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nable metal–air batteries for
powering flexible wearable electronics: current
status and future prospects

Arpana Agrawala and Chaudhery Mustansar Hussain *b

The use of eco-unfriendly materials in wearable electronic devices poses a serious threat to the

environment. It is therefore crucial to develop flexible, wearable devices that are environmentally friendly

and safe for human skin. To power such devices, miniaturized power sources are needed, such as

metal–air batteries (MABs) that have excellent power density and longevity. However, traditional MABs

are built on rigid, non-flexible platforms and use a large amount of electrolyte, which is not sustainable

or suitable for flexible electronics. Green wearable MABs can be created by using biocompatible and

biodegradable battery components, such as electrolytes, electrodes, and flexible platforms, or by

reducing the electrolyte volume. In this review, we critically examine a range of cost-effective,

downsized, green, and sustainable wearable MABs that use non-toxic and abundant natural materials

and can withstand bending, twisting, stretching, and folding. The various components, their green and

sustainable aspects and the synthesis approaches of the key air-cathode have been demonstrated in

detail. The electrochemical performance of various green MABs, as well as the obstacles to their

commercialization has also been discussed.
1. Introduction

In this fast-moving world, nowadays people are highly inter-
ested in electronic devices that are highly exible, easily wear-
able, and compatible with human skin such as various
healthcare devices including glucometers, PH sensors, smart
watches, wrist bands, etc., together with environmental friend-
liness.1 So far, several energy storage devices including super-
capacitors, fuel cells, metal-ion batteries, etc. have been
reported for powering such wearable electronic devices.2,3

Among these, metal–air batteries (MABs) such as zinc–air
batteries (ZABs), aluminium–air batteries (AABs), lithium–air
batteries (LABs), magnesium–air batteries (MgABs), etc. have
proven themselves as potentially important candidate sources
owing to their excellent electrochemical performances
including remarkably high energy densities and durability.4–6 It
should be noted that the main components of a conventional
MAB include a metal anode, an air cathode, a cathode catalyst,
a separator, and an electrolyte (Fig. 1) and its operation involves
the oxygen reduction reaction (ORR) and oxygen evolution
reaction (OER) on the air electrode, while the dissolution and
deposition of cations on the metal electrode.4 For the various
types of MABs, the overall reaction equations can be expressed
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differently; for example, the reaction equations for ZABs and
LABs can be given as4–6

Zinc–air battery:

Zn / Zn2+ + 2e− (anode reaction) (1)

Zn2+ + 4OH− / Zn(OH)4
2− (2)

Zn(OH)4
2− / ZnO + H2O + 2OH− (3)
Fig. 1 MAB's structure comprises a metal anode, an air cathode,
a cathode catalyst, a separator, and an electrolyte.
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O2 + 2H2O + 4e− / 4OH− (cathode reaction) (4)

2Zn + O2 / 2ZnO (overall reaction) (5)

Lithium–air battery:

Li / Li+ + e− (anode reaction) (6)

O2 + 4Li+ + 4e− / 2Li2O (cathode reaction) (7)

4Li + 4O2 / 2Li2O4 (overall reaction) (8)

The various parameters such as the theoretical specic
capacity and output voltage of MABs depend signicantly on the
choice of MAB components including the metal anode, the
cathode catalyst, and the electrolyte employed.5 These compo-
nents in turn rely on easy availability, cost-effectiveness, and an
eco-friendly nature. MABs possess high theoretical energy
density, making them suitable for applications requiring long-
lasting power. They generally employ metals such as Zn and
Al which are abundant and inexpensive, reducing material
costs, and are generally more environmentally friendly
compared to traditional batteries due to their use of non-toxic
materials. However, the cycle life of MABs is oen limited due
to issues such as electrode degradation and electrolyte evapo-
ration. The efficiency of MABs can be lower due to ORR and OER
inefficiencies. Furthermore, controlling the air supply and
managing humidity are critical challenges that impact the
performance and longevity of MABs. Furthermore, conventional
MABs generally bulky and employ materials (electrolytes/
electrodes/substrates/platforms) that are environmentally
unfriendly raising serious concerns for our environment. They
are commonly fabricated in rigid congurations with exible or
non-exible components and hence ignore the important green
MABs. The term “green” refers to technologies and processes
that have a reduced environmental impact and contribute to
sustainability.7 Green materials are increasingly being inte-
grated into MABs due to their environmental benets,
sustainability, safety, economic viability, and potential for
improved performance. Green materials reduce the ecological
footprint of MABs by minimizing the use of toxic and non-
renewable resources which is crucial for mitigating the envi-
ronmental challenges associated with battery production and
disposal. Utilizing renewable and biodegradable materials
ensures the sustainability of battery technologies which aligns
well with global efforts to transition towards greener energy
storage solutions.8 Their non-toxic and biocompatible nature
enhances the safety of batteries, which is especially important
for applications in wearable electronics and medical devices.
Importantly, abundant and low-cost green materials contribute
to reducing the overall cost of battery production, making these
technologies more accessible and economically feasible for
widespread adoption. Moreover, eco-friendly manufacturing
processes such as additive manufacturing (3D printing) mini-
mize waste and energy consumption.9–11 In the context of MABs,
these materials include eco-friendly electrolytes (e.g. aqueous
electrolytes, ionic liquids, etc.), biodegradable polymers
4688 | Sustainable Energy Fuels, 2024, 8, 4687–4708
(polylactic acid (PLA), chitosan, etc.), abundant, non-toxic
metals (such as Zn, Mg etc.), and carbon-based catalysts.12

Water-based electrolytes such as KOH, NaOH, etc. are non-
ammable, non-toxic, and environmentally benign.13 Another
alternative for green electrolytes is ionic liquids, which are salts
in the liquid state at room temperature and are used as elec-
trolytes due to their high ionic conductivity, thermal stability,
and non-volatility. These electrolytes minimize environmental
and safety risks associated with battery leaks and disposal,
enhancing the overall green prole of batteries. PLA is a biode-
gradable polymer, commonly used as a binder and separator
and is derived from renewable resources such as corn starch. Its
biodegradable and non-toxic nature makes it an eco-friendly
alternative to traditional synthetic polymers.12 Similarly, chito-
san, derived from chitin found in crustacean shells, can also be
employed as a binder and electrolyte additive and also promotes
ionic conductivity. These materials reduce the environmental
impact of battery disposal, promote sustainability, and can be
safely used in wearable devices due to their biocompatibility.14

For the fabrication of anodes, various nontoxic abundant
metals such as Zn, Mg etc. are being employed. Zn is a widely
used anode material due to its abundance, low cost, and non-
toxicity, offers good electrochemical performance and is recy-
clable. Another abundant and non-toxic metal, Mg, provides
high energy density and is safe for the environment. Using such
abundant and non-toxic metals ensures that batteries are not
only environmentally friendly but also economically viable for
large-scale production. Another important component of MABs
is catalysts, mainly carbon-based catalysts such as graphene-
based materials, activated carbon, etc.15–18 These materials are
used as cathode catalysts due to their high surface area, elec-
trical conductivity, and catalytic activity. They can be derived
from renewable sources such as biomass and are oen cheaper
and more sustainable compared to precious metal catalysts and
hence facilitate the reduction of the overall environmental
footprint of batteries.

It is noteworthy to mention here that apart from greenness,
the exibility of MABs is also very important and can be ob-
tained either by utilizing exible gel/polymer electrolytes such
as poly(acrylic acid), poly(ethylene oxide), poly(vinyl alcohol),
poly(vinylidene uoride), poly(vinylidene uoride-co-
hexauoropropene),19–26 etc. or exible electrode/substrate
materials such as carbonaceous materials (graphene-based
materials, carbon nanotubes (CNTs or multiwall CNTs
(MWCNTs)), etc.), conductive polymers, sheets/foil of metals or
their oxides,27–38 etc. A nanocellulose composite gel possessing
high ionic conductivity was also employed to fabricate exible
ZABs.39 However, the decisive factor for the accomplishment of
green aspects in general or such exible MABs should precisely
include the implementation of green alternatives for fabricating
MABs i.e., switching from toxic materials to eco-friendly,
biodegradable and biocompatible materials or reducing the
volume of electrolytes, downsizing, cost-effectiveness, and easy
fabrication.7,40 The second major concern is their endurance to
bear up with various deformable conditions such as bending,
twisting, stretching, folding, etc. To simultaneously full both
of the mentioned requirements. e.g., environmental
This journal is © The Royal Society of Chemistry 2024
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friendliness along with exibility and wearability, it is highly
imperative to fabricate MABs employing naturally occurring
materials (e.g., bamboo) or materials obtained from nature such
as paper or textile/yarn/cotton, etc. which are non-toxic, easily
available, highly exible, light weight and ultrathin. Conse-
quently, paper-based MABs and textile/cotton/yarn-based MABs
are very popular among several other MABs for wearable
electronics.41–43 There exist several reports demonstrating the
applicability of paper- or textile-based energy storage
devices.44–48 Jost et al.49 studied exible energy storage devices
employing carbon-coated textiles. Wearable yarn/fabrics coated
with CNTs and polyelectrolytes are also used for human bio-
monitoring.50 Cotton-based low-cost portable AABs exhibiting
high specic energy were also developed.51

Fig. 2 schematically illustrates the various milestones from
the overall journey of the progress of various MABs which
clearly shows a very vast and progressive history of MABs from
the very rst rigid ZABs to paper-based MABs or segmented
structured cotton-yarn-based sweat-activated ZABs comprising
carbon-black-modied (cathode), pristine yarn (as a salt bridge)
and wrapped Zn foil (anode).52 Fig. 3(a)–(c) schematically illus-
trate the design and mechanism of a salt bridge, yarn-based
sweat transport and the structure of the cotton-yarn-based
sweat-activated ZAB.

In comparison to various other exible materials, paper, on
the one hand, via its capillary action, can automatically
Fig. 2 Timeline indicating the milestones in the field of MABs.

This journal is © The Royal Society of Chemistry 2024
transport and store electrolytes that too in much reduced
volume and is environmentally friendly upon disposition and
incineration and hence ensures the green aspect of paper-based
MABs. On another hand, it is extremely light weight, so, and
exible, facilitating the exibility of wearable MABs. Similarly,
yarn/textile-based materials are also low cost, light weight, and
extremely exible along with their easy weaving, knitting and
stitching ability and consist of interlocked structures of various
long continuous strands of bres with several micro/nanosized
channels allowing the easy delivery of electrolyte via capillary
force and hence can also serve as an ideal candidate for exible
wearable green MABs. It should also be noted here that a suit-
able balance between the greenness of MABs and their
prospective functionality along with utility is highly desirable to
achieve overall sustainable development.

Additionally, MABs have several green and sustainable
advantages compared to conventional batteries without using
paper or cotton/cloths as substrates which include lower envi-
ronmental impact during raw material extraction, materials
production, and cell production, as well as potential for second-
life usage and more environmentally friendly disposal and
recycling.7,40 They have the potential to reduce the environ-
mental impact of raw material extraction compared to conven-
tional batteries via utilizing abundant and low-cost metals
having lower environmental impact during the extraction
process such as Al and Mg as anode materials and MnO2 as an
Sustainable Energy Fuels, 2024, 8, 4687–4708 | 4689
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Fig. 3 (a) Design and mechanism of a salt bridge; (b) yarn-based sweat transport; (c) structure of a cotton-yarn-based sweat-activated ZAB.
Reproduced from ref. 52 with permission from [Wiley], copyright [2022].
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air-cathode material due to its biodegradability, low toxicity,
ready availability and low environmental impact. These MABs
can also have a lower environmental impact during the mate-
rials production process compared to conventional batteries
owing to the utilization of green solvents such as ionic liquids
and deep eutectic solvents which are less toxic and hazardous
compared to the organic electrolytes used in conventional
batteries.53 During cell production, such MABs have the
potential to be more environmentally friendly compared to
conventional batteries because they can be produced using low-
cost and simple manufacturing processes such as printing and
roll-to-roll processes which require less energy and produce less
waste compared to the complex and energy-intensive processes
used in conventional battery production. MABs also have the
potential for second-life usage compared to conventional
batteries owing to the ease of recyclability and reuse of anode
materials such as Al or Mg in other applications which can
facilitate reducing the environmental impact of battery disposal
and promote a circular economy. Finally, MABs have the
potential to be more environmentally friendly during disposal
and recycling compared to conventional batteries due to the use
of non-toxic and non-ammable materials which are easier and
safer to dispose of or recycle. Additionally, the use of abundant
and recyclable anode materials in MABs can reduce the demand
4690 | Sustainable Energy Fuels, 2024, 8, 4687–4708
for new raw materials and promote a more sustainable mate-
rials economy.

Accordingly, the present review article provides a compre-
hensive overview of the various green wearable MABs for cost-
effective powering of exible wearable electronics including
the reduction of volume of electrolyte via capillary action or
replacement of toxic materials (electrodes) by employing paper-
based or textile-based substrates/electrodes. The synthesis and
electrochemical performance of various green MABs (paper/
textile-based) along with the factors hindering their large-scale
commercialization have also been critically discussed.
2. Key components of flexible MABs

Flexible MABs have emerged as a promising technology for next-
generation power sources in the eld of portable and wearable
devices due to their high energy density, long cycle life, and
environmental friendliness. The key components of a exible
MAB are the exible air cathode, cathode catalyst, exible
anode, exchange membrane, and exible electrolyte. The air
cathode is an essential component of MABs, responsible for the
ORR and electron transfer to an external circuit. In a exible
MAB, a exible air cathode is required to maintain the exibility
of the battery. The air cathode consists of a porous layer of
This journal is © The Royal Society of Chemistry 2024
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a catalyst coated on a gas-permeable support material, such as
carbon cloth or paper, which provides a high surface area for
the electrochemical reaction. Some commonly used catalyst
materials for the ORR in exible MABs are carbon-based
materials, such as CNTs, graphene, conductive polymers,
hybrid catalysts, etc.

Cathode catalysts play a crucial role in the electrochemical
performance of MABs because they facilitate the ORR and OER
which are critical for the battery's operation. Efficient catalysts
improve the overall performance, stability, and efficiency of the
battery. Cathode catalysts lower the activation energy required
for the ORR and OER, increasing the reaction rates and
improving the battery's efficiency, leading to higher specic
energy and power densities. They can withstand the harsh
electrochemical environment of the battery, contributing to
longer battery life and stability. Effective catalysts can also help
in enhancing the selectivity of the desired reactions, reducing
side reactions that can degrade the battery's performance.
Research on cathode catalysts has focused on various materials
to improve their performance. They can be broadly classied as
precious metal catalysts, such as Pt, Ir etc., and non-precious
catalysts including transition metal oxides (MnOx, CoOx,
NiOx, etc.), carbon-based catalysts (graphene-based materials,
CNTs, etc.), and hybrid catalysts.54 Precious metal catalysts are
highly effective for the ORR and OER due to their excellent
catalytic properties. However, their high cost and scarcity limit
their widespread use. However, research is ongoing to reduce
the amount of precious metals required or to develop cost-
effective alternatives. Contrary to this, non-precious metal
catalysts have shown good catalytic activity and are more
abundant and cheaper than precious metals, and nowadays,
efforts are focused on enhancing the catalytic efficiency and
stability of these materials through doping and nano-
structuring. Compared to precious and non-precious catalysts,
carbon-based catalysts offer high surface area and excellent
electrical conductivity, which are benecial for catalytic activity.
Functionalizing carbon materials with various heteroatoms
(e.g., nitrogen, sulfur, etc.) can further enhance their catalytic
properties. It should be noted here that hybrid catalysts
combine different types of materials, such as metal oxides with
carbon-based materials, which can synergistically enhance the
catalytic performance. They aim to balance cost, efficiency, and
stability, providing a comprehensive solution for high-
performance MABs.

The anode is another critical component of the MAB, which
is responsible for the oxidation of the metal and electron
transfer to the external circuit. In a exible MAB, a exible
anode is required to maintain the exibility of the battery. The
anode consists of a porous layer of metal coated on a exible
substrate, such as carbon paper, cloth, or textile. Themetal used
as the anode material varies depending on the type of MAB,
such as zinc, lithium, or aluminium. Flexible anodes can be
prepared using various methods, including electrodeposition,
physical vapor deposition, or chemical vapor deposition. The
exchange membrane is also a critical component of the MAB,
which separates the anode and cathode and allows the trans-
port of ions between them while preventing the mixing of
This journal is © The Royal Society of Chemistry 2024
electrolytes. The exchange membrane should have good ionic
conductivity, high mechanical strength, and chemical stability
to ensure the long-term stability of the battery. In a exible
MAB, a exible exchange membrane is required to maintain the
exibility of the battery. Flexible exchange membranes can be
prepared using various methods, including electrospinning,
solution casting, or layer-by-layer assembly. Apart from this,
electrolyte is also a very crucial component of the MAB, which
facilitates the transport of ions between the anode and cathode
during the electrochemical reaction. In a exible MAB, a exible
electrolyte is required to maintain the exibility of the battery.
The electrolyte can be either aqueous or non-aqueous,
depending on the type of MAB. Flexible electrolytes can be
prepared using various methods, including gel polymer elec-
trolytes, solid polymer electrolytes, or ionic liquid electrolytes;
for example, a exible gel polymer electrolyte made of poly-
acrylonitrile (PAN) and lithium bis(triuoromethanesulfonyl)
imide.

It is worth mentioning here that there are several key
parameters used to evaluate the exibility of exible MABs,
including the bending radius (bending angle), bending cycles,
tensile strength, exural endurance, elastic modulus, and
fatigue resistance. The bending radius is the minimum radius
at which a battery can be bent without signicant performance
loss, with a smaller bending radius indicating better exibility.
Bending cycles dene the number of times a battery can be
bent to a certain radius before its performance degrades,
indicating its durability under repetitive exing. Tensile
strength, the maximum stress a battery material can withstand
while being stretched or pulled before breaking, directly
relates to mechanical robustness. Flexural endurance is the
battery's ability to endure repeated bending and exing
without structural failure or signicant performance degra-
dation. A lower elastic modulus indicates greater exibility and
fatigue resistance refers to the battery's ability to resist
degradation under cyclic mechanical loading, maintaining
performance aer numerous exing cycles. Each of these
parameters plays a critical role in determining the overall
exibility, durability, and mechanical robustness of exible
MABs. Mao et al.55 thoroughly discussed the mechanical
analyses and structural design requirements for exible energy
storage devices”.
3. Green and sustainable aspects of
various components of MABs

Green and sustainable components of exible MABs including
the substrate, active materials for the anode or cathode, elec-
trolyte or the current collector for MABs play a crucial role in
reducing the environmental impact of the energy storage
system. Natural and renewable substrates including cotton,
textiles, paper, and bamboo offer several benets including
biodegradability, low environmental impact, and good perfor-
mance and have been explored as potential exible substrates
for exible green and sustainable MABs. These materials offer
several benets over traditional substrates, such as plastics,
Sustainable Energy Fuels, 2024, 8, 4687–4708 | 4691
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which are oen not biodegradable and can hurt the
environment.

Green and sustainable anode materials should be low-cost,
eco-friendly, and biodegradable and have low toxicity. Zn and
Mg are a few sustainable and eco-friendly anode materials for
ZABs or MgABs which are low-cost and abundant.56,57 For AABs,
Al foil is used as the anode material which is also abundant,
cost-effective, and eco-friendly, can be extracted with low envi-
ronmental impact and is easily recycled.58–60 Additionally, Al can
be easily extracted from its ores using renewable energy sources
such as hydroelectricity, making the production process more
sustainable. Furthermore, the use of AABs as primary cells can
reduce the demand for non-renewable energy sources such as
fossil fuels owing to their high energy density and long runtime,
making them suitable for applications such as electric vehicles
and grid energy storage.61–64

The cathode of MABs typically uses air or oxygen as the active
material, making it a sustainable and green option. However,
the use of certain catalysts such as platinum or other precious
metals in the cathode can raise concerns about the environ-
mental impact on the cell. To address this issue, researchers
have explored the use of non-precious metal catalysts such as
transition metal oxides or carbon-based materials, which are
sustainable and low-cost options.65–70 Generally, transition
metal oxide, particularly MnO2, is employed for air-cathode
materials due to its biodegradability, low toxicity, ready avail-
ability and low environmental impact. It should also be noted
here that MWCNTs are one of the potential ORR catalyst
supports in MABs and are considered a costly and potentially
toxic material. However, the use of MWCNTs as an ORR catalyst
support in MABs can contribute to a more sustainable and eco-
friendly battery. First, the high efficiency of MWCNTs as an ORR
catalyst support can improve the overall performance of the
battery, resulting in longer lifetimes and minimal waste and
hence reducing the need for frequent battery replacements and,
therefore, reducing the environmental impact of battery
production and disposal. Additionally, the use of MWCNTs in
battery production can contribute to the development of
a circular economy, where materials are recycled and reused to
minimize waste and resource consumption. MWCNTs can be
recovered from used batteries and recycled for use in new
battery production, reducing the need for virgin materials.

Electrolytes play a crucial role in the performance and safety
of MABs. Traditional aqueous or non-aqueous electrolytes may
contain toxic and hazardous chemicals, which can pose a threat
to the environment during production, use, and disposal. To
circumvent this issue, sustainable and eco-friendly electrolyte
materials such as seawater, organic electrolytes derived from
biomass, and ionic liquids can be utilized. Ionic liquid-based
electrolytes or deep eutectic solvents are promising options
for MABs due to their low environmental impact and non-toxic
nature. They also have the potential for high ionic conductivity
and thermal stability, making them a good candidate for high-
performance batteries.70,71 Examples of ionic liquids that have
been used in MABs include 1-ethyl-3-methylimidazolium tetra-
uoroborate and 1-butyl-3-methylimidazolium triuorometh
anesulfonate.
4692 | Sustainable Energy Fuels, 2024, 8, 4687–4708
So far, the most commonly used current collectors in MABs
are metals such as copper, nickel or silver. However, the
production of these metals can cause environmental issues
such as pollution and resource depletion. Wang et al.72 utilized
an Ag grid as a current collector for fabricating paper-based Zn–
air/Ag hybrid batteries and it should be noted here that Ag is not
an abundant or sustainable material due to its limited avail-
ability and high cost. However, there are ways to mitigate the
environmental impact of using Ag as a current collector in
MABs and hence improve its sustainability. One way to reduce
the amount of Ag used is to optimize the design and
manufacturing processes tominimize the thickness and surface
area of the Ag grid by using advanced manufacturing tech-
niques such as additive manufacturing or thin-lm deposition.
It is interesting to note here that, in contrast to metals,
conductive polymer composites are a lightweight and low-cost
option for current collectors in MABs and are typically made
from carbon-based materials, such as carbon black or graphene
oxide, and a conductive polymer such as polyaniline. These
materials have been shown to have good conductivity and
mechanical properties, making them suitable for exible
battery applications. Lamiel et al.73 presented a critical review of
the properties, functions, and challenges of current collectors.
Wu et al.74 also reviewed various carbon-based materials which
can serve as current collectors and bifunctional integrated air
electrode materials.

Hence, more abundant and sustainable carbon-based
materials or conductive polymers should be employed for the
current collector. These materials can be engineered to have
similar or even better performance than Ag while being more
environmentally friendly and cost-effective.
4. Synthesis methods of key air
cathodes for flexible MABs

Various synthesis methods have been successfully employed for
the preparation of key air cathodes for exible MABs including
chemical vapor deposition (CVD), physical vapor deposition
(PVD), chemical reduction method, electrospray deposition,
electrochemical deposition, electrospinning, screen printing,
etc.11 However, they can vary depending on the specic mate-
rials and structures used, the desired properties of the resulting
cathode, the type of catalyst material being used, and the scale
of production. The CVDmethod involves depositing a thin layer
of the catalyst onto a porous substrate using a gaseous
precursor.75,76 The precursor gas is introduced into a heated
reactor, where it decomposes and forms a thin layer of catalyst
on the substrate. This method is commonly used to deposit
catalysts such as platinum or palladium onto carbon substrates.
Mi et al.77 reported the synthesis of CNTs and N-doped CNTs as
key air cathodes via a oating catalyst CVD approach for LABs.
Similarly, Yu et al.78 also employed the CVD technique to grow
the air cathode for LABs where aligned CNTs were vertically
grown on Ta foil as a substrate. In contrast to CVD, PVD involves
depositing a thin layer of catalyst onto a substrate using
a physical process such as sputtering or evaporation.79–82 The
This journal is © The Royal Society of Chemistry 2024
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catalyst material is evaporated or sputtered onto the substrate,
where it forms a thin lm. This method is commonly used to
deposit catalysts such as silver or nickel onto substrates. Pham
et al.83 developed a ZAB comprising Ni@Ni3Pt, glass bre, Zn
foil and KOH as the cathode, separator, anode, and electrolyte,
respectively where the pulsed laser deposition technique was
employed synthesizing the key air cathode by depositing the
Ni3Pt alloy on 3D nickel foam. Chemical reduction is another
effective technique which involves reducing a metal precursor
to form a metallic catalyst on a carbon substrate. The precursor
is dissolved in a reducing agent, which reduces themetal ions to
form a thin layer of the metallic catalyst on the substrate. This
method is commonly used to deposit catalysts such as cobalt or
iron onto carbon substrates.

Another popular approach is electrochemical deposition
which allows the deposition of a thin layer of catalyst onto
a substrate using an electrochemical process where a solution
containing metal ions is placed in contact with the substrate
and an electric current is applied to reduce the metal ions and
deposit a thin layer of metallic catalyst on the substrate. This
method is commonly used to deposit catalysts such as manga-
nese or copper onto carbon substrates. Qu et al.84 employed an
electrochemical method to synthesize an air cathode
comprising Co3O4 gown on carbon cloth for exible and
stretchable ZABs. Huang et al.85 reported an electrodeposition
technique for preparing a key air cathode for cotton textile
waster ZABs. The electrodeposition technique was also utilized
by Hong et al.86, to develop a binder-free key cathode where Ag
catalysts were deposited on carbon ber papers for AABs.
Similar to electrodeposition, in the electrospray deposition
technique, an electric eld is utilized to create a ne aerosol
spray of charged particles, which are then deposited onto
a substrate to form a thin lm. In the case of exible air cath-
odes, the aerosol spray consists of the catalyst material, which is
then coated onto a exible substrate such as carbon bre cloth.
This method allows for precise control over the thickness and
uniformity of the catalyst layer, as well as the exibility of the
resulting cathode. Apart from this, electrospinning and screen
printing are also very popular approaches to preparing air
cathodes for exible MABs. The electrospinning technique uses
an electric eld to create a ne, continuous bre from a polymer
solution or melt. In the case of exible air cathodes, the polymer
solution contains the catalyst material, which is then electro-
spun onto a exible substrate such as carbon paper. This
method allows for the formation of a highly porous, three-
dimensional structure that provides a high surface area for
the electrochemical reaction.

Among all the techniques, screen printing is the most
popular technique to synthesize air cathodes where a stencil is
used to transfer ink or other materials onto a substrate in
a desired pattern.10,11 In the case of exible air cathodes, the ink
contains the catalyst material, which is then screen-printed
onto a exible substrate such as carbon cloth or paper. One of
the major advantages of this technique is the formation of
a uniform catalyst layer with high reproducibility and scal-
ability. Kheawhom and Suren87 reported the screen-printing
technology for fabricating the electrodes for exible ZABs
This journal is © The Royal Society of Chemistry 2024
comprising nano-silver conductive ink screen printed on
polymer-based substrates i.e., a polyethylene terephthalate
substrate and a polypropylene membrane serving as the anode
and cathode current collector, respectively.

The above-mentioned synthesis techniques employed for
preparing air-cathodes have their own advantages and disad-
vantages in terms of material availability, cost, scalability,
performance requirements, and environmental impact. In
terms of material availability, chemical reduction methods may
be advantageous as they oen use readily available materials
such as metal salts. However, methods such as CVD and PVD
may require more specialized and less abundant materials. In
terms of cost, chemical reduction methods and screen printing
may be advantageous due to their low cost and ease of scale-up.
However, methods such as CVD and PVD may be more expen-
sive due to the equipment required. For scalability, CVD, PVD,
and electrochemical deposition may have limitations due to the
size of the equipment and the need for specialized substrates.
On the other hand, methods such as chemical reduction and
screen printing may be easier to scale up due to their simplicity
and compatibility with various substrates. In terms of envi-
ronmental impact, electrochemical deposition and chemical
reduction may be more environmentally friendly due to their
lower energy consumption and less waste generation. However,
CVD and PVD due to their higher energy consumption and
potential for hazardous waste generation may have a larger
environmental impact. Regarding performance requirements,
CVD and PVD may be advantageous due to their precise control
over the structure and morphology, which can lead to improved
electrochemical performance. However, methods such as elec-
trospray deposition and electrospinning may also offer precise
control over the structure and morphology, as well as high
deposition rates.

Overall, the choice of the synthesis method for exible air
cathodes for MABs will depend on the application's specic
requirements, including material availability, cost, scalability,
performance requirements, and environmental impact. Table 1
summarizes the advantages and disadvantages of the synthesis
methods for exible air cathodes for MABs.

Once the key air-cathode is prepared for exible MABs, one
should always analyze the same via several analytical methods
including scanning electron microscopy (SEM), energy disper-
sive X-ray spectroscopy (EDX), X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), electrochemical char-
acterization, etc. SEM analysis allows us to observe the
morphology and structure of the air cathode, including the size
and shape of the catalyst particles, the porosity of the carbon
substrate, and the uniformity of the catalyst distribution while
EDX helps in determining the actual elemental composition of
the air cathode, including the distribution of the catalyst
material and any impurities that may be present. XRD and FTIR
techniques facilitate the identication of the crystal structure of
the catalyst material, as well as any impurities or phases that
may be present and the functional groups on the surface of the
air cathode, such as carbon–carbon double bonds or oxygen-
containing groups, which can affect the catalytic activity of
the material, respectively. To examine the performance of the
Sustainable Energy Fuels, 2024, 8, 4687–4708 | 4693
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Table 1 Summary of various advantages and disadvantages of the synthesis methods employed to prepare the key air cathode for flexible MABs

Synthesis method Advantages Disadvantages

CVD High purity, precise control over the structure
and morphology, and good scalability

Expensive equipment, high energy
consumption, limited substrate size, and low
deposition rate

PVD High purity, precise control over the structure
and morphology, and good scalability

Expensive equipment, limited substrate size,
and low deposition rate

Chemical reduction Low cost, simple procedure, and easy to scale up Poor control over the structure and morphology,
low purity, and difficulty in achieving uniformity

Electrospray deposition Precise control over the structure and
morphology, a high deposition rate, and
compatibility with various substrates

Limited scalability and requires high-voltage
power supply and complex equipment

Electrochemical deposition High deposition rate, precise control over the
structure and morphology, and low cost

Limited scalability and compatibility issues with
non-conductive substrates

Electrospinning High deposition rate, compatibility with various
substrates, and precise control over the
structure and morphology

Limited scalability, complex equipment, and
difficulty in achieving uniformity

Screen printing Low cost, simple procedure, easy to scale up,
and compatibility with various substrates

Limited control over the structure and
morphology, low deposition rate, and difficulty
in achieving uniformity
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air cathode in an MAB, the air cathode is subjected to electro-
chemical characterization to investigate its ORR activity, its
stability over time, and its efficiency in generating an electrical
current.
5. Green alternatives for flexible
wearable MABs

Green wearable MABs employed for the fabrication of exible
wearable MABs are inspired by naturally occurring or nature-
derived/processed materials, including paper, cotton yarn/
textile/cloth and bamboo. All these materials are light weight,
cost-effective, naturally abundant, and encouragingly exible
and can assist in the transportation of reduced volume of
electrolyte via capillary action. Herein, the paper/cotton yarn
may serve as the effective electrolyte absorption substrate or the
cathode material which may be polished with some catalysts.
This section extensively discussed the construction and elec-
trochemical performances of various green wearable MABs
including paper/cotton yarn-based MABs under several
deformable circumstances.
5.1. Paper-inspired exible wearable MABs

It is noteworthy to mention here that the eco-friendliness along
with the electrochemical performance under several deform-
able conditions is one of the decisive factors for the exibility of
green MABs and hence their wearability. Several researchers
have employed different kinds of papers including cellulose
paper, chromatographic paper, lter paper, carbon paper,
wipes, etc. serving as a substrate/platform and paper-based gel
electrolyte or paper-based/modied electrodes for fabricating
wearable MABs mainly AABs, LABs and ZABs.

A downsized, cost-effective paper-inspired exible AAB was
reported by Avoundjian et al.88 hey optimized the battery
parameters including the cathode material, size of the electrode
4694 | Sustainable Energy Fuels, 2024, 8, 4687–4708
and device, and the choice of the electrolyte and its concen-
tration. Kim wipes were employed as the paper substrate and
folded Al was kept on the paper substrate, acting as an anode
with 1.5 M KOH as electrolyte. This optimized 9 cm2 sized AAB
can provide encouraging current (17.4 mA) and power (3 mW).
Wang et al.89 reported the development of exible wearable
AABs on cellulose paper where Al foil serving as an anode was
enclosed within the paper substrate during the process of paper
manufacturing whereas oxygen reduction ink was utilized to
deposit the air-breathing cathode on the paper substrate. To
prepare the Al foil embedded cellulose paper substrate,
0.01 mm thick Al foil with 98.2% purity was sandwiched
between paper pulp layers which were homogeneously spread
over a stainless-steel mesh. Later on, the prepared three-layered
anode structure namely paper pulp/Al foil/paper pulp was
extracted from the stainless-steel mesh and was pressed
uniformly to remove additional water content followed by
drying at 60 °C for 30 min, which facilitates structure stability.
The overall thickness of the prepared anode structure was very
small ∼0.57 ± 0.02 mm facilitating diminished ionic resistance
and hence encouraging battery performance. On the other
hand, the ORR-based air-breathing cathode was made up of
MnO2 and multiwalled CNTs serving as the ORR catalyst and
catalyst support, respectively, along with a binder, all dispersed
and sonicated in an ethanol–water solvent. This prepared ink
was then poured on an Ag grid (area: 5 × 5 cm2) and deposited
on a paper substrate. Such a conguration contributes to the
connement of the cathode area. Fig. 4(a) schematically illus-
trates the fabrication steps of the Al foil anode and the exible
paper-based AAB and its overall structure. The corresponding
cross-sectional SEM image is depicted in Fig. 4(b). The struc-
tural morphology of the MnO2/CNT catalyst and homemade
paper is shown in Fig. 4(c) and (d), respectively.

Wang et al.89 also examined the effect of electrolyte species
(NaOH and NaCl), Al loading, ORR catalyst species and ORR
catalyst loading on the battery performance as revealed in
This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Pictorial representation of the fabrication process and structure of a flexible paper-based AAB. (b) Cross-sectional SEM image of the
flexible AAB. SEM images of a MnO2/CNT catalyst(c) and homemade paper (d). Polarization curves: effect of electrolyte species (e); Al loading (f);
ORR catalyst species (g); and ORR catalyst MnO2/CNT loadings (h) on the battery performance. Battery performance at various bending angles
ranging from 0° to 180° (images of the bent AAB) (i) and the corresponding polarization curves (j). Reproduced from ref. 89 with permission from
[Elsevier], copyright [2019].

Review Sustainable Energy & Fuels

Pu
bl

is
he

d 
on

 1
0 

Se
pt

he
m

ba
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

/2
6/

20
26

 5
:5

4:
40

 A
M

. 
View Article Online
Fig. 4(e)–(h), respectively. A better peak power density was
achieved using 3 MNaOH (19.0± 2.1 mW cm−2) as compared to
4 M NaCl (8.0 ± 0.3 mW cm−2) (Fig. 4(e)), whereas no notable
change in the battery performance was observed with Al loading
(Fig. 4(f)). Battery performance tested under various ORR cata-
lyst species (Fig. 4(g)) reveals superior peak power density for Pt/
C (10.7 mW cm−2) followed by MnO2/CNT (8.0 mW cm−2), N-
CNT (6.7 mW cm−2) and CNT (5.7 mW cm−2). In the case of
different ORR catalyst loadings (Fig. 4(h)), the peak power
density was observed to improve and vary from 0.36 mW cm−2

to 8.9 mW cm−2 by varying the MnO2/CNT loading ranging from
0 to 2.0 mg cm−2. Finally, the AAB was examined for its exi-
bility at various bending angles ranging from 0° to 180°
(Fig. 4(i)) and the corresponding polarization curves are repre-
sented in Fig. 4(j). It is evident from the gure that there was no
signicant change in the battery polarization curves as a result
of bending angles; however, the peak power densities were
found to reduce by 2.1–9.4% at current density varying from 20
to 40 mA cm−2.

The same group has also demonstrated the construction of
a low-cost paper-based screen-printed AAB possessing high
energy density which can be utilized for powering electronic
devices. They printed ink made up of Al microsphere, CNT
cellulose binder and oxygen reduction inks on cellulose paper.90

In another study, they also reported a green energy technology-
This journal is © The Royal Society of Chemistry 2024
based paper-inspired AAB for the mini-watt market.91 For this
purpose, Al foil, a lter or cellulose paper and carbon paper
acting as an anode, an electrolyte substrate and a cathode
respectively, were sandwiched between PMMA shells. Fig. 5
schematically illustrates the working principle of the paper-
inspired AAB.

Cao et al. [9270] also fabricated highly exible paper-inspired
Al/Polyaniline (PANI) air batteries. In the proposed structure, Al,
a PANI/Fe composite lm grown on graphite paper and lter
paper soaked with gel electrolytes of NH4Cl, TEA and NaNO3

serves as an anode, an air electrode, and a supporting substrate
along with the separators of the anode and cathode, respec-
tively. The fabricated lter paper-based Al/PANI/Fe-air battery
exhibits a discharge capacity of 50 mA h cm−2. Apart from the
paper-based substrate/platforms, paper-based gel electrolyte
was also employed to preserve the greenness of MABs. Wang
et al.92 demonstrated the development of liquid-free exible
AABs utilizing paper-based gel-electrolyte where the alkaline gel
was poured inside the skeleton of a cellulose paper network.

It is worth mentioning here that AABs are primary cells and
have a limited lifespan, but they still have the potential to be
environmentally friendly. This is because they do not contain
toxic materials and aluminium is a highly abundant and recy-
clable material. However, extensive research is being conducted
to develop green rechargeable AABs based on various green
Sustainable Energy Fuels, 2024, 8, 4687–4708 | 4695
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Fig. 5 Working principle of the paper-based AAB comprising an air cathode, cellulose paper as an electrolyte substrate and an Al anode.
Reproduced from ref. 91 with permission from [Elsevier], copyright [2019].
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solvents such as ionic liquids, deep eutectic solvents, etc. The
very rst study demonstrating the possibility of rechargeable
AABs was reported by Bogolowski and Drillet.93, employing an Al
foil anode, ionic liquid-based electrolytes and a Pt/C oxygen
catalyst as an air cathode. Mori94 developed a rechargeable
battery using electrolytes based on deep eutectic solvents.

Similar to paper-based AABs, a paper-based exible wearable
LAB was also reported by Liu et al.95 They employed Li anodes
and discussed the fabrication of a paper ink cathode-based LAB
which is extremely exible and foldable. The paper ink cathode
was obtained by dipping a brush into an ink made up of various
active materials and drawing various-sized rectangular boxes
onto a paper owed by air drying at 120 °C. Finally, the paper
ink cathode was prepared by the loading and distribution of the
active materials on each rectangle and serves as both the
cathode and current collector.

Apart from paper-based AABs or LABs, paper-based ZABs are
also very popular. Very recently, hollow structure-based paper-
inspired exible ZABs were fabricated.41 A hollow channel struc-
tured paper-based ZAB possessing high excellent peak power
density (102 mW cm−2) was demonstrated by Zhang et al.42

Herein, chromatographic paper dipped in KOH electrolyte forms
a paper channel acting as an electrolyte substrate. To separate the
electrolytic paper-channel layer from the electrodes, hollow
channel layers are inserted between them, which helps enhance
the battery performance. A novel cellulose paper-inspired zinc–
air/Ag hybrid battery was proposed byWang et al.72, where Zn foil
and Ag grid-supported oxygen catalysts serve as the anode and
cathode, respectively. This composite cathode facilitates battery
working in switchable working modes mainly primary zinc–air
mode and secondary Zn–Agmode. In the former, oxidation of the
Zn anode and reduction of ambient air via an oxygen catalyst
inside the cathode occur leading to a peak power density of 17.8
mW cm−2, whereas in the latter, oxidation and reduction of the
Ag grid inside the cathode occur following the reduction and
periodic oxidation of the Zn anode.

Fig. 6(a) illustrates the battery structure which consists of
four main parts including MnO2/carbon black, an Ag grid,
a KOH gel electrolyte impregnated cellulose paper substrate and
Zn foil acting as a catalyst layer, a current collector, electrolyte
and an anode, respectively. This complete structure was packed
within plastic sealing lms consisting of an air-breathing
4696 | Sustainable Energy Fuels, 2024, 8, 4687–4708
window. The corresponding cross-section SEM image along
with the element mapping is shown in Fig. 6(b). Fig. 6(c) shows
the polarization curve of the zinc–air/Ag hybrid battery in
primary zinc–air mode which clearly shows a peak power
density and maximum current output of 17.8 mW cm−2 and 60
mA cm−2, respectively. The galvanostatic discharging curve at
several current densities ranging from 1 mA cm−2 to 10 mA
cm−2 (Fig. 6(d)) depicts excellent battery performance with high
durability for lower current densities. Monolithic hetero-
nanomat paper air cathodes were also employed for designing
origami foldable and rechargeable ZABs.96

It is worth mentioning that paper-based exible wearable
MABs can endure several repeated deformations; however, their
poor tensile strength hampers their practical utility. To
circumvent this drawback, textile-supported MABs are intro-
duced for powering exible wearable electronic devices.
5.2. Textile/cotton/cloth-inspired exible wearable MABs

Easy fabrication of textile/yarn/bamboo fabric supported
durable MABs owing to their ability to weave, knit and stitch,
better tensile strength along with environmental friendliness,
easy availability and tolerance to numerous repeated deforma-
tions makes them extremely useful for wearable electronic
applications. Textile-based supercapacitors obtained via
printing several metal oxide inks on bamboo fabric and
conductive cotton yarn-inspired wearable supercapacitors have
already been reported.97,98 Fascinatingly, bamboo slips derived
from wearable LABs with woven anodes and cathode structures
also provide a remarkably very high energy density
(>523 W h kg−1).99 Fabric composites can also be employed for
such purposes. Hecht et al.100 demonstrated the electronic
properties of CNT/fabric composites. A textile-based exible
AAB was developed by Valisevskis et al.101, where Ag-polished
fabric acts as a cathode. The same group proposed a novel
open design of multi-cell batteries where cells are sealed from
one another facilitating easily approachable electrolytes to all
cells in proper amounts and avoiding piling of excessive elec-
trolytes.43 The individual battery design includes Al as an anode,
Ag-coated polyamide as a cathode current collector and carbon
granules with optional NaCl as electrolyte. The overall structure
as represented in Fig. 7(a) is enclosed in a cotton enclosure and
works upon activation and resets aerwards.
This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (a) Schematic illustration of the structure of a paper-based Zn–air/Ag hybrid battery. (b) Cross-sectional SEM image along with the
element mapping of the hybrid battery. Polarization curve (c) and the galvanostatic discharge curve (d) at various current densities. Reproduced
from ref. 72 with permission from [Elsevier], copyright [2021].
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The multicell battery consists of four cells arranged on
a plane and connected in series such that the cathode of each
one overlays the anode of the next one and electrodes are sewed
with the textile-based material using conducting threads.
Fig. 7(b) shows the side view of the multi-cell battery and the
actual photograph is depicted in Fig. 7(c). Hydrophobic coat-
ings are done on fabric to reduce electrolyte accumulation and
their uniform distribution among the cells. Pan et al.102 also
reported an AAB on a cotton substrate employing kitchen Al foil
(1.5 cm2) coated with silicon carbide as the Al anode and carbon
paper (1.5 cm2) printed with MnO2 catalyst ink as the air-
breathing cathode, while for electrolyte, NaOH solution was
coated onto the cotton substrate (1.5 cm2), followed by drying at
185 °C. This fabricated battery possesses an excellent peak
power density and specic energy of 73 mW cm−2 and 930
mW h g−1.

Haung et al.84 developed a exible wearable ZAB using cotton
textile waste serving as the electrode material. This approach
not only reduces environmental issues but also assists in the
cutting of exible electrodes. In their work, Ni metalized cotton
textile acts as a exible substrate for both the anode and
cathode and is prepared via electrodeposition of Zn metal and
NiFe hydroxide on Ni metalized cotton textile waste. The overall
fabrication process of the electrodes is depicted in Fig. 8(a)
where the textile was rst coated with electroless plating with Ni
This journal is © The Royal Society of Chemistry 2024
which changed its color from white to grey. Later on, Zn metal
and Ni hydroxide catalysts were electrodeposited over it to form
Zn-coated Ni metalized cotton textile waste electrodes which are
highly exible as evident from the gure. Fig. 8(b) and (c) show
the enlarged SEM image of Ni metalized cotton textile waste
showing uniform dispersion of Ni particles on cotton textile
waste and Zn electroplated cotton textile waste representing
uniform coating of Ni with the Zn layer. Fig. 8(d) depicts the
cross-section SEM image of the ZAB (Scale bar: 100 mm) which
clearly shows the sandwich structure where the hydrogel elec-
trolyte layer is sandwiched between NiFe hydroxide, the air-
electrode and the zinc-coated anode.

To examine the stability and performance of charging/
discharging processes, galvanostatic curves were obtained at
a current density of 1 mA cm−2 for a discharging and charging
cycle period of 20 min as shown in Fig. 8(e). Encouraging
stability has been evident from the gure signifying the fasci-
nating charging/discharging stability of the cotton textile waste-
based ZAB. The performance of the fabricated cotton textile
waste-based ZAB at various mechanical bending deformation
angles varying from 0° to 180° is also shown in Fig. 8(f),
demonstrating the extraordinary exibility of the fabricated
ZAB.

A novel approach to developing large-scale air electrodes
employing industrially wearable metal wire/cotton bre yarn
Sustainable Energy Fuels, 2024, 8, 4687–4708 | 4697
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Fig. 7 (a) Schematic design of a textile-based flexible AAB. Side view (b) and the actual photograph (c) of themulti-cell battery with cells arranged
on a plane. Reproduced from ref. 43 with permission from [Springer Nature], copyright [2021].
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possessing excellent conductivity as a substrate and current
collector was also reported by Lin et al.103 The fabricated Li–O2

battery is highly exible showing outstanding stability and
durability even under several deformable conditions with
a discharge capacity of 1981 mA h g−1 at 320 mA g−1. A exible
rechargeable LAB encompassing undoped TiO2 nanowire arrays
grown on carbon textile (TiO2 NAs/CT) as a cathode and Li foil
as an anode, along with a glass-bre membrane showing
encouraging electrochemical performance including recover-
ability and durability under several deformable conditions
(bending and twisting), was also demonstrated by Liu et al.104

The overall growth process of the cathode electrode is illus-
trated in Fig. 9(a). The SEM images of the undoped carbon
textile and the grown cathode along with its enlarged image are
depicted in Fig. 9(b)–(d), respectively, indicating the vertical
growth of TiO2 nanowire arrays onto the carbon textile. The
complete assembly mode of the carbon textile-based LAB is
presented in Fig. 8(e). Fig. 9(f) and (g) show the rst discharg-
ing–charge curves (at 100 mA g−1) and rate capacity results (at
different current densities) of the LAB with two different cath-
odes (pristine cotton textile and the developed TiO2 NAs/CT
cathode), respectively. The exibility of the fabricated LAB
under bending and twisting deformable conditions
(Fig. 9(h)–(j)) indicated its potential utility as a power source for
exible and wearable electronics.
4698 | Sustainable Energy Fuels, 2024, 8, 4687–4708
Carbon cloth has also been employed as an excellent
substrate for the fabrication of electrodes for exible wearable
electronics. Nitrogen-doped carbon cloth can also serve as
a exible and freestanding electrocatalyst for ORR.105 A facile
carbon cloth activation approach to enhance ORR performance
for exible ZAB applications was also elaborated by Manjunatha
et al.106 Tan et al.107 illustrated the development and perfor-
mance of a ZAB with NiO–Al–Co/carbon cloth electrodes.
Herein, they have reported Al and Co-codoped NiO nanosheet
electrodes developed on carbon cloth without adding any
binder and such a battery leads to an encouraging peak power
density of 36.3 mW cm−2. A carbon cloth-based exible
recharging ZAB was also reported where poly(vinylalcohol)
(PVA) gel electrolyte was sandwiched between bifunctional
catalyst-loaded carbon cloth and a zinc lm serving as the
cathode and anode, respectively.108 Chen et al.109 demonstrated
the thermally driven phase transition of MnO2 on carbon cloth
to boost the performance of exible all-solid-state ZABs. Table 2
summarizes the electrochemical properties of a few green ex-
ible wearable MABs including ZABs, LABs and AABs.

6. Challenges for commercialization

Extensive research efforts are being devoted to their commer-
cialization in light of the scientic interest sparked by green
MABs and their notable contribution to the eld of exible
This journal is © The Royal Society of Chemistry 2024
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Fig. 8 (a) Schematic representation of a strategy to fabricate a Zn-coated electrode and NiFe hydroxide electrode. Enlarged SEM images of Ni
metalized cotton textile waste (b) and Zn electroplated cotton textile waste (c). (d) Cross-sectional SEM image of the assembled sandwich
structured ZAB. (e) Galvanostatic charge and discharge curve of the ZAB (current density: 1 mA cm−2; cycle period: 20min of discharge and then
charge). (f) Galvanostatic discharge curve of the fabricated ZAB at several mechanical bending deformation angles. Reproduced from ref. 85 with
permission from [American Chemical Society], copyright [2019].
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wearable electronics. MABs can be made using a variety of
environmentally friendly alternatives for electrodes and
substrates, and they have signicant commercial potential. It
should be noted here that each material used in MABs has its
own challenges and advantages. Zinc is abundant and non-
toxic, and has a high theoretical energy density, making ZABs
attractive for both large-scale and portable applications. The
major challenge is the formation of Zn dendrites, which may
occur during charging, leading to short circuits and reduced
battery life. The issues with dendrite formation must be
addressed through advanced material engineering and design
improvements to make these batteries commercially viable.
LABs have an exceptionally high theoretical energy density,
making them ideal for applications requiring lightweight and
long-lasting power sources, such as electric vehicles. However,
searching for a stable electrolyte that can withstand the reactive
nature of lithium and the products of the ORR and OER is
challenging. Also, carbon-based oxygen electrodes can degrade
due to side reactions with lithium peroxide. The technical
challenges associated with LABs need signicant advancements
This journal is © The Royal Society of Chemistry 2024
in materials and safety protocols to achieve commercial
viability. Al is abundant and light weight and has a high energy
density, making it suitable for applications where weight and
cost are critical factors. It should be noted here that Al may react
with the electrolyte, causing corrosion and reducing battery life.
Also, the formation of aluminium hydroxide as a by-product can
clog the battery and decrease efficiency. Apart from this,
currently, AABs are not easily rechargeable, which limits their
use to primary (single-use) applications. Addressing the issues
with corrosion and by-product management is essential to
enhance the reusability and commercial appeal of AABs.
Magnesium is light weight and abundant and has a good
balance of energy density and cost, making it a potential
candidate for various applications. The formation of a passiv-
ation layer on the magnesium anode hinders its electro-
chemical performance. Similar to Al, nding a compatible
electrolyte that does not corrode Mg is challenging. Overcoming
the passivation issue and nding compatible electrolytes is
necessary to improve performance and enable commercializa-
tion. Carbon-based catalysts, such as graphene and carbon
Sustainable Energy Fuels, 2024, 8, 4687–4708 | 4699
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Fig. 9 (a) Pictorial illustration of the fabrication procedure and structure of a TiO2 NAs/CT cathode. SEM images of pristine–carbon textile (scale
bar: 10 mm) (b) and the fabricated TiO2 NAs/CT cathode (scale bar: 10 mm) (c), with its enlarged image (scale bar: 500 nm) (d); corresponding
insets show their respective photographs. (e) Overall cell assembly mode of the carbon textile-based LAB consisting of a cathode (TiO2 NAs/CT),
a separator (glass fibre) and an anode (lithium foil). First discharging–charge curves (at 100 mA g−1) (f) and rate capacity results (at different
current densities) (g) of the fabricated LiO2 battery with two different cathodes e.g., pristine cotton textile and the developed TiO2 NAs/CT
cathode. (h–j) Flexibility of the fabricated LiO2 battery examined under bending and twisting deformable conditions. Reproduced from ref. 104
with permission from [Nature Publishing], copyright [2015].
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nanotubes, offer high surface area and electrical conductivity,
which are benecial for enhancing battery performance.
However, the challenges associated with the use of carbon-
based catalysts include durability, scalability and performance
consistency. Carbon-based catalysts can degrade over time,
especially under high ORR and OER activity and producing
high-quality carbon catalysts at scale can be challenging and
costly. Also, achieving consistent performance across different
batches of carbon materials can be difficult. Addressing the
durability and scalability issues is crucial for making these
catalysts a reliable and cost-effective choice for commercial
applications. Eco-friendly electrolytes, such as aqueous and
ionic liquids, reduce environmental impact and enhance the
safety prole of MABs. However, some eco-friendly electrolytes
have lower ionic conductivity compared to traditional electro-
lytes and ensuring long-term chemical stability under battery
operating conditions can also be challenging. Improving their
conductivity and stability while ensuring cost-effective produc-
tion is essential for commercial viability.
4700 | Sustainable Energy Fuels, 2024, 8, 4687–4708
Overall, commercializing MABs involves overcoming
numerous material-specic challenges to ensure that they are
viable for widespread use. While Zn and Li show high potential
due to their energy density and abundance, their technical and
safety challenges need to be addressed for commercial viability.
Al and Mg offer cost and weight benets but face issues with
corrosion. Carbon-based catalysts and eco-friendly electrolytes
provide promising paths towards greener and safer batteries,
but their performance and manufacturing scalability need
further improvement. Future research should focus on over-
coming these challenges associated with materials employed to
unlock the full commercial potential of MABs. It should be
noted here that apart from the several advantages offered by
green MABs over other advanced exible MABs, including the
use of environmentally friendly materials, easy recyclability
because of biodegradable materials and processes, reduced the
overall ecological footprint, exible designs ideal for wearable
electronics, providing comfort and durability during use, high
energy density whichmay vary based onmaterials, benecial for
This journal is © The Royal Society of Chemistry 2024
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long-lasting power in portable devices and lightweight nature
improving user comfort and device portability, there remain
several other limitations. Flexible materials may have lower
mechanical strength and durability compared to rigid batteries,
potentially leading to shorter lifespans. They may also have
lower energy efficiency compared to conventional materials,
affecting overall battery performance. Manufacturing processes
such as 3D printing for exible and green batteries may still face
scalability challenges, impacting mass production.118 Advanced
materials and eco-friendly processes can be more expensive,
increasing the cost of green exible wearable MABs. Achieving
an optimal balance between exibility, durability, and energy
density remains a signicant challenge.

As of now, several researchers have been devotedly working
in the area of green MABs and are aware of the difficulties in
system integration and standardization as well as other issues
that prevent the commercialization of green MABs. Gniotek and
Krucinska discussed several basic issues in textile-based elec-
tronics.119 To simultaneously offer exibility and wearability
with reduced material volume or the use of eco-friendly mate-
rials, a proper unication of various battery components as well
as the assessment of threats to the user and environment
imposed by the materials employed must be properly balanced.
Additionally, a variety of technologies are used to create them,
such as printing- or lithography-based techniques, depending
on the substrate material selected. However, there is currently
no leading technological protocol or ideal material for the
production of a particular MAB, which raises the concern of
standardization and subsequently limits their
commercialization.

In particular, for paper-based exible wearable MABs, the
poor tensile strength of paper restricts the use of green wearable
MABs made of paper. Additionally, electrodes are typically
printed on such substrates using screen printing technology,
which heavily depends on the ink used for printing them.
Additionally, the washability of such printed electrodes limits
their ability to be used repeatedly, which prevents their
commercialization. These issues are more likely to arise in two-
dimensional paper- and textile-based MABs, but they can be
partially solved by using one-dimensional structures to create
green wearable MABs.

The various green and sustainable aspects to be considered
for the fabrication of exible MABs include the environmental
impact of raw material extraction, material production, cell
production, possibilities of life usage, cell disposal, recycling,
processing cost, environmental benets, etc. However, there
should be a proper balance between the performance of the
MAB and its green and sustainable aspects. One should not
overlook the functionality while considering the above-
mentioned aspects. Also, the reduction in the need for
frequent battery replacements and hence minimizing the
environmental impact of battery production and disposal,
recovering from used batteries and recycling for use in new
battery production, and reducing the need for virgin materials
can lead to sustainable green MABs.
Sustainable Energy Fuels, 2024, 8, 4687–4708 | 4703
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7. Conclusions

The present article critically reviews the synthesis and electro-
chemical performances of various green wearable MABs
including eco-friendly paper-based and textile/yarn/fabric-
based MABs for powering various electronic devices that can
withstand extensive harsh deformable conditions, e.g. bending,
twisting, stretching, and folding, along with the study of various
green aspects such as biocompatibility and biodegradability of
materials employed, cost-effectiveness, minimization of the
amount of electrolyte used via the capillary action of paper/
textile, and easy fabrication and operation. Through rapid
technological and scientic advancements, including novel and
environmentally friendly methods of fabrication, improved
designs, and green materials, green exible and wearable MABs
are continuously being advanced. Furthermore, research is
required to be conducted to explore the use of alternative, more
sustainable catalyst support materials, such as CNTs derived
from biomass, which could further improve the sustainability of
MABs. Therefore, in the near future, additional efforts on
sustainability and greenness will be required by considering
green principles as the driving force and making ethical envi-
ronmental commitments. Additionally, complications with
green wearable MABs for wearable electronics that hinder their
commercialization have also been thoroughly examined and
discussed.

Overall, green exible MABs offer a more sustainable and
environmentally friendly alternative to conventional batteries,
while also providing improved performance and durability. By
using sustainable materials such as paper or cotton/cloths as
substrates, these batteries can help reduce the environmental
impact of battery production and disposal, while also
conserving resources and energy.
Data availability

“No primary research results, soware or code have been
included and no new data were generated or analysed as part of
this review”.
Conflicts of interest

There are no conicts to declare.
References

1 P. Lukowicz, T. Kirstein and G. Troster, Wearable systems
for health care applications, Methods Inf. Med., 2004, 43,
232–238.

2 D. H. Kim and J. A. Rogers, Stretchable Electronics:
Materials Strategies and Devices, Adv. Mater., 2008, 20,
4887–4892.

3 N. Nishide and K. Oyaizu, Toward exible batteries, Science,
2008, 319, 737–738.

4 H. F. Wang and Q. Xu, Materials design for rechargeable
metal-air batteries, Matter, 2019, 1, 565–595.
4704 | Sustainable Energy Fuels, 2024, 8, 4687–4708
5 P. Tan, B. Chen, H. Xu, H. Zhang, W. Cai, M. Ni, M. Liu and
Z. Shao, Flexible Zn–and Li–air batteries: recent advances,
challenges, and future perspectives, Energy Environ. Sci.,
2017, 10, 2056–2080.

6 L. Wang, Y. Zhang, J. Pan and H. Peng, Stretchable lithium-
air batteries for wearable electronics, J. Mater. Chem. A,
2016, 4, 13419–13424.

7 A. Agrawal, R. Keçili, F. Ghorbani-Bidkorbeh and
C. M. Hussain, Green miniaturized technologies in
analytical and bioanalytical chemistry, Trends Anal. Chem.,
2021, 143, 116383.

8 A. Agrawal, C. G. Hussain, R. Keçili and C. M. Hussain,
Carbonaceous materials in green sample preparation, in
Handbook of Green Sample Preparation Techniques, Green
Chemistry Series, Royal Society of Chemistry, 2023.

9 A. Agrawal and C. M. Hussain, Metal–air batteries for
wearable electronics: a case study for modern society, in
Next-Generation of Human Resources and Technologies, ed.
C. M. Hussain, A. Petrillo and S. U. Islam, CRC Press, 2023.

10 A. Agrawal and C. M. Hussain, Wearable metal–air
batteries, in Handbook of Metal–Air Batteries: Principles,
Progresses and Perspective, ed. R. Gupta, CRC Press, 2023.

11 A. Agrawal, Materials and technologies for exible and
wearable sensors, in Handbook of Flexible and Wearable
Sensors: Materials, Technologies, and Challenges, ed. R.
Gupta, CRC Press, 2023.

12 A. Agrawal, Polymermaterials formetal–air battery, in Springer
Book – Recent Advancements in Polymeric Materials for
Electrochemical Energy Storage, ed. R. Gupta, Springer Nature,
2023.

13 S. Khan, T. Noor, N. Iqbal and E. Pervaiz, Recent
Advancement in Metal-Organic Framework for Water
Electrolysis: A Review, ChemNanoMat, 2022, 8, e202200115.

14 S. Ejaz, A. Ihsan, T. Noor, S. Shabbir and M. Imran,
Mannose functionalized chitosan nanosystems for
enhanced antimicrobial activity against multidrug-
resistant pathogens, Polym. Test., 2020, 91, 106814.

15 T. Noor, L. Yaqoob and N. Iqbal, Recent advances in
electrocatalysis of oxygen evolution reaction using
noble-metal, transition-metal, and carbon-based
materials, ChemElectroChem, 2021, 8, 447–483.

16 M. D. Haider, N. Iqbal, S. A. M. Rizvi, T. Noor, S. Hanif and
R. Anwar, ZIF-derived Cu-doped electrocatalyst for oxygen
reduction reaction, J. Electrochem. Energy Convers. Storage,
2021, 18, 021001.

17 N. Zaman, N. Iqbal and T. Noor, Comparative study of Mn-
ZIF-67 derived carbon (Mn-Co/C) and its rGO-based
composites for the methanol oxidation, J. Environ. Chem.
Eng., 2022, 10, 108351.

18 A. S. Lodhi, N. Iqbal, T. Noor, N. Zaman and J. Gao, ZIF-67
derived ternary NiMnCo-based nanoporous carbon
material for methanol oxidation reaction, Int. J. Energy
Res., 2022, 46, 16736–16750.

19 Z. Zhang, C. Zuo, Z. Liu, Y. Yu, Y. Zuo and Y. Song, All-solid-
state Al–air batteries with polymer alkaline gel electrolyte, J.
Power Sources, 2014, 251, 470–475.
This journal is © The Royal Society of Chemistry 2024

https://doi.org/10.1039/d4se00555d


Review Sustainable Energy & Fuels

Pu
bl

is
he

d 
on

 1
0 

Se
pt

he
m

ba
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

/2
6/

20
26

 5
:5

4:
40

 A
M

. 
View Article Online
20 N. Vassal, E. Salmon and J. F. Fauvarque, Electrochemical
properties of an alkaline solid polymer electrolyte based
on P (ECH-co-EO), Electrochim. Acta, 2000, 45, 1527–1532.

21 C. C. Yang and S. J. Lin, Preparation of alkaline PVA-based
polymer electrolytes for Ni–MH and Zn–air batteries, J. Appl.
Electrochem., 2003, 33, 777–784.

22 G. M. Wu, S. J. Lin and C. C. Yang, Preparation and
characterization of PVA/PAA membranes for solid polymer
electrolytes, J. Membr. Sci., 2006, 275, 127–133.

23 X. Lei, X. Liu, W. Ma, Z. Cao, Y. Wang and Y. Ding, Flexible
lithium–air battery in ambient air with an in situ formed gel
electrolyte, Angew. Chem., Int. Ed., 2018, 57, 16131–16135.

24 X. Fan, J. Liu, Z. Song, X. Han, Y. Deng, C. Zhong and
W. Hu, Porous nanocomposite gel polymer electrolyte
with high ionic conductivity and superior electrolyte
retention capability for long-cycle-life exible zinc–air
batteries, Nano Energy, 2019, 56, 454–462.

25 J. Fu, D. U. Lee, F. M. Hassan, L. Yang, Z. Bai, M. G. Park and
Z. Chen, Flexible high-energy polymer-electrolyte-based
rechargeable zinc–air batteries, Adv. Mater., 2015, 27,
5617–5622.

26 J. Li, Z. Wang, L. Yang, Y. Liu, Y. Xing, S. Zhang and H. Xu, A
Flexible Li–Air Battery Workable under Harsh Conditions
Based on an Integrated Structure: A Composite Lithium
Anode Encased in a Gel Electrolyte, ACS Appl. Mater.
Interfaces, 2021, 13, 18627–18637.

27 D. Ji, L. Fan, L. Li, S. Peng, D. Yu, J. Song, S. Ramakrishna
and S. Guo, Atomically transition metals on self-supported
porous carbon ake arrays as binder-free air cathode for
wearable zinc− air batteries, Adv. Mater., 2019, 31, 1808267.

28 J. Zhang, J. Fu, X. Song, G. Jiang, H. Zarrin, P. Xu, K. Li,
A. Yu and Z. Chen, Laminated cross-linked nanocellulose/
graphene oxide electrolyte for exible rechargeable zinc–
air batteries, Adv. Energy Mater., 2016, 6, 1600476.

29 Z. Wu, Y. Wang, X. Liu, C. Lv, Y. Li, D. Wei and Z. Liu,
Carbon-nanomaterial-based exible batteries for wearable
electronics, Adv. Mater., 2019, 31, 1800716.

30 S. Ozcan, M. Tokur, T. Cetinkaya, A. Guler, M. Uysal,
M. O. Guler and H. Akbulut, Free standing exible
graphene oxide+ a-MnO2 composite cathodes for Li–Air
batteries, Solid State Ionics, 2016, 286, 34–39.

31 G. Fu, Y. Tang and J. M. Lee, Recent Advances in
Carbon-Based Bifunctional Oxygen Electrocatalysts for
Zn− Air Batteries, ChemElectroChem, 2018, 5, 1424–1434.

32 W. Zhang, Z. Li, J. Chen, X. Wang, X. Li, K. Yang and L. Li,
Three-dimensional CoNi alloy nanoparticle and carbon
nanotube decorated N-doped carbon nanosheet arrays for
use as bifunctional electrocatalysts in wearable and
exible Zn-air batteries, Nanotechnol, 2020, 31, 185703.

33 M. M. OttakamThotiyl, S. A. Freunberger, Z. Peng and
P. G. Bruce, The carbon electrode in nonaqueous Li–O2

cells, J. Am. Chem. Soc., 2013, 135, 494–500.
34 C. Dai, G. Sun, L. Hu, Y. Xiao, Z. Zhang and L. Qu, Recent

progress in graphene-based electrodes for exible
batteries, InfoMat, 2020, 2, 509–526.

35 Y. Qin, Z. Ou, C. Xu, Z. Zhang, J. Yi, Y. Jiang, J. Wu, C. Guo,
Y. Si and T. Zhao, Progress of carbon-based electrocatalysts
This journal is © The Royal Society of Chemistry 2024
for exible zinc-air batteries in the past 5 years: recent
strategies for design, synthesis and performance
optimization, Nanoscale Res. Lett., 2021, 16, 1–3.

36 J. Y. Lee, S. T. Connor, Y. Cui and P. Peumans, Solution-
processed metal nanowire mesh transparent electrodes,
Nano Lett., 2008, 8, 689–692.

37 A. Agrawal, Graphene based 2D nanomaterials for battery
applications, in Handbook of Energy Applications of 2D
Nanomaterials, ed. R. Gupta, CRC Press, 2022.

38 A. Agrawal, 3D graphene for exible electronics, in Springer
Book – 3D Graphene: Fundamentals, Synthesis, and Emerging
Applications, ed. R. Gupta, Springer Nature, 2023.

39 Z. Li, X. Li, Y. Jiang, Q. Ding and W. Han, Nanocellulose
composite gel with high ionic conductivity and long
service life for exible zinc-air battery, Polym. Test., 2021,
104, 107380.
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