets, as 

presented in Figure 8.14 (g). The catalyst achieved a high peak power density and stability thanks 

to its extensive pore structure and nanoparticle active sites [Figure 8.14 (h)]. As illustrated in 

Figure 8.14 (i), the battery exhibits stable charge and discharge voltages at the current density 

of 5 mA cm-2. During 50 cycles for 500 min, slight voltage change can be discerned on both the 

charge and discharge segments with a high energy efficiency. 

In addition to carbon based self-supporting electrode, metal based self-supporting 

electrode is also a kind of bifunctional self-supporting air electrode that has been widely studied. 

As presented in Figure 8.14 (j), Chen et al. used a simple template free method to directly grow 

mesoporous Co3O4 nanowires (NW) arrays on stainless steel mesh [878]. Thanks to the self-

supporting property of the NM array, the specific surface area of the electrode is larger, so the 
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reactants can diffuse better in the active site and electrolyte. In addition to stainless steel mesh, 

such as foam nickel and foam copper have become hot materials in the field of self-supporting 

electrodes due to their high specific surface area and certain oxygen electrocatalytic ability. 

Chang et al. in-situ synthesized V-K2Fe4O7 on the surface of foam nickel through a one-step 

hydrothermal reaction. Since the active site is generated on the surface of the collector rather 

than bonding with adhesive, the electrode shows excellent cycle stability for up to 550 h 

[Figure 8.14 (k)] [879]. In addition, Wu’s research team epitaxially grew copper nanowires on 

foam copper substrate, and then in situ grew NiFe-LDH [Figure 8.14 (l)] [880]. The electrode 

synthesized by this method has a higher binding strength between the matrix and the active site, 

and the copper nanowires also provide sufficient nucleation sites for the growth of the active 

site. However, compared with carbon matrix, metal matrix will inevitably appear metal fatigue 

phenomenon in the process of a large number of bending of flexible energy storage devices, 

resulting in reduced mechanical flexibility or even fracture. At the same time, since the 

construction of active sites on the self-supporting electrode is often accompanied by high 

temperature heating, solution corrosion, phosphorus/sulfide and other processes, the 

mechanical strength of the metal collector will be greatly reduced. Thus, the current mainstream 

research on self-supporting electrodes is still mainly carbon based collectors. 

To sum up, the method for preparing flexible cathodes by coating powder catalysts and 

binders has the advantages of simple and diverse synthesis as well as high catalytic activity. 

Nevertheless, because of the influence of the process and the properties of the adhesive, the catalyst 

is likely to fall off and crack during the bending and stretching process. Fortunately, the flexible 

electrodes obtained by the commercially used slit extrusion coating method can well alleviate the 

problems of interfacial cracking and peeling of active materials. In contrast, the self-supported 

catalyst grows the active sites on the conductive substrate in situ, which not only reduces the 

diffusion path and interface resistance of the reaction, but also prevents the active substances from 

falling off and cracking during bending and stretching, greatly improving the mechanical stability of 

flexible ZABs. Figure 8.15 presents the performance comparison of some representative flexible ZAB 

cathode catalysts, in which five catalysts near the left side are bifunctional catalyst containing binder 

and five catalysts near the right side are self-supporting bifunctional catalyst. 
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Figure 8.15 Comparisons of potential difference between the half-wave potential of ORR and 

overpotential at 10 mA cm-2 of OER for typical bifunctional flexible air cathodes reported 

[864, 876, 885-891, 924]. 

8.7.2 Solid electrolyte 

Solid electrolyte is the most significant difference between flexible ZABs and liquid ZABs. 

In flexible ZABs devices, solid electrolyte plays an important role in mass transfer and moisture 

preservation. Therefore, it is very necessary to understand its development process and trend 

comprehensively and systematically. 

8.7.2.1 Gel electrolyte 

Gel electrolyte is a type of hydrogel that contains a significant number of hydrophilic 

groups and can absorb a large amount of alkaline solutions, giving it a high ionic conductivity 

[892]. Simultaneously, the three-dimensional matrix structure gives it good mechanical 

properties like flexibility, extensibility, and compressibility [893]. Furthermore, its synthesis 

technique is very mature, low-cost, and convenient for large-scale manufacturing after years of 

research [894]. All of these demonstrates enormous promise in the realm of flexible ZABs. 

Zhi and his colleagues created a sodium polyacrylate hydrogel (PANa) by neutralizing 

acrylic acid with NaOH and then polymerizing it. This novel PANa hydrogel has a number of 

advantages including high water absorption (i.e., high ionic conductivity) and strong water 

retention ability, giving the as-built flexible ZAB a large capacity and ultra-long cycle life. Chen et 

al. increased electrostatic attraction in hydrogel by alkalinizing the carboxyl group in polyacrylic 

acid (PAA) to an alkaline state (A-PAA) [887]. The interaction between water molecules and 

certain polar end groups can help the hydrogel retain more water and have better mechanical 

properties. The hydrogel synthesized by this approach has a rich porosity structure, as presented 
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in Figure 8.16 (a), which implies that it can absorb more alkaline solution. This electrolyte gives 

a peak power density of up to 160 mW cm-2 in a flexible ZAB, which is higher than many liquid-

electrolyte ZABs [Figure 8.16 (b)]. As previously stated, the hydrogel endows the ZAB stable 

charge and discharge platforms at any mechanical deformation state [Figure 8.16 (c)]. 

The hydroxyl group, like the carboxyl group, is well known for its outstanding 

hydrophilicity. Polyvinyl alcohol (PVA) hydrogel, as an example of hydroxy-containing hydrogels, 

has emerged as an alternative for electrolyte of flexible ZABs due to its excellent chemical 

stability, low toxicity and ease of manufacture [897]. But it has some flaws including limited ionic 

conductivity, poor mechanical characteristics and water retention. As a result, researchers made 

some modifications to address these issues [898]. Lee and colleagues electrospun PVA/PAA 

nanofiber felt and immersed it in a solution containing Nafion to create a continuous anion 

exclusion phase. The resultant electrolyte efficiently improved ion transport efficiency and 

suppressed the formation of zinc dendrites, resulting in flexible ZABs with high cycle stability. 

Song et al. also developed an alkaline hydrogel by crosslinking PVA, PAA and graphene oxide 

[Figure 8.16 (d)]. Mechanical characteristics, ionic conductivity, and water retention capability 

have all been improved in this modified hydrogel [895]. When ZABs with this hydrogel electrolyte 

are bent to different angles or entirely folded, they can still provide a nearly lossless voltage 

platform. Additionally, ZABs are placed inside textile as a wristband to power smart watches and 

flexible electroluminescent devices, demonstrating their application potential in the wearable 

industry [Figure 8.16 (e)]. In addition to hydrogels mentioned above, polyacrylamide (PAM) is a 

well-known gel electrolyte [899]. The amide group in PAM possesses strong hydrophilicity, just 

like PAA and PVA. It can be quickly hydrolyzed under alkaline circumstances, resulting in poor 

water retention, ionic conductivity, alkaline tolerance and mechanical characteristics [900]. 
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Figure 8.16 (a) Schematic of the structure of A-PAA hydrogel and SEM image of the freeze-dried A-

PAA hydrogel (scale bar: 10 mm). (b) Discharging and power density plots of flexible ZABs. (c) Cycling 

profiles of flexible ZABs at the current density of 2 mA cm-2 upon various mechanical deformations. 

(d) Schematic of the fabrication process for the basic GPE co crosslinked by PVA, PAA and graphene 

oxide (GO) containing KI additive (KI–PVAA–GO GPE), highlighting the microstructure of the PVAA–

GO polymer network. (e) Photographs of three sandwich- and cable-type ZABs connected in series to 

power a commercial smart watch, and a flexible display hand strap powered by four integrated 

sandwich-type ZABs in series. (f) Schematic illustration of the synthetic procedure of the PVA-

Tetramethylguanidine hydrogel and its application as electrolyte for CO2 tolerant ZABs. (g) 

Galvanostatic discharge-charge cycling curves of flexible ZABs at 5 mA cm–2 in the atmosphere with 

various CO2 concentrations. (h) Changes in the conductivity of PVA and PVA-0.075TMG gels exposed 

in pure CO2 atmosphere for different time. [887,895,896,924]. 

It has to be noticed that environmental conditions, particularly CO2, alter the 

electrochemical and mechanical properties of the hydrogel electrolyte. Because ZABs frequently 

require high-concentration alkaline solutions, OH- in these alkaline solutions transform to 

carbonate and bicarbonate ions when in contact with CO2 from the air for an extended period 

of time, resulting in inevitable decrease of ionic conductivity (so-called CO2 poisoning). To 

overcome this problem, Yan’s team created a novel electrolyte. Excellent CO2 tolerance can be 

accomplished by pre-immobilizing CO2 in PVA hydrogel to produce the -OCO2 group, as 

presented in Figure 8.16 (f) [896]. The hydrogel can also minimize the development of zinc 

dendrites and achieve greater ionic conductivity thanks to the strong contact between the -OCO2 

group and Zn2+. Figure 8.16 (g) shows that the cycle life of a flexible ZAB in the atmosphere with 

a CO2 volume fraction of 22.7 % is 12 times that of the original PVA. Besides the much higher 

ionic conductivity of the CO2-fixed hydrogel, it also demonstrated much more stable ionic 

conductivity in pure CO2 when compared to the pure PVA counterpart [Figure 8.16 (h)]. 
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In addition to modifying the solid electrolyte to enhance its resistance to CO2 toxicity, 

Dekel et al. showed that under high current density, the concentrations of HCO3- and CO3
2- in 

the electrolyte would be significantly reduced, which is the so-called "self-purification 

mechanism" of carbonate [901]. The principle is that a large amount of OH- will be generated in 

the electrolyte under high current density. When the generation rate of OH- is greater than the 

consumption rate of its reaction with CO2, the concentration of carbonate in the electrolyte will 

be reduced. In this simple way, the research team increased the conductivity by 2-10 times. Since 

the poisoning effect of CO2 is caused by its reaction with alkaline electrolyte to generate 

carbonate, Sun uses weakly acidic zinc acetate aqueous solution as the electrolyte of the zinc-

air battery, which greatly reduces the poisoning effect of CO2 [902]. Benefiting from its novel 

reaction mechanism based on basic zinc acetate hydrate, the battery can operate stably for more 

than 600 h in air. 

8.7.2.2 Alkaline anion exchange membrane (AAEM) 

Alkaline anion exchange membrane (AAEM) is a type of polymer membrane in which 

basic functional groups are impregnated into the main chain of the polymer to give it a selective 

permeability of hydroxyl ions [903]. Compared to hydrogel electrolyte, the selective 

permeability of AAEM prevents Zn2+ from migrating to the air electrode via the electrolyte, which 

improves the longevity of air electrode. Furthermore, because AAEM is always thinner than 

hydrogel electrolyte, its application potential in small devices is significantly greater [904, 905]. 

However, AAEM is weak in water absorption and retention, which causes its ionic conductivity 

to rapidly diminish when utilized in air, resulting in performance impairment of ZABs. In response 

to these issues, Fu’s research group created an AAEM with high water retention [906]. Cellulose 

fiber rich in hydroxyl served as the matrix to form an AAEM with outstanding mechanical 

strength and OH selective permeability by quaternizing, cross-linking and alkalizing, as illustrated 

in Figure 8.17 (a). A flexible ZAB in the shape of a band aid was fabricated and wrapped around 

the finger to illuminate a red LED bulb [Figure 8.17 (b)]. 
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Figure 8.17 (a) The chemical structure evolution of the cellulose nanofibre surface after 

functionalization, crosslinking and hydroxyl exchange. (b) Schematic diagram of a flexible ZAB 

integrated with a band aid, and a demonstration of the device wrapped around an index finger to 

power a red LED under bending condition. (c) Schematic illustration of the substrate-free flexible ZAB, 

cross-sectional SEM image (left) and the elementary mapping (right) of the battery. (d) Digital images 

of the prepared ZAB (left) and two sides of the battery (right). (e) Comparison of the design of 

traditional and our new flexible ZAB. (f) Polarization and power density curves. [906, 907, 924]. 

As mentioned above, AAEM as the electrolyte of ZABs has the advantage of being light 

and thin. Chen et al. brought this advantage to the extreme. They used heat pressing to apply 

zinc powder and cathode catalyst directly on the surface of AAEM, resulting in a highly compact 

ZAB [Figure 8.17 (c)] [907]. It is extremely light, weighing only 0.0495 g [Figure 8.17 (d)]. The 

AAEM functions as both an electrolyte and a separator. As a result, it has strong ionic 

conductivity, chemical stability, and mechanical strength [Figure 8.17 (e)]. The ZAB delivered a 

peak power density of 250 mW cm-2 as shown in Figure 8.17 (f). The flexible battery discharged 

at a current density of 8.3 mA cm-3, showing a stable voltage platform. After the zinc layer is 

depleted, it shows a high specific capacity of 150.4 mAh cm-3 [Figure 8.17 (g)]. 

For electrolyte of flexible ZABs, ionic conductivity and mechanical properties (such as 

bending resistance and stretchability) are the two most important indicators. Although the ionic 

conductivity of alkaline hydrogel electrolyte (10-1 S cm-1) is far better than that of AEEM (10-3 S 

cm-1), there is still a big gap compared with liquid electrolyte. Improving the water absorption 

and retention capacity of solid electrolyte is an effective means to improve the ionic conductivity 

of electrolyte. For example, Chen et al. introduced hollow polymer microcapsules into the 

hydrogel polymer network, which greatly enhanced the water absorption and retention 

properties of the electrolyte. Its water absorption rate was up to 107 g g-1, and it had an ultra-
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high ionic conductivity (0.215 S cm-1) [908]. In addition, the ionic conductivity of the electrolyte 

can be increased by introducing hydrophilic groups or manufacturing porous structures. For solid 

electrolytes, increasing the mechanical strength often means that the resistance of ion migration 

becomes greater, which leads to the reduction of ion conductivity. Therefore, balancing the 

mechanical properties and ionic conductivity of solid electrolytes has always been a research 

focus of solid electrolytes for ZABs. In general, solid electrolytes with satisfactory mechanical 

strength and ionic conductivity can be obtained by means of chemical crosslinking of small 

molecules, construction of cross polymer networks and addition of support materials 

[898, 909, 910]. For example, Xia et al. used the double network structure formed by 

intertwining with Zn2+ cross-linked sodium alginate and covalently cross-linked PAM network to 

improve the ionic conductivity and meanwhile obtain excellent water retention ability and 

mechanical flexibility [911]. 

8.7.3 Flexible zinc anode 

In comparison to the extensive study on cathode and electrolyte, the anode of flexible 

ZABs has received comparatively fewer attentions because zinc foils utilized in the vast majority 

of ZABs are intrinsically flexible to some extent [912-914]. However, the direct use of untreated 

zinc foil has many disadvantages. First of all, the zinc foil will produce uncontrolled dendritic 

growth and side reactions during the deposition/dissolution of zinc, which will lead to the poor 

cyclic stability of the zinc-air battery, or even failure [915]. Second, zinc foil is rigid in nature, 

which leads to poor mechanical flexibility [916]. At the same time, interface cracking and even 

fracture may occur under the condition of a large number of bending or tensile flexibility tests. 

Therefore, the modification of zinc foil or the use of other zinc anodes can not only improve its 

mechanical properties but also electrochemical performance. Even though there are few reports 

on the modification of flexible ZAB anode, fortunately, the anodic reaction of ZAB is similar to 

that of zinc ion battery. Hence, the study on the flexibility strategy of zinc ion battery anode can 

provide reference for improving the flexibility of ZAB anode. 

Lu’s research group reported a highly flexible fiber-shape zinc-ion battery [917]. 

Figure 8.18 (a) depicts the electrode preparation procedure. 
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Figure 8.18 (a) Schematic illustration of fabrication of aqueous fiber-shaped Zn//Co3O4 battery. (b) 

SEM image of the Zn flake deposited on the carbon fiber (ZFCF). (c) SEM images of zinc electrode at 

the current density of 1 A cm-3 during different cycles: top is the commercial zinc wire anode; bottom 

is the ZFCF anode. (d) Schematic procedure of (steps i-v) an electroless Cu-layer plating on spandex 

textile using a prestrain-load-recovery method, dynamic stretching-electroplating of a Zn (or Ni) layer 

on Cu-coated textile, and (Step vi) ZABs assembly based on Zn- and Ni-coated textile electrodes and 

in situ crosslinked hydrogel electrolyte. (e) Photographs of the Zn-coated textile before and after 

stretching by 100 %. (f) In- situ SEM image of the Zn-coated textile under 100 % tensile strain. (g) 

Discharge polarization curve of the large-area ZAB textile. [917, 918, 924]. 

A carbon fiber surface was first submerged in heated concentrated nitric acid to decorate 

N and O functional groups and then electrodeposited a layer of zinc on the surface. 

Figure 8.18 (b) shows a SEM picture of the deposited fiber. Zinc flakes were uniformly 

electrodeposited on the carbon fiber and layered in a neat manner along its surface. The 

electrode did not generate evident zinc dendrites after 2000 cycles in the long-term 

charge/discharge test and the structure did not collapse appreciably compared to the carbon 

fiber without nitric acid treatment, demonstrating outstanding reversibility [Figure 8.18 (c)]. 

In addition to the strategy of directly referring from zinc-ion batteries, there are still 

solutions for the anode flexibility of ZABs documented. Hu’s research group conducted a 

representative work. Through dynamic stretch plating on wavy spandex fabric, they obtained a 

zinc anode with 100 % high elongation and stable conductivity [Figure 8.18 (d)] [918]. Thanks to 

the high elasticity caused by the wrinkle and multi-space network structure of spandex fabric, a 
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pre-strain can be applied and then copper and zinc can be plated on the pre-strained surface, 

resulting in a galvanized fabric with 100 % elongation [Figure 8.18 (e)]. Figure 8.18 (f) depicts 

morphology of the stretchy electrode. This approach has created a structure that adapts to 

tensile deformation throughout the galvanizing process, allowing the textile to maintain stable 

tensile capability following electrodeposition. This ZAB fabric with an area of 14 × 6.5 cm2 

delivered a maximum output power of 1757 mW [Figure 8.18 (g)]. 

In short, because zinc anode will inevitably be affected by zinc dendrite, hydrogen 

evolution reaction and passivation in the actual charging and discharging process, the 

development of zinc anode with high performance and lasting stability has always been a 

challenging subject. It should be noted that these three main problems are not independent, and 

they will interact with each other during the actual charging and discharging process. For example, 

the hydrogen evolution reaction will lead to an increase in the local OH- concentration, and then 

the passivation of the anode surface will become more obvious. The increase of passivation 

products will also reduce the active sites of zinc, which will make the electric field distribution more 

uneven, and then appear more serious dendrite phenomenon. Therefore, zinc anode protection 

strategies should focus more on overall optimization rather than just individual issues. 

It has to be noticed that even though most studies claim good cycling stability of the 

assembled ZABs, the charge/discharge currents used in these studies tend to be small (less than 

10 mA cm-1), which is unacceptable for the consumer market pursuing fast charging. There are 

three main reasons for the poor rate capability of ZABs: the aggravation of anode dendrites and 

side reactions, the low diffusion rate of ions in the electrolyte, and the slow oxygen 

electrocatalytic reaction kinetics. The first is that as the charge/discharge current increases, the 

zinc anode develops dendrites that are enough to damage the battery. Through morphological 

analysis of the zinc coating under neutral/mild electrolyte conditions, Zhi et al. found that with 

the increase of current density from 1 mA cm-1 to 10 mA cm-1, the morphology of zinc deposited 

on the electrode surface changed from uniform distribution to zinc flakes growing perpendicular 

to the electrode, and finally became hexagonal zinc nano-flakes with sharp tips [919]. These 

hexagonal zinc nanosheets produced by non-uniform deposition at high current densities pierce 

the separator during prolonged operation, resulting in an internal short circuit. In addition, the 

work of Tan et al. showed that a large number of micron-sized bubbles adhered to the surface 

of the air electrode would appear at high current densities, and the generation of bubbles would 

hinder the contact between the electrolyte and the active site and consume the electrolyte, 

eventually leading to battery failure [920]. The second is because the low diffusivity of cations 
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and anions in the electrolyte leads to concentration gradients at high current densities, which 

affect the diffusion rate and ultimately exhibit a limited diffusion current density [921]. Finally, 

the slow kinetics of oxygen electrocatalytic reaction leads to its poor rate. There have been many 

excellent works in optimizing oxygen electrocatalytic reactions. For example, Lei et al. 

synthesized a highly interconnected graphene network with a hierarchical porous structure, 

which is conducive to fast charge transport and thus still maintain a strong cycle stability under 

large current densities [922]. In addition, Wu et al. synthesized cobalt nanoclusters confined to 

specific nanopores. Due to the existence of high active sites and the effect of nanopores, the 

catalyst could form an abundant and stable gas-solid-liquid three-phase reaction interface, 

enhancing the charge transfer ability of the catalyst. Electrochemical data show that the catalyst 

can still operate stably for more than 90 h at a high current density of 100 mA cm-1 [923]. 
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CHAPTER 9 

Conclusions 

Currently, much concern has been given to global warming resulting from fossil fuels. 

Renewable energy sources are the most promising choice, as they are sustainable and have no 

or low environmental implications. Nevertheless, the remarkable growth in renewable energy 

demands a suitable energy storage system. With the increasing dominance of renewable energy 

production sources such as solar and wind energy, the electricity grid will require the assistance 

of a large-scale electrical energy storage system. The energy produced from renewable sources 

is periodic and variable in nature, demanding continuous attention. Therefore, storing energy 

during unexpected energy production periods is important to maintain the quality of the 

electricity generated and satisfy the growing electricity demand. Electrochemical energy storage 

systems could be more cost-effective than other systems. Normally, electrochemical energy 

storage refers to electrochemical capacitors and rechargeable batteries, which can be used in 

conjunction with other systems in a hybrid configuration. 

The airflow maintains the reaction of the air electrode in the MABs, which minimizes the 

requirement for tanks to store the reactant. Moreover, for the use of large-scale energy storage, 

the air electrode should be bifunctional for both OER and ORR during charge and discharge, in 

order to be effective. Since MABs are cost-effective, ultralightweight, and have a high energy 

density, they are an exceptional alternative to gasoline. On the contrary, its energy efficiency is 

weak, and its charge/discharge life cycle is short. Although MABs have a good energy density, 

the technology is still in the development stage in terms of efficiency and availability. Yet, it has 

evolved into an excellent energy storage technology for ecologically friendly and high-

performance electric cars, among other applications. Rather than this, MABs’ large-scale use is 

restricted by their weak energy efficiency and power density, caused by a higher overpotential 

and slow oxygen reactions at the air cathode. 

Iron-air batteries (IABs) are a potential option for large-scale energy storage because of 

their environmental friendliness, low cost, long-term viability, and a variety of raw materials, 

among other specifications. Nevertheless, in order to be a viable option, IABs’ efficiency and 

cycle life must be improved. In addition, aluminum-air batteries (AABs) have the lowest cost and 

the second greatest specific capacity theoretically, making them a powerful prospect for large-

scale energy applications in the future among MABs, especially in renewable energy. As a result, 
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AABs are very attractive as a sustainable and efficient technology for energy storage and 

conversion, with the capability of providing power for large electronic devices and automobiles. 

Both high energy density and the unique design of structural components of MABs and redox 

flow batteries (RFBs), have shown significant promise for large-scale electrical energy storage as 

efficient electrochemical systems. Metal-air flow technologies, due to their inherent advantages 

and the high degree of design freedom they provide, have enormous potential for large-scale 

energy storage and transmutation in the next-generation power grid. It is essential to improve 

the efficiency and energy density of vanadium-air flow batteries (VAFBs) and also to lower the 

stack cost used on large scales in commercial applications. 

The following conclusions are driven: 

1. A variety of metals can be used as an anode of MABs. Each metal has its own advantages 

and disadvantages. Al is one of the promising electrodes because of its low weight and 

cost, high energy density, good recyclability, environmental friendliness. 

2. Despite the high ionic conductivity of the aqueous electrolytes, the leakage, stability, and 

thermodynamic limitations are failures of MABs’ applications. Electrolyte additives or 

non-aqueous electrolytes can mitigate or solve these problems and hence increase the 

durability and energy density of MABs. 

3. A mechanically and thermally porous cathode electrode that can perform OER and ORR 

effectively is important for commercial MABs. 

4. Both AABs and IABs are good candidates for the large-scale production of MABs. 

5. Flow MABs are safe and have a long operational life due to the flow of 

anolyte/electrolyte, which reduces side reactions. Flow MABs can be used both for large-

scale energy storage and stationary power plants. 

For the future research on MABs, some perspectives are being highlighted for reference: 

1. More integrated studies. Research on oxygen electrocatalysts makes up the majority of 

the research on MABs. Often MABs are just an evaluation method for the oxygen 

electrocatalysts. Nevertheless, due to the development of MAB technology, the whole 

cell system must be considered together. 

2. Rechargeability. The low rechargeability of existing MABs mostly manifest in the round-

trip and Coulombic efficiency. A low round-trip efficiency makes MABs exceptionally 

uneconomical and energy - consuming. A low Coulombic efficiency leads to fast capacity 

loss in MABs. These considerably hinder the practical use of rechargeable MABs. Studies 
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on the material design of MABs should ideally address the issue of rechargeability by 

improving metal electrode reversibility and suppressing side reactions. 

3. Fundamental understanding. Effective material design strategies of MABs depend on the 

fundamental comprehension of the electrode reactions, side reactions and dendrite 

growth. Hence, progress in advanced experimental technologies and theoretical 

researches can benefit the design of suitable materials for MABs. 

4. Finding proper applications. MABs have remarkable advantages regarding energy 

density, but also carry certain disadvantages regarding rechargeability. Besides 

developing material design methods to improve the battery performance, finding proper 

applications, highly desirable for high-capacity energy storage, is also critical for realizing 

the practical development of MABs. 

In situ spectroelectrochemical techniques have been priceless in the designation of the 

underpinning reactions involving dioxygen in the metal-air cell, of which in situ Surface-

Enhanced Raman Spectroscopy (SERS) has performed a great role. From these SERS researches 

outstanding progress has been made recently in the understanding of the influence of organic 

solvent and water on reaction pathways. 

The appearance of the Shell-Isolated Nanoparticle-Enhanced Raman Spectroscopy 

(SHINERS) technique to monitor a variety of electrode interfaces with significant Raman 

enhancement will undoubtably be an important tool in comprehension of oxygen chemistry on 

a wide range of electrode substrates. Great progress has also been made in complementary in 

situ Infrared Spectroscopy (IR) techniques and may also become a beneficial experimental 

technique within this field, while UV/Vis (Visible) and Electron Paramagnetic Resonance (EPR) 

have been shown to be crucial techniques in addressing specific mechanistic processes. 

Zinc-air batteries (ZABs) are always used for hearing aid applications because of their high 

energy density and low power output. The greatest conclusions are as follows: 

1. ZABs consist majorly of the anode (~ 52 wt %) comprising zinc (~ 88 %), which is much 

higher than the natural ores (~ 5.8 %). It is estimated that nearly 8566-21415 tons of ore 

are demanded globally to produce zinc for ZABs per year. Thus, ZABs are highly 

recommended to be studied for recycling. 

2. Although other zinc-based batteries are commonly considered for recycling, ZABs are 

often neglected due to their lower price, lack of technical diligence. It is evaluated that 

the contribution of zinc towards the total market value in ZABs is nearly 60.9 %, higher 

than alkaline (40.7 %) and zinc-carbon batteries (29.6 %). 
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3. A comparison of ZABs with other secondary sources of zinc (electronic waste, EAF dust, 

primary production waste etc.) showed that it consists of simpler and easy-to-process 

zinc phases (Zn/ZnO) without other impurities such as Fe (as in EAF dust), Mn, Cl, F (as in 

alkaline batteries). The zinc anode recovered from ZABs can be treated with the 

concentrate received in primary ore processing. 

Developing efficient MABs requires the rational design of materials of the metal and air 

electrode, separator and electrolyte. Comprehensive understanding of materials of each part of 

MABs demands the integration of interdisciplinary knowledge of electrochemistry, organic and 

inorganic chemistry, material science, catalysis and engineering. Hence, collaborations among 

researchers with different backgrounds are expected to overcome crucial scientific and technical 

failures of MABs and furthermore promote their practical applications. 
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