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Flexible Zn- and Li-Air Batteries: Recent Advances, Challenges, and
Future Perspectives

Peng Tan?, Bin Chen?, Haoran Xu?, Houcheng Zhang®f, Weizi Cai?, Meng Ni***, Meilin Liu®, Zongping
Shao?¢”

The demand for flexible power sources with high energy density and durability increases rapidly with the development of
flexible and wearable electronic devices. Metal-air batteries are considered as the most promising candidates for these
applications due to their excellent theoretical energy densities. In particular, rechargeable zinc-air and lithium-air batteries
have attracted much attention because of their potential to offer a high energy density while maintaining a long
operational life. Although significant progress has been made in enhancing the electrochemical performance of these
batteries, many technical challenges still remain to achieve the mechanical flexibility required for wearable electronic
devices while maintaining high performance. This article describes the most recent advances and challenges in the
development of flexible zinc-air and lithium-air batteries. We start with an overview of the latest innovations in the
exploration of various battery configurations to effectively accommodate stresses and strains associated with the use of
flexible electronic devices. This is followed by a detailed review of the advancements made in designs of flexible battery
components: the metal electrode, the electrolyte membrane, and the air electrode. Further, the effects of operating
conditions on battery performance characteristics and durability are discussed, including the effects of the operating
temperature and the contaminants commonly encountered in ambient air (e.g., carbon dioxide and moisture). Finally,
challenges facing the development of a new generation of flexible metal-air batteries are highlighted, together with
further research directions and perspectives.

1. Introduction

Flexible electronic devices have gained increasing popularity
recently. In contrast to the well-developed rigid format, the flexible
devices can be bent, twisted, rolled, or stretched to a certain extent
but still maintain their functions.! They not only bring revolution to
the traditional electronic industrial with new concepts and
opportunities (e.g., roll-up displays),23® but also represent a
promising area in healthcare when combined with wearable
sensors (e.g., smart wristbands).4#> Accompanied with the
development of flexible electronic devices, flexible energy storage
systems have become a major research area.® Lithium-ion batteries
(LIBs), due to their reasonable theoretical energy density (~400 Wh
kg-1), cycle life (>5000 cycles), and energy efficiency (>90%),” have
been recognized as the energy sources in flexible electronic
devices.812 However, their energy densities hardly satisfy the
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requirements of advanced electronic devices for a long duration.
Therefore, the exploitation of new energy storage technologies
with higher energy densities is still a grand challenge.3

Compared to batteries with closed systems such as LIBs, metal-
air batteries (MABs) have attracted great attention recently, since
they possess a unique half-open system that uses the oxygen from
ambient air, minimizing the required mass and volume of the air
electrode and increasing the energy density.1* Different from the
intercalation mechanism of LIBs, the working mechanisms of metal-
air batteries involve the metal dissolution and deposition on the
negative (or metal) electrode and oxygen reduction reaction (ORR)
and oxygen evolution reaction (OER) on the positive (or air)
electrode. The theoretical capacities, energy densities, and cell
voltages of various metal electrodes in MABs are shown in Fig. 1.
Based on the applied electrolytes, MABs can be typically divided
into aqueous and aprotic systems.1> Zinc (Zn)-air, aluminum (Al)-air,
and magnenism (Mg)-air batteries are compatible with aqueous
alkaline electrolytes and have been studied for a long time.
Although Al-air and Mg-air batteries have theoretical capacities up
to 10 times higher than those of LIBs,1¢ their low practical voltages
due to the large polarization lead to the low energy densities. In
addition, they can hardly be electrochemically charged in alkaline
electrolytes, limiting their application as secondary batteries.1”
Comparatively, Zn is more stable and can be charged more
efficiently in an alkaline electrolyte.!® Besides, a Zn-air battery (ZAB)
as a theoretical energy density (1218 Wh kg-1) of about three
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Fig. 1 Theoretical capacities, energy densities, and cell voltages of
various metal electrodes in metal-air batteries. Theoretical

capacities and energy densities account for oxygen uptake in the
battery by numerical integration between the initial and discharged
stages (data from ref. 18).

times higher than that of LIBs but with a lower manufacture cost.1?
Hence, ZABs have been regarded as great promise to replace LIBs
for future energy applications.20

The basic structure of a ZAB is schematically shown in Fig. 2a,
which is composed of a zinc electrode, an alkaline electrolyte, and a
porous air electrode with active materials. Although room-
temperature ionic liquids (RTILs) have also been applied in ZABs,
their relatively high viscosity and low conductivity substantially
restrict the electrochemical performance.?! So we focus on the
aqueous-based ZABs in this article. During discharge, the oxidation
of zinc occurs, liberating the electrons that travel through an
external circuit to the air electrode. Meanwhile, atmospheric
oxygen molecules diffuse into the air electrode and are reduced
through ORR to form hydroxide ions (Eq. 1) at the three-phase
boundaries among oxygen (gas), electrolyte (liquid), and active
material (solid). The generated hydroxide ions migrate to the zinc
electrode, forming zincate ions (Zn(OH)42") (Eg. 2), which further
decompose to insoluble zinc oxide (ZnO) (Eq. 3) when becoming
supersaturated in the electrolyte. The diffusion of zincate ions from
the metal electrode to the air electrode gives rise to an increased
polarization and decreased cycling efficiency. To this end, a
separator may be used between the two electrodes to allow the
flow of hydroxide ions while blocking the zinc ions.2® The overall
reaction is summarized in Eq. 4, with an equilibrium potential of
1.65V.

Air electrode: 0O, + 4e~ + 2H,0 - 40H- (1)
Zinc electrode: Zn + 40H- = Zn(OH)42 + 2e- (2)

Zn(OH)42~ = ZnO + H,0 + 20H- 3)
Overall reaction: 2Zn + 0; = 2Zn0 (Eocy =1.65V) (4)

To electrochemically charge the battery, the aforementioned
electrochemical reactions are reversed, in which zinc is deposited at
the zinc electrode and oxygen is released through OER at the
electrolyte-electrode interface. Although primary ZABs have been
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Fig. 2 Schematic operation principle of (a) Zn-air battery and (b) Li-
air battery.

commercialized since the 1930s and successfully implemented for
medical applications (e.g., hearing aids),22 the development of
rechargeable ZABs is still in the early stages with several critical
issues that should be addressed such as the zinc dendrite and the
low energy efficiency (<60%) due to the lack of bi-functional
catalysts.23

Different from Zn-air, Al-air, and Mg-air batteries, sodium (Na)
and lithium (Li) react strongly with an aqueous electrolyte.
Consequently, these two types of batteries are initially based on
aprotic electrolytes.132425 Due to the highest theoretical energy
density (5928 Wh kg1) and the high cell voltage (2.96 V), Li-air
batteries (LABs) have attracted worldwide attention since the
demonstration of a prototype rechargeable LAB in 1996.26 With the
use of solid-state lithium ion conducting electrolytes, aqueous
electrolytes based LABs (i.e., aqueous, hybrid aprotic/aqueous) and
solid-state LABs have also been developed,?’” whereas the aprotic
system is the most widely developed one owing to its highly
reversible capacity,?® and also be focused in this article. Similar to
the ZAB, a typical LAB consists of a lithium metal electrode, a
porous air electrode with active materials, and an aprotic
electrolyte made of an aprotic solvent dissolved with a lithium salt,
as schematically shown in Fig. 2b. To avoid the internal short-circuit
between the anode and the cathode, a separator may be
implemented between two electrodes. During discharge, lithium
metal is oxidized at the electrode, producing electrons and lithium
ions (Eg. 5); while atmospheric oxygen molecules dissolve first into
the aprotic electrolyte, and then are reduced through ORR at the
two-phase boundaries between electrolyte (liquid) and active
material (solid) to form superoxide ions (Eq. 6).2° The superoxide
ions combine with lithium ions transported via the electrolyte to
form lithium superoxide (LiO>), which subsequently undergo a one-
electron-transfer electrochemical process (Eq. 7a) and/or a
disproportionation reaction (Eg. 7b) to form lithium peroxide
(Li>O,). Different from zincate ions which can be dissolved in the
aqueous electrolyte, Li;O, has limited solubility in the aprotic
electrolyte and deposits on the surface of the air electrode.

Lithium electrode: Li-> Lit+e- (5)
Air electrode: O2+e - 0y (6)
LiO, + Li* + e~ + = Li,0, (7a)

2Li0; = Li,0, + 0, (7b)

Total reaction: 2Li + O; = Liz02 (Eocy =2.96 V) (8)

During charge, the electrochemical process is reversed, producing
lithium and releasing oxygen. Attributed to the ten times higher
theoretical energy density than that of state-of-the-art LIBs, LABs
have been advocated as the promising power sources for electric
vehicles (EVs).30 Although great progress has been achieved with
tremendous efforts in recent decade, a wide variety of technical
hurdles still need to be overcome to make LABs commercially
viable, such as the low obtainable discharge capacity, poor energy
efficiency, and limited cycle life.3! In addition, LABs are highly
sensitive to moisture and carbon dioxide and are usually tested in
pure oxygen instead of ambient air;32 accordingly, they are also
called “Li-O,” batteries in most previous reports.32 In this article, we
still use the term of “Li-air”, but the reported battery performances
were acquired under oxygen atmosphere unless specified.

In light of their high theoretical energy densities, ZABs and
LABs are regarded as the most promising technologies among
various energy storage systems.l> Some excellent reviews have
been published on the respective advances of ZABs and LABs,7:33-38,
covering the reaction mechanisms,3%-44 battery components,13.17,45-
4% and the whole system.1850-52 With an increasing interest in
flexible electronic devices, developing flexible energy storage



systems have attracted great research attention, which requires to
not only overcome the technique barriers in electrochemical
performance (e.g., low energy efficiency, short cycle life), but also
satisfies the new challenges in deformation (e.g., bending, twisting).
Focusing on flexible LIBs and flexible supercapacitors (SCs),
breakthroughs have been achieved in recent years, including
fabricating effective electrode and electrolyte materials for
improved electrochemical performance,>3-57 and designing novel
configurations for high flexibility and durability.58-60 In addition, it
has emerged a number of excellent reviews on state-of-the-art
flexible batteries and SCs.61-68 For example, Lu et al. summarized
the achievements in the design, fabrication, and characterization of
flexible SCs, and discussed the challenges and opportunities for
performance improvements.® Fu et al. reviewed the structural
design and material design of flexible batteries for wearable
electronics, from which the mechanics and design concepts are also
crucial for other flexible energy storage systems.®” Mao et al.
focused on the mechanical deformation characterization, analysis,
and structural design strategies in flexible LIBs and SCs for practical
applications, and the key parameters in mechanical evaluation were
highlighted.®® Different from LIBs and SCs, MABs are half-open
systems associated with pure metals and oxygen from ambient
air.®9 Hence, developing flexible MABs will induce more challenges
and require more research efforts. In 2016, Sumboja et al.
presented a review on the advancements in flexible MABs.”° Several
types of polymer electrolytes for alkaline Zn- and Al-air batteries
were summarized, and carbon- and conducting polymer-based
flexible air cathodes were reviewed. Besides, two prototype flexible
devices, including the sandwich and cable structures, were outlined.
Nevertheless, with increasing research activity in flexible energy
storage systems, an up-to-date review of the current status and
challenges of flexible MABs, covering the battery configuration
design, the flexible electrode and electrolyte materials, and the
operation managements, has become highly necessary.

In this article, we focus on the latest progress and challenges
of flexible ZABs and LABs for adapting flexible requirements and
achieving high electrochemical performance. The aim of this work is
to provide a timely snapshot of the rapidly developing area of
flexible MABs. Although these two types of batteries represent the
aqueous and aprotic systems, respectively, they share a number of
similarities when made into flexible batteries. We start with an
overview of the latest innovations in the exploration of various
battery configurations to effectively accommodate stresses and
strains associated with the use of flexible electronic devices,
followed by a detailed review of the advancements made in designs
of flexible battery components: the metal electrode, the electrolyte
membrane, and the air electrode. Further, the effects of operating
conditions on battery performance characteristics and durability are

discussed, including the effect of the operating temperature and
the contaminants commonly encountered in ambient air. Finally,
challenges facing the development of a new generation of flexible
metal-air batteries are highlighted, together with further research
directions and perspectives.

2. Battery configuration and flexibility evaluation

For the application in flexible electronic devices, a stable
electrochemical performance during the repetitive external force is
crucial for flexible MABs. To this end, a novel configuration of the
battery is required to enable high electrochemical and mechanical
stabilities. In this section, different configurations of flexible MABs
are introduced, and the related flexibility evaluations are also
discussed.

2.1 Sandwich type

One kind configuration of flexible MABs is the sandwich type, as
schematically illustrated in Fig. 3.18 The metal electrode (e.g., Zn) is
attached to a metal (e.g., Cu) foil as a substrate/current collector to
ensure good electrical contact. Then, an electrolyte membrane is
sandwiched between the metal electrode and the air electrode. A
porous current collector is attached to the air electrode for gas
diffusion and electrons transfer.

Due to its high similarity to that of conventional ones, the
sandwich type structure has been widely used in flexible ZABs and
LABs, and good electrochemical performance has also been
achieved as summarized in Table 1. For example, Fu et al
developed a flexible solid-state ZAB that reached a peak power
density and energy density as high as 160.7 mW cm-2and 847.6 W h
kgzn1, respectively. The battery could be cycled for over 500 h at 25
mA cm~2 without visible voltage losses.”? Liu et al. reported a LAB
with a high discharge capacity of ~9500 mAh gcathode™! and a cycle
life up to 72 cycles (720 h) at a fixed capacity of 1000 mAh
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Fig. 3 Schematic configuration of a sandwich-type zinc-air battery.
Reprinted with permission from ref. 18, copyright 2017, Wiley-VCH.

Table 1 Summary of sandwich-type Zn- and Li-air batteries

Batt Rech .
attery REChareea e trochemical performance

Flexibility evaluation Ref.

type bility
Yes Capacity: 460 mAh gzn fiim™! 120 cycles at 50 mA g1 at bending angles of 90°, 71
Energy density: 581 Wh kg -1 150°, and 180°
Cyclability: 120 cycles at 50 mA g1 (20 min per cycle)
Yes Peak power density: 160.7 mW cm~2 Voltage polarization curves remained unchanged 72
Zn-air Capacity: 652.6 mAh cm2 at bending angles of 60°, 90°, and 120°;
Energy density: 847.6 W h kgzn! Power a light-emitting diode (LED) under flat and
Cyclability: over 500 h at 25 mA cm~2 (20 min per cycle) bent conditions.
Yes Peak power density:@ ~1900 mW gz,! Power density almost remained unchanged at 73

bending angles of 60°, 90°, and 120°
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ARTICLE Journal Name
Yes Capacity: 378 mAh gz, 1 Discharge-charge curves remained unchanged 74
Energy density: 378 Wh kgzn? when applying bending strain every 2 h
Cyclability: 12 cycles at 2 mA cm~2 (10 min per cycle)
N/A Capacity: 144 mAh cm™2 Discharge voltage remained unchanged when 75
Energy density: 682 Wh kgzn1 bending
N/A Capacity: 353.9 mAh ganode ™t Photograph showed the bendability 76
Energy density: 363.4 mWh ganoge™?
Yes Peak power density:@ ~50 mW cm~2 Voltage polarization curves remained unchanged 77
at bending angles of 60°, 90°, and 120°;
Power density changed little.
Yes Peak power density: 97.8 mW cm~2 Charged and discharged at bending angles of 78
Cyclability: 12 h at 100 mA cm~2 (10 min per cycle) 120° and 180°
Yes Peak power density: 32.0 mW cm-3 Galvanostatic discharge voltages remained 79
Capacity: 603.7 mAh gz,1 unchanged under different  deformation
Cyclability: 28 h at 12.5 mA cm~3 (40 min per cycle) conditions
Yes Peak power density:2 ~20 mW cm™2 Discharge-charge curves remained unchanged at 80
Cyclability: 10 h at 2 mA cm~2 (20 min per cycle) different bending radius (13, 28, 51 mm);
No obvious changes in the discharge curve at a
bending radius of 28 mm for 300 cycles;
Brightness of a flexible display remained virtually
unchanged under various bending and twisting
conditions.
Yes Capacity: 356 mAh gt Discharge-charge curves remained unchanged at 81
Energy density: ~382 Wh kg1 bending angles of 60°, 90°, 120°, and 150°.
Yes Capacity: 6500 mAh gcathode™? Capacity, rate, first discharge-charge curves, and 82
Cyclability: 50 cycles at 200 mA g1 (1000 mAh g1) cycle number almost remained unchanged after
1000 folding cycles
Yes Cyclability: over 140 cycles at 0.4 mA cm~2 (1000 mAh  Overpotential greatly increased after 10 cycles 83
Ecomposite 1) under the bending condition
Yes Capacity:2 ~9500 mAh gcathode™* A LED turned on with planar and bent 84
Cyclability: 72 cycles at 200 mA g1 (1000 mAh g1) conditions.
Yes Capacity: 3000 mAh gcathode™* 100 stable cycles (500 mAh g1) at bending 85
Cyclability: 356 cycles at 100 mA g1 (1000 mAh g1) angles of 180°, 360° and twisting angles of 90°,
180°, and 360°
Yes Cyclability: 10 cycles at 0.10 mA cm~2 (1000 mAhg?) A LED turned on with planar and bent 86
Rate: Stable discharge-charge curves at 0.02, 0.05, and conditions.
0.10 mA cm2
o Yes®  Capacity: 7111 mAh gcathode Discharge voltage plateau maintained when: 87
Li-air Energy density: 2540 Wh kgathodesproduct™* i) stretching with a strain up to 100%;
Cyclability: over 180 cycles at 1000 mA g1 (500 mAh i) at the bending angles of 45°, 90°, 135°, and
gl 180°;
iii) at the twisting angles of 90°, 180°, 270°, and
360°.
Discharge voltages maintained after stretching,
bending, and twisting for 1000 cycles each.
Yes Capacity: 9017 mAh gcathode ™! Discharge voltage curves and capacities almost 88
Cyclability: over 210 cycles at 200 mA g1 (500 mAh g-1) remained unchanged in different shapes

(pristine, bend, roll up) and even after 5000
folding cycles;

100 stable cycles after 1000 bending, folding,
and rolled up cycles each;

Open-circuit voltage remained
unchanged after bending for 5000 cycles.

almost

a Estimated from the figure; ® Operated in ambient air with the relative humidity (RH) of ~5%.
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In addition to the basic electrochemical performances, the
flexibility evaluations are crucial for flexible MABs. Based on the
direction of the external force, three kinds of deformation are
usually considered: bending, twisting, and stretching. The
bendability is basically demonstrated through measuring the
discharge/charge voltages’> or powering an electronic equipment
(e.g., LED) under the bending conditions.8485 In more detailed tests,
the electrochemical performances (e.g., polarization, power
density, cycle stability) at different bending angles are measured
and compared with the initial ones under the planar condition to
show the stability.72-73.77.788587 Similarly, the twistability is
evaluated by measuring the electrochemical performances under
different twisting angles.8587 Although the stretchability has few
been considered in the flexible sandwich-type battery, partial
stretching also occurs in the battery components during bending
and twisting processes, which may affect the performance and even
damage the structure.’? Hence, unique configurations were
designed and tested in which the discharge curves were well
maintained after the stretching-induced strain reached 100%.87
Besides the short-term deformation, a long-term fatigue test is
important. For instance, Zhang et al. showed that a flexible LAB
could maintain the capacity, rate performance, first discharge-
charge curves, and cycle number after 1000 folding cycles.82 Peng et
al. developed a flexible LAB that maintained the discharge voltage
after stretching, bending, and twisting for 1000 cycles each.8’

2.2 Cable type

Another configuration of flexible MAB is the cable type, as
schematically shown in Fig. 4.8° It contains a metal electrode in the

Gel polymer

Air-electrode
electrolyte

Spiral zinc foil

.

¥~ Packaging insulator

Fig. 4 Schematic configuration of a cable-type Zn-air battery.
Reproduced with permission from ref. 89, copyright 2015, Wiley-
VCH.

centre, which is wrapped by an electrolyte membrane (e.g., gel
polymer). The catalyst loaded air electrode is then winded on the
polymer electrolyte. To enhance the surface contact between
electrodes and the electrolyte, a heat-contraction rubber cable is
applied to pack the electrode assembly, and the punched holes act
as air pathway.

Due to the high omnidirectional flexibility,”® the cable type
flexible ZABs and LABs have gained research interest, as
summarized in Table 2. Zhang et al. fabricated a cable-type ZAB that
could maintain a discharge voltage plateau of ~1.23 V at a current
density of 0.5 mA cm=2 and a standing time as long as 15 h.%!
Besides, 36 cycles (12 h) with stable voltage plateaus were realized
at a constant current density of 0.5 mA cm-2. Moreover, this type of
battery delivered stable discharge performance at different bending
and twisting conditions and even after 2000 bending/stretching
cycles, demonstrating a good stability. The excellent performance

Table 2 Summary of cable-type Zn- and Li-air batteries

Battery Rechargea Electrochemical performance

Flexibility evaluation

type bility Ref.
N/A Energy density: 3.6 Wh Lpattery™ Discharge voltage profiles remained the same 89
between the bending and non-bending
conditions every 20 min from initial length of 7 to
3cm
Yes Capacity: 6 Ah Lpattery™ No obvious damage in structure when bent to 90
Energy density: 5.7 Wh L1 30°, 60°, 90°, 120°, and 150°;
Cyclability: 30 cycles at 1 mA g1 (1 h per cycle) Discharge voltage remained almost unchanged
Zn-air before and after:
i) bending to 120° for 100 cycles;
ii) stretching by 10%.
Yes Capacity:2 ~10 mAh cm2 Discharge voltage remained almost unchanged at 91
Cyclability: 36 cycles at 0.5 mA cm~2 (20 min per cycle) bending angles of 30°, 60°, 90°, and 120°;
Discharge curve only suffered from a very slight
drop of ~13 mV after 2000 cycles of
bending/stretching
Yes Capacity:2 ~3.1 mAh cm2 A LED display screen was powered at various 91
Cyclability: over 109 cycles at 0.1 mA cm=2 (0.1 mAh bending and twisting conditions.
cm2)
Yest  Capacity: 13055 mAh gentt (O2) Discharge curves were maintained under 92
Li-air 12,470 mAh gent? (Air) increasing bending angles of 30°, 45°, 60°, 90°,

Cyclability: over 100 cycles at 500 mAh g1 (O3)
30 cycles at 1000 mAh g1 (Air)

120°, and 145°;

Voltage profiles were almost unchanged after
bending for 100 cycles;

Operating stably under a dynamic bending and
releasing process at a speed of 10° per second.



Yes Capacity:2 ~4750 mAh gcathode ™t

Cyclability: over 90 cycles at 100 mA g1 (500 mAh g1)

Yes¢ Capacity: 1262 mAh giota™? (1981 mAh gearbon™2)

Cyclability: 100 cycles at 200 mA g1 (600 mAh g1)

Discharge curves remained constantly and 93
powered a LED display screen under all the
testing conditions (linear, arc-shaped, rounded,
s-shaped, twisty, and spiral);

Discharge-charge curves kept almost unchanged
after 4000 cycles of bending/stretching.

A LED turned on at bending, knotting, and 94

releasing conditions;

Charge and discharge curves remained
unchanged for 100 cycles at the bending
condition.

a Estimated from the figure; ® Operated in pure oxygen and ambient air with the RH of 5%; ¢ Operated in pure oxygen with the RH of 8 %.

has also been achieved in cable-type LABs. Peng et al. developed a
flexible LAB that could not only deliver a capacity as high as 13055
mAh gent! but also showed a long cycle life up to over 100 cycles at
1400 mA g 1.9 In addition, the discharge curves were maintained
under increasing bending angles, and the voltage profiles were
almost unchanged after bending for 100 cycles. Similar to the
flexibility evaluation in sandwich-type batteries, besides the
bending, twisting, and long-term fatigue tests, the stretchability
could also be achieved through unique design. For example, a ZAB
could deliver a stable discharge voltage even at an elongation of
10%.90

2.3 Other types

In addition to the sandwich and cable types, other types of flexible
MABs with innovative ideas have also been designed. A foldable
LAB pack was fabricated based on a paper-ink air electrode, as
schematically shown in Fig. 5a.82 An inexpensive flexible paper
served as the substrate of the air electrode, the separator, as well
as the outer package, enabling the assembled battery to be foldable
and bendable. In addition, the lithium electrodes wrapped into the
paper could be shared by two air electrodes, improving the
utilization of lithium and the energy density of the battery.

Inspired by the ancient Chinese bamboo slips, which were
fabricated using bamboo chips and hide ropes that can be rolled up
easily, a flexible and wearable LAB was developed by Zhang et al.
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Fig. 5 (a) Schematic configuration of a foldable Li-air battery pack.
Reproduced with permission from ref. 82, copyright 2015, Wiley-
VCH. (b) A flexible and wearable Li-air battery inspired by the
ancient bamboo slips. Reproduced with permission from ref. 95,
copyright 2016, Wiley-VCH.

(Fig. 5b).%> The lithium electrodes and air electrodes are woven
together, similar to the “bamboo chips” and “hide ropes” in
bamboo slips. With this assembly structure, the battery can
maintain its electrochemical performance in various bending,
twisting, and folding conditions, demonstrating excellent flexibility.
In addition, the woven structure has a unique property of allowing
gas access to the air electrode via both sides of the weave,
endowing good gas breathability for the battery. Moreover, lithium
electrodes are protected by a polypropylene (PP) membrane and a
hydrophobic gel polymer electrolyte (GPE), avoiding the sudden
hazards posed by moisture or water so that the assembled battery
can operate even immersed in water. Attributed to the
sophisticated structure design that avoids using packing materials,
the energy density of this battery can be as high as 523.1 Wh kg,
which is far beyond the values of commonly commercial LIBs.%
They also built a novel segmented Li-air battery that consisted of
arrays of small-scale carbon electrode disks and lithium electrode
disks interconnected by carbon ropes and copper wires,
respectively.%? This special structure enabled the battery to
demonstrate a superior flexibility and electrochemical stability even
after 10,000 cycles of folding and stretching, and achieved a high
gravimetric and volumetric energy density of 294.68 Wh kg1 and
274.06 Wh L1, respectively.

Although different configurations are developed for flexible
ZABs and LABs and some promising performance has been
achieved, several issues should be addressed for further
development. First of all, in ZABs the capacity and energy density
are normalized to the zinc electrode (gz!) or the surface area
(cm=2); while these values in LABs are normalized to the mass of the
air electrode (gcathode?), resulting in encouraging but misleading
results.2? Hence, even though flexible ZABs and LABs share similar
battery configuration (e.g., sandwich and cable types), a direct
comparison of the respective electrochemical performance is
difficult at the present stage. Besides, even for the same kind of
battery, the electrochemical performance in different battery
configurations was reported from different bases. For example, the
energy densities in sandwich-type ZABs were usually based on the
mass of the zinc electrode (Table 1), while in cable-type ZABs the
energy densities were reported based on the total volume of the
battery (Table 2). The different standards lead to difficulties in
systematically  estimating the feasibilities of different
configurations. Moreover, the flexibilities are evaluated case by
case, while a recognized standard is still absent. Usually, the
flexibibility evaluations include measuring the electrochemical
performance under different bending/twisting angles and after
bending/stretching cycles, as well as powering an electronic device
(e.g., LED) under deformation conditions. To commercialize the
flexible MABs, a critical testing standard should be made and used



in the following works, such as the bending/twisting angles, the
elongation levels, and the performance retention after long-term
deformation cycles. Since the development of flexible MABs is in its
infancy stage, more innovative ideas in both flexible configuration
and evaluation methods are highly demanded. In the following
parts, we will mainly focus on the design and challenges of battery
components to satisfy the flexibility while maintaining the
electrochemical performance.

3. Metal electrode

Metallic Zn and Li pieces are usually directly used in MABs as metal
electrodes. To design fully flexible devices, modifications to the
metal electrodes are needed. For instance, electrodeposited Zn on
carbon cloth instead of pure Zn foil was applied to make the battery
with improved flexibility.”® Stainless steel mesh, Li foil, and Cu foil
were rolled together to fabricate a high-fatigue-resistance electrode
that can maintain its structure even after 300 bending cycles.88 In
this section, we review some approaches in the design of flexible
metal electrode. The free-standing metal composite electrodes with
improved stabilities in bending and twisting are first introduced.
Then, the unique designs of metal electrodes for satisfying the
requirements of stretching are also summarized.

3.1 Free-standing composite electrode

A free-standing zinc composite electrode was reported by Fu et
al.,’+73 which was made of a combination of zinc powder, carbon
nanofiber (CNF), carbon black (CB), and poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-HFP) as the binder. As illustrated in
Figs. 6a-c,’! the free-standing zinc film can be freely rolled, twisted,
and folded without any mechanical damages, which is attributed to
the excellent distribution of zinc particles through building up a
three-dimensional (3D) interconnected network with carbons and
the binder (Figs. 6d-e), where the carbons help to enhance the
electrical conductivity of the 3D zinc film electrode. In addition, the
binder can not only ensure a short curing time but also avoid the
oxidation of zinc particles. Mitra et al. mixed zinc powder, polymer
binder, bismuth oxide, and purified multi-walled carbon nanotubes
(MWCNTSs) to form the anode,”® and found that MWCNTSs were

Fig. 6 The digital pictures of the free-standing zinc film under (a)
rolled, (b) twisted, and (c) folded state. (d) A schematic and (e) SEM
image of the 3D interconnected electrical conducting network with
carbon nanofiber, carbon black, and zinc particle. Reproduced with
permission from ref. 71, copyright 2015, Wiley-VCH.

effective conducting additive in anode as they bridged the zinc
particles, and poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate (PEDOT:PSS) acted as a co-binder to enhance both the
conductivity and flexibility.

3.2 Modification of metal piece

In the sandwich-type flexible batteries, to make the lithium
electrode stretchable, Peng et al. designed a lithium array electrode
based on a stretchable copper (Cu) current collector, as
schematically shown in Fig. 7a.87 First, the Cu springs made of a Cu
wire were connected in series by Cu sheets. Then, lithium sheets
were paved on the Cu sheets point-to-point and covered by a
punched Ecoflex film. This stretchable metal electrode associated
with gel electrolyte and rippled air electrode enabled a good
stretchability of the battery, which could maintain the discharge
voltage plateau with a strain up to 100%. This “break up the whole
into parts” strategy has also been applied in Liu’s work, in which the
lithium electrode disks are interconnected by carbon ropes and
copper wires.7 With this unique structure, the whole segmented
lithium metal electrodes could almost keep unchanged even after
folded in half and then stretched up to 1000 cycles. In contrast, the
whole piece of lithium metal sheets cracked after only 100 folding
and stretching cycles.

To satisfy the requirement of stretching, a zinc spring electrode
was used in a cable-type Zn-air battery, as schematically shown in
Fig. 7b.%0 It was first prepared by coiling a zinc wire onto a steel rod.
After removing it from the rod, the zinc spring was then dipped into
a hydrogel polymer electrolyte and decorated with catalysts. Then,
the modified zinc spring was rolled on the prepared Teflon plate
covered by the carbon nanotube (CNT) sheet air electrode, which
served as both the current collector and the gas diffusion layer.
With this spring metal electrode, the discharge voltage of this
flexible battery could remain almost unchanged after stretching by
10%. The spring-like zinc electrode was also applied in Zhang’s
work, in which the discharge curve of a cable-type ZAB only
suffered from a very slight drop of ~13 mV even after 2000 cycles of
bending and stretching.9!

As both Zn and Li metallic pieces have good flexibility to some
extent, little attention has been paid to metal electrodes in flexible
MABs. However, the use of metallic piece will introduce some
issues such as the low contact area and utilization, limiting the
electrochemical performance. In addition, the continuous
bending/stretching cycles will easily lead to the metal fatigue,
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Fig. 7 Schematic illustration of the fabrication of (a) a stretchable Li
array electrode for a sandwich-type LAB. Reproduced with
permission from ref. 87, copyright 2016, The Royal Society of
Chemistry. (b) a cable-type ZAB with a Zn spring electrode.

Reproduced with permission from ref. 90, copyright 2016, Wiley-
VCH.
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resulting in the mechanical failure of the metal electrode. To this
end, using high surface area metal particles associated with
conductive networks and binders to form a free-standing electrode
is expected for better electrochemical performance and mechanical
stability.2 Moreover, the dendrite formation and growth during
cycling are common phenomena in both metal electrodes and are
detrimental to the battery performance and safety. This issue will
be discussed in detail in Section 4.3.1.

4. Electrolyte membrane

In some flexible battery prototypes, the porous separators (e.g.,
glass fibre paper) saturated with liquid electrolytes were used
between the metal and air electrodes.®! However, evaporation and
leakage are two critical issues for the liquid electrolytes. Moreover,
the use of flammable organic liquid electrolytes in LABs leads to a
major safety concern for practical applications. To this end, solid-
state electrolytes provide a feasible solution to these issues. They
can function as both electrolytes for ion conduction and separators for
preventing the battery internal short-circuiting. Consequently, we use
“electrolyte membrane” to describe the roles in conducting and
separating. The main required properties include high ionic
conductivity and selectivity, a wide electrochemical stability
window, good chemical compatibility with other components, and
excellent mechanical properties.?®9° To be applied in flexible MABs,
an excellent flexibility is also essential. During past decades, great
efforts have been contributed to developing electrolyte membranes
to improve the safety and reliability of the batteries. In this section,
we first introduce the electrolyte membranes that have been
applied or demonstrated promising potentials for flexible ZABs and
LABs, respectively. Then, challenges for the electrolyte-electrode
interfaces are discussed.

4.1 Electrolyte membranes for flexible Zn-air batteries

Alkaline anion-exchange membranes, which impregnate basic
functional groups into a polymer backbone with a single phase,
have been developed and widely applied to alkaline fuel cell
applications.100.101 Although they can conduct hydroxide ions during
battery operations and prevent zinc ion migration from reaching
the air electrode, the ionic conductivities are limited for the
application of ZABs. In addition, the water retaining property is
poor, resulting in a rapid water loss by evaporation when operated
in the air atmosphere, and thus leads to a fast degradation of ionic
conductivities and battery performance.”® Another kind of solid-
state electrolyte membrane is made by dissolving alkaline salts into
an inert polymer matrix.192 Although the solution-free electrolytes
can be built into a thin film with sufficient mechanical strength, the
ionic conductivities (typically 105 to 108 S cm™ at room
temperature) are below the requirements for battery
applications.103 An alternative approach to enhance the ionic
conductivity is to encapsulate aqueous alkaline electrolytes in
polymeric matrix to form an alkaline gel electrolyte (AGE).104-108 The
AGE membranes exhibit good aqueous electrolyte absorbing
capabilities, facilitating the hydroxide-ion conduction and reaction
kinetics. However, the mechanical properties are usually
inadequate for practical use.103 In Sumboja’s work, several types of
alkaline solid and gel polymer electrolytes have been summarized.”®
Here we centre on introducing the electrolyte membranes used in
recently reported flexible ZABs.

4.1.1 Alkaline gel electrolyte membrane

Journal Name

Poly(vinyl alcohol) (PVA) has been widely used as the host polymer
for AGEs. The generally fabrication process is adding PVA and KOH
into water to form a uniform solution, followed by pouring the
solution onto a glass plate. After equilibrated at a low temperature,
a robust electrolyte membrane is obtained for battery.7478°1 In
addition to using PVA alone, other host materials, such as N-vinyl-2-
pyrrolidone, vinyl imidazole, and glycidyl methacrylate, have also
been used to form the polymer solution.”® To further improve the
mechanical properties of the AGE, Peng et al. added poly(ethylene
oxide) (PEO) during the fabrication process (Fig. 8a). As shown in
Figs. 8b-c, the cross-linked electrolyte was free-standing, flexible
and stretchable with a maximal strain of 300%, and showed high
ionic conductivity of 0.3 S cm™! with 8.3 wt% KOH (Fig. 8d), which
was close to the KOH solution with the same concentration.?®® With
this AGE, a cable-type flexible ZAB displayed excellent discharge and
charge performance at a high current density of 2 A g1 and also
could be stretched by 10% with a stable discharge voltage.

To ensure leak-free solid-type behaviour, Cho et al. developed
a new highly conductive AGE based on gelatin with a lower
concentration of KOH (0.56 wt%). The fabrication procedure
involves dissolving gelatin powder in KOH solution, followed by a
frozen process. At the optimized concentration of KOH solution (0.1
M), a free-standing AGE membrane was obtained, which not only
showed a high flexibility but also demonstrated an ionic
conductivity of 3.1 mS cm-1, enabling reasonably high discharge
capacities at 0.1, 0.5, and 1 mA cm~2in a cable-type flexible ZAB.#°

4.1.2 Alkaline-exchange electrolyte membrane

Based on cellulose, Chen et al. developed a thin, ultra-flexible and
hydroxide conductive electrolyte membrane with high water
retention for ZABs.”273 The cellulose nanofibers are composed of a
variety of micron-sized cellulose fibers and fine fibrils with lengths
of over several hundred microns, which have a greatly expanded
surface area. The membrane surface appears as a homogenous and
dense nanofiber network intertwined with the micron-sized fibers
functioning as the strong ““scaffold”, giving the membrane a very
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Fig. 8 Preparation and characterizations of hydrogel polymer
electrolyte: (a) Photographs of synthetic process of hydrogel
polymer electrolyte solution, scale bar: 1 cm. (b) Photographs of
free-standing hydrogel polymer electrolyte after crosslinking, scale
bar: 1cm. (c) Photographs of hydrogel polymer electrolyte in a
stretching process up to 300%, scale bar: 0.5 cm. (d) Alternating
current (AC) impedance spectra of the hydrogel polymer electrolyte
at the frequency range from 1000 kHz to 0.01 Hz. Reprinted with
permission from ref. 90, copyright 2015, Wiley-VCH.

Please do not adjust margins




strong mechanical property and excellent flexibility. Owing to the
interconnected nanoporous structure, the membrane exhibited a
high water uptake up to 95.6% and moderate anisotropic swelling
degree of 1.1. Benefiting from the dissociated hydroxide ions from
quaternary ammonia functional groups, the membrane exhibited a
high ionic conductivity of 21.2 mS cm-1.73

Graphene oxide (GO) has been demonstrated as a promising
candidate for solid-state electrolytes due to its outstanding
physicochemical stabilities and electrochemical properties. Based
on GO and cellulose, Chen et al. reported a laminate-structured
nanocellulose/GO membrane functionalized with highly hydroxide-
conductive quaternary ammonium (QA) groups.”” The QA-
functionalized nanocellulose/GO (QAFCGO) membrane is fabricated
through chemical functionalization, layer-by-layer filtration, cross-
linking, and ion-exchange processes, as schematically shown in Fig.
9a. After vacuum filtration, the water-based suspensions of QA-
functionalized GO nanosheets and cellulose nanofibers form a
laminate-structured membrane (Fig. 9b) supported by QA-
functionalized GO at the top and bottom with a flat and uniform
surface (Fig. 9c). The numerous cellulose nanofibers tend to
construct a dense interwined porous network (Fig. 9d), and perform
as binder layers to integrate each single thin GO film into a robust
membrane. Finally, after the ion exchange process, the hydroxide-
conducting QAFCGO membrane is obtained with excellent flexibility
as shown in Fig. 9e, and a superior hydroxide conductivity of 58.8
mS cm™ at 70 °C was achieved. With this flexible QAFCGO
membrane, a sandwich-type flexible ZAB delivered an output power
density up to 50 mW cm~2 under stress at different bending angles.

4.2 Electrolyte membranes for flexible Li-air batteries

Solid-state lithium-ion conducting materials have attracted great
attention recently and been considered as underlying electrolytes
for lithium-based batteries.109110 For ceramics, such as

Fig. 9 (a) Schematic diagram of the overall preparation procedure of
functionalization, filtration, cross-linking, and hydroxide-exchange
for the QAFCGO membrane. (b-c) SEM images of (b) cross section
and (c) surface view of the QAFCGO membrane, inset shows the
photograph of QAFCGO membrane with flat and uniform GO
surface. (d) A SEM image of the cellulose dense interwined network
structure with an inset TEM image of cellulose fibres. (e) A
photograph of the QAFCGO membrane showing flexibility.
Reprinted with permission from ref. 77, copyright 2016, Wiley-VCH.

Li1+XA|XTi2_X(PO4)3 (LATP) and Li1+XA|XG62_X(P04)3 (LAGP),111_113
although they display a high ionic conductivity (>10* S cm~1) and
good chemical and electrochemical stabilities, the fragile property
inhibits their application in flexible batteries.11* Consequently,
polymer electrolyte serves as a better candidate due to good
processability and mechanical strength.11> The polymer electrolyte
can be divided into three classes:19° GPEs, solid polymer electrolytes
(SPEs), and composite polymer electrolytes (CPEs). Similar to AGEs
applied in ZABs, the GPE in lithium-based batteries is to encapsulate
aprotic electrolytes in a polymeric matrix. In SPEs, the polymer host
together with a lithium salt act as a solid solvent. The CPEs are
developed by the integration of inorganic fillers into the organic
polymer host.

4.2.1 Gel polymer electrolyte membrane

One approach to fabricating GPEs is preparing the porous
membranes with polymer matrix first and then immersing in an
aprotic electrolyte before use. Wu et al. reported lithiated
perfluorinated sulfonic (PFSA-Li) single-ionic conducting ionomers
swollen with aprotic solvents and used as both the electrolyte and
separator for LABs.116 |n addition to using polymer matrices,
different types of inorganic nanofillers have also been added to
form hybrid GPEs to improve their properties. For instance, ZrO,
nanoparticles are added in the poly(vinylidene fluoride) (PVDF)-
based polymer matrix to improve the mechanical strength;117.118
nanofumed Si0, with  poly(methyl  methacrylate)-blend-
poly(styrene) were coated on a commercial microporous PP
separator to enhance the ionic conductivity;!® amorphous LiNbO3
with low grain boundary resistance were combined with
poly(methyl methacrylate-styrene) to achieve a high Li-ion
conductivity of 0.26 mS cm-! at room temperature.114

Adding liquid aprotic electrolytes into the polymer matrix is
also applied in the fabrication process of GPEs that can be directly
used in batteries. Generally, the solid PVDF-HFP is dissolved in a
solvent (e.g., acetone, N-methyl-2-pyrrolidone (NMP)), and the
liquid aprotic solvent and lithium salt are added. The homogeneous
solution is then cast onto a flat surface to allow the solvent to
evaporate, and eventually, a dimensionally stable, flexible, and free-
standing GPE can be obtained.120.121 |n addition to PVDF-HFP, PEO
has also been added to improve the mechanical strength for
stretchability.8” Besides the solution casting method, ultraviolet
(UV) irradiation has also been used for fabricating GPEs.83.9293 For
example, three kinds of solutions were mixed together, including i)
lithium triflate (LiCF3SOs) in tetraethylene glycol dimethyl ether
(TEGDME), ii) PVDF-HFP in NMP, and iii) 2-hydroxy-2-methyl-1-
phenyl-1-propanon (HMPP, photo-initiator) in trimethylolpropane
ethoxylate triacrylate (TMPET). After UV irradiation, a solidified and
flexible GPE was obtained with a high ionic conductivity of
1.15x103 S cm™ at 25 °C. The GPE in a cable-type flexible LAB
prevents air diffusion to the lithium electrode and alleviate its
corrosion for high cyclic stability in air, enabling an excellent
electrochemical performance and stability.??

4.2.2 Solid polymer electrolyte membrane

Compared to the above-mentioned solid-state electrolytes in which
liquid aprotic electrolytes may still exist, SPEs have the liquid-free
property and have been regarded as the most promising candidate
electrolytes for solid-state lithium-based batteries.19? The studies of
SPEs started from the incorporation of PEO with lithium salts, in
which lithium ion cations were solvated by the polymer chains and
became movable through the chain movement.122 For LABs, Ein-Eli
et al. used PEO and LiCF3SOs with a composition of P(EO)LiTf,



followed by a solution casting technique, to achieve a free standing
and homogeneous GPE with a thickness of ~150 um. It could
function as the electrolyte at 80 °C for the ionic conductivity that is
comparable to the common organic electrolyte.123 Besides PEO,
polysiloxane has also been a candidate host, and the polysiloxane-
based SPE displayed a relatively high conductivity (1.55x10* S cm™1
at 25 °C) due to the polysiloxane backbones and a good flexibility.124

4.2.3 Composite polymer electrolyte membrane

With the incorporation of inorganic materials, the properties of
original SPEs may be greatly improved. As a result, CPEs have
attracted many research interests. Byon et al. added SiO, into the
PEO-based SPE to improve ionic conductivity, lithium interfacial
stability, and mechanical strength. After the hot press, a
homogeneous, flexible, and semi-transparent SPE was obtained
with an ionic conductivity of 3.2x10%4 S cm- at 55 °C.125 Fu et al.
reported a 3D Li-ion-conducting ceramic network based on garnet-
type LigslasZroAlg2012 (LLZO) lithium-ion conductor to provide
continuous lithium ion transfer channels in a PEO-based composite,
which exhibited an ionic conductivity of 2.5x10%* S cm™! at room
temperature.126. The schematic fabrication of fibre-reinforced
polymer composite (FRPC) is shown in Fig. 10a, the Li salt-PEO
polymer is reinforced by the 3D nanofibers to form a composite
electrolyte. Compared with filler-containing polymer electrolyte,
the FRPC electrolyte membrane maintains the framework of 3D
garnet nanofiber networks. Attributed to the continuous nanofiber
structure, the integrity of the polymer electrolyte could be
enhanced, resulting in a better mechanical property and flexibility
(Fig. 10b).

For these developed polymer electrolytes, the degradation of
PEO-based SPE during the operation of Li-air batteries has been
reported due to the superoxide attack.12> Apart from PEO, most of
the commonly used polymers, such as PVDF, PVDF-HFP, and
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Fig. 10 Fabrication of the flexible solid-state FRPC electrolyte: (a)
Schematic fabrication procedure. (b) Photo image to show the
flexible and bendable of the membrane. Reproduced with
permission from ref. 126, copyright 2016, National Academy of
Sciences, USA.

poly(acrylonitrile) (PAN), are reactive and unstable in the presence of
Li,0,.116 Besides chemical instabilities, the high charge potential can
also cause the decomposition of polymer electrolytes. For example,
the oxidative decomposition of PEO-based polymer electrolyte
starts around 4.5 V vs Li/Li*, while a large potential is often
observed during the charge processes (e.g., >4.5 V), resulting in a
great threaten of the electrochemical stability.22? To be
commercially viable, the charge potential for LABs should be as low
as possible (e.g., <3.5 V).32 Hence, searching for effective catalyst
materials to lower the charge potential still requires tremendous
efforts.128-130 Nevertheless, great attention should be paid to both
chemical and electrochemical stabilities of polymer electrolytes,
which are the prerequisite for the stable performance and long
cycle life.

4.3 Electrolyte-electrode interfacial issues

The electrolyte membranes can have the advantages of both high
mechanical strengths of solids and high ion conductivities of liquids
and thus are recognized as the best choice for flexible ZABs and
LABs. However, the interfacial properties between the electrolyte
and electrodes remain great challenging.

4.3.1 Metal electrode-electrolyte interface

The dendrites are critical issues for Zn- and Li-based batteries,
which can fracture from the metal electrode, resulting in capacity
losses;!8 or more seriously, can penetrate through the electrolyte
membrane, leading to short-circuits.13! Hence, with an increase of
cycling, the dendrite will fade the electrochemical performance and
even induce safety issues.132

Although zinc in alkaline electrolytes is highly reversible, its
non-uniform dissolution and deposition usually result in the
electrode shape change and/or dendritic growth. Different
approaches have been attempted to mitigate these problems, such
as coating the zinc metal and using additives in the zinc electrode
and/or the electrolyte.1820 Different from alkaline solutions,
polymer electrolytes appear to be useful in solving the zinc dendrite
formation and growth.133 Banik et al. used poly(ethylene glycol)
(PEG) as an effective electrolyte additive to suppress dendrites
during zinc electrodeposition. Results showed that the dendrite
suppression efficiency increases with PEG concentration.134 They
also reported the use of branched polyethylenimine (PEl) as
another electrolyte additive, through which the zinc
electrodeposition kinetics is suppressed due to the PEl adsorption
on the surface.3> Besides using polymeric additives, Lee et al.
developed a poly(acrylamide-co-acrylic acid) (P(AM-co-AA))-based
AGE with a conductivity of 0.48 S-cm~1. The zinc electrode with this
AGE after 100 charge-discharge cycles showed only slight
morphology change, demonstrating the effectiveness in
suppressing dendrite formation.13¢ Liu et al. developed an ionic
liquid-based AGE with a good conductivity of 2.2 mS cm-1 and good
mechanical stability.13” More importantly, the morphology of the
zinc deposits after 10 cycles of deposition/stripping is compact and
dense without any dendrite formation, showing the promise of this
AGE for rechargeable zinc-based batteries.

The uncontrollable dendritic lithium growth and limited Coulombic
efficiency during deposition/stripping have prevented the applications of
lithium electrode over the past 40 years.138 In GPEs where the aprotic
electrolytes contribute to the ionic conductivity, the dendrite growth
may be mainly affected by the electrolyte composition.13%-141 |t was
proposed that the reduction potential of the solvent, the size of the
salt anions, and the viscosity of the electrolyte are critical
parameters for the rate of dendritic growth.142 For instance, Choi et



al.  found that the addition of 1,1-pentyl-bis(2,3-
dimethylimidazolium) bis(trifluoromethanesulfonyl)imide
(PDMITFSI) instead of carbonate-based solvents lowered the
interfacial resistance of the GPEs and mitigated the dendritic
lithium formation, since PDMITFSI was used as a compatibilizer to
modulate the electrolyte-rich phase for a lithium deposit pathway
on the lithium metal anode.*3 In addition to the aprotic solvents,
the polymer matrix can also affect the dendrite. It was reported that
the GPEs with lower PAN concentrations suffered from reduced
mechanical strength, while higher PAN concentrations resulted in
increased bulk and interfacial resistance. With 5-17 wt% of PAN, the
dendrite formation was suppressed in GPEs.14

The lithium dendritic growth in a PEO-based SPE has been
reported by Brissot et al.14>-147 At a low current density (0.2 mA
cm~2), needle-like and particle-like dendrites were observed. While
at higher current densities (e.g., 0.7 mA cm~2), dendrites were not
seen during the first polarization, but a compact metallic layer was
formed instead. After several polarizations, dendrites were still
observed with a tree-like or bush-like shape.l#s The dendrites
induced a large change on the impedance component due to the
unstable electrode-electrolyte interface, and even caused the short-
circuits when reaching the opposite electrode.*8 Monroe and
Newman investigated the relationship between dendrite formation
and shear modulus, from which they proposed that for a polymer
material with Poisson’s ratio similar to PEO, the interfacial
roughening is mechanically suppressed when the separator shear
modulus is about twice that of lithium.14° In a later study, Khurana
et al. found that a cross-linked PE/PEO SPE with low-modulus (~1.0
x 10° Pa at 90 °C) could exhibit remarkable dendrite growth.50 |t is
proposed that SPEs with shear moduli of the same order of
magnitude as lithium could be used to suppress dendrite growth.
Liu et al. added nano-SiO; filler into the PEO-based SPE and found
that both the onset time of dendrite formation and the short-circuit
time were extended in the formed CPE.*5! This may be attributed to
the enhancement of the conductivity and the suppression of the
interface resistance between lithium and the CPE by the addition of
10 wt% acid-modified nano-SiO,. They further reported the
amplification of this electrolyte system by the addition of N-methyl-N-
propylpiperidinium  bis(trifluoromethanesulfonyl)imide (PP13TFSI) to
dramatically increase the onset time of dendrite formation from 15 to 46
h.152 Archer et al. reported a facile and scalable method of
fabricating tough and freestanding membranes that combine the
best attributes of SPEs, GPEs, and nanocomposites.153 PEO-tethered
silica particles were linked with difunctional poly(propylene oxide)
(PPO) to form the crosslinked nanoparticle-polymer composite in a
desired macroscopic shape. The hydrophobic polymer provides a
porous conductive pathway for Li-ion migration in a liquid
electrolyte phase, while the short hydrophilic oligomer tethered to
the nanoparticles provides structure and mechanical strength,
achieving the effectiveness in inhibiting dendrite growth.

In addition to the above-mentioned dendrite issues, the
passivation of the metal electrode is another critical issue. In ZABs,
when a zinc electrode is discharged and the product Zn(OH)s2~ has
reached its solubility limit, ZnO is precipitated on the metal
electrode surface.l® In LABs, the dissolved O,, highly reactive
intermediate species (such as superoxide radical), along with the
side products from the electrolyte decomposition (e.g., H20) lead to
serious contaminations of the lithium electrode, which causes the
formation of a passivated film (e.g., LIOH) on the lithium electrode
surface.1>* In both cases, the nonconductive ZnO and LiOH covering
the metal electrodes will inevitably change the electrode-
electrolyte interface, increasing the ion transport resistance,

leading to performance degradation and even failure of the metal
electrode.’® Therefore, when associated with the electrolyte
membranes, the metal electrode-electrolyte interface should be
well maintained to achieve a high reversibility of the metal
electrode.131.155

4.3.2 Electrolyte-air electrode interface

Besides the metal electrode-electrolyte interface, the electrolyte-air
electrode interface seems to be more complicated. As schematically
illustrated in Fig. 11, the catalysts at air electrodes have full access
to the liquid electrolyte in traditional ZABs. In contrast, the three-
phase boundaries are severely restricted in the solid configuration
due to the poor wetting property of the “immobilized” electrolyte.
Thereby, interfacial resistance to hydroxide ions transporting over
the catalyst surface is substantially higher than that of the aqueous
systems, leading to high overpotentials and undesirable low current
rates during battery operation.1® To solve this issue, developing
microporous-structured solid electrolytes with a high hydroxide ion
capacity and selectivity, as well as a strong mechanical property is
crucial. For instance, Chen et al. demonstrated a quaternary
ammonia-functionalized cellulose electrolyte membrane with an
interconnected porous structure, which is critically important to
retain a large degree of hydration for high ionic conductivity while
maintaining dimensional stability in the water-swollen state of the
membrane. Additionally, the uninhibited hydroxide ion availability
to the electrodes facilitates the charge-transfer process at the air
electrode during repeated cycles.”3

The similar issue also exists in LABs with polymer electrolyte
membranes.15¢ Take the SPE as an example, as illustrated in Fig.
123, the active reaction area where the gaseous oxygen, lithium
ion, and electron can interact, is restricted to the topmost surface
of the air electrode-electrolyte boundary. Hence, an improved SPE
structure should have a large active reaction area along the
longitudinal axis of the electrode for lithium ion transport, and
meanwhile be reasonably thin in close proximity to the electrode to
aid the smooth electron transfer to the gaseous oxygen (Fig. 12b).
Byon et al. used a hot-pressing technique to establish the active
reaction area by a thin coating of CNT with SPE and its integration
into a 3D structure, which enhanced the capacity of the battery.125
Zhou et al. developed an electrode made of lithium salt-modified
single-walled CNTs and an ionic liquid-based cross-linked network
gel and incorporated it into a LAB with a solid-state electrolyte.1>”
Benefited from the 3D continuous passage of electrons, lithium
ions, and oxygen supported by the electrode and the high lithium
ion conductivity of the electrolyte, a stable electrolyte-air electrode
interface was achieved, resulting in the improvement of cycling
performance.114
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Fig. 11 Illustration of the three-phase boundaries in different types
of electrolytes in Zn-air batteries. Reprinted with permission from

ref. 18, copyright 2017, Wiley-VCH.
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Fig. 12 Schematic illustrations of (a) limited 2D active reaction zone
in conventional CNT and SPE sandwiched structure and (b) enlarged
3D active reaction zone in 3D CNT/SPE architecture. Reprinted with
permission from ref. 125, copyright 2014, Nature Publishing Group.

In addition to the limited interfacial reaction areas, the high
interface resistance between the polymer electrolyte and Li,0; is
another challenge for LABs, resulting in a low energy efficiency and
even the instabilities of the electrode and electrolyte. In
conventional aprotic LABs, besides developing effective catalysts in
the air electrode,’%8 the use of redox mediator (RM) in the liquid
electrolyte is regarded as an effective approach to improve the OER
kinetics. During charge, RM is oxidized to RM* at the air electrode
surface as:

RM - RM* + e~ (9)
which in turn oxidizes the solid Li,O, into lithium ion and oxygen
with a reverse reaction into the initial state:

Li,O; + 2RM+ - 2Li* + O, + 2RM (10)
Different kinds of RMs have been developed in aprotic LABs,130.159-
163 while their applications in polymer electrolytes are still limited.
Zhou et al. reported a stable RM-decorated GPE, through which the
terminal charge voltages decreased due to the improved interface
between the electrolyte and the solid product.’®4 The similar
approach was reported by Li et al., in which the RM-decorated GPE
resulted in 100 cycles at a fixed capacity of 1000 mAh g1, which is
nearly twice the cycle number of the pristine GPE (55 cycles).116

Although the results from the RM-decorated GPE are
promising, it is worth noting that the lithium metal anode may be
attacked by a RM, limiting the cycle life.160.161 |n addition, the use of
RM is limited in the GPEs with the existence of liquid electrolytes,
while for the other polymer electrolytes such as SPEs and CPEs, how
to solve the high interfacial resistance between the solid Li,O, and
the electrolyte remains challenging.

These above-mentioned issues are crucial for ZABs and LABs
with electrolyte membranes. In flexible MABs, besides the internal
electrode-electrolyte interface issues, the external forces can also
cause the damage of the interfaces due to the different elastic
modulus of the electrodes and the electrolyte membrane. Hence,
when developing electrolyte membranes, the maintenance of
stable electrode-electrolyte interfaces, especially under bending
and even twisting conditions, is crucial for the stable operation.

5. Air electrode

The air electrode provides the reaction places for both ORR and
OER and is regarded as a significant component in MABs. As
illustrated in Fig. 2a, the ORR in ZABs occurs at the three-phase
boundaries so that an optimal hydrophilicity is crucial, which
requires hydrophilic microchannels for providing access to the
liquid electrolyte and hydrophobic counterparts to prevent
electrolyte leakage and facilitate gaseous oxygen diffusion.8 To this
end, a typical air electrode consists of a substrate and a catalyst
layer. The substrate provides a physical and conductive support for
the catalysts and a pathway for oxygen diffusion during discharge
and charge. The basic requirements include a high electrical
conductivity, high mechanically stability, and 3D porous structure.
The catalyst layer is composed of bi-functional catalysts, carbon
conductive matrix, and binders for ORR and OER processes. 74445158
The similar structure has also been applied in the air electrode of
LABs, although the hydrophilicity seems unimportant since most
organic solvents can easily flood the whole electrode to form two-
phase boundaries (Fig. 2b).2° To be employed in flexible MABs,
unfortunately, the conventional electrode with a rigid substrate
such as carbon paper become not applicable; and the one with a
high flexibility is essential. The catalyst materials applied in ZABs
and LABs have been summarized in a number of reviews.”36:44.158 5o
this section focuses on different kinds of flexible substrates that
have already been used or demonstrated the potential to be used
in flexible MABs. The carbon-based substrates, including the ones
made of woven carbon fibre and carbon nanomaterials, are first
summarized. Then, metal substrates, due to their high stabilities
and good fatigue resistances, are reviewed. Moreover, some novel
flexible substrates that have promising applications are also
introduced.

5.1 Carbon substrate

Different from rigid carbon paper, carbon cloth is made of woven
carbon fibers (Fig. 13a)¢5> and more mechanically flexible. Fu et al.
coated the perovskite lanthanum nickel oxide/nitrogen-doped
carbon nanotubes (LaNiO3/NCNT) catalyst on a flexible carbon cloth
and used as the air electrode in a flexible ZABs.”! Besides
LaNiO3/NCNT, cobalt oxide (Co304) nanoparticles were loaded on a
carbon cloth to form an air electrode.”? In addition to coating
catalysts and binders onto the surface of carbon cloth, directly
decorating catalysts on the carbon cloth surface for a free-standing,
binder-free, and integrated air electrode has been developed for
flexible ZABs and LABs.79.80,84-86,8891,132,166 For instance, Yu et al.
developed Nitrogen-doped Co304 nanowires on a carbon cloth as an
additive-free air electrode for flexible solid-state ZABs. The catalytic
activity is promoted by the nitrogen dopant through enhanced
electronic conductivity, increased oxygen adsorption strength, and
improved reaction kinetics. As a result, the ZAB based on the

Fig. 13 SEM image of (a) carbon cloth. Reproduced with permission
from ref. 165, copyright 2014, The Royal Society of Chemistry. (b)
carbon mesh. Reproduced with permission from ref. 167, copyright
2016, Elsevier.



optimized electrode exhibited a high volumetric capacity of 98.1
mAh c¢cm~3 and outstanding flexibility.”? Zhang et al. grew TiO;
nanowire arrays onto the carbon cloth and applied in a flexible LAB,
which showed superior electrochemical performances even under
stringent bending and twisting conditions.8> Meng et al. in-situ
coupled the strung CosN and intertwined N-C fibers on the carbon
cloth to obtain a free-standing and highly flexible bi-functional air
electrode. Originating from the synergistic effect of CosN and
Co-N-C and the stable 3D interconnected conductive network
structure, the electrode exhibited high electrocatalytic activities
and stabilities for both OER and ORR, enabling excellent
performance in cable-type flexible ZABs and LABs.!

Besides commercial carbon cloth, other substrates made of
carbon fibres have also been developed. Lim et al. reported a
substrate of carbonaceous meshes (CMs), which were formed by
the heat treatment of waste silk fabric, as shown in Fig. 13b.167 This
substrate not only has a hierarchical pore structure, but also
possesses favourable mechanical properties and chemical
stabilities, including a high electrical conductivity of ~150 S cm™?, a
tensile strength of 34.1#5.2 MPa, and an elastic modulus of
4.03+0.7 GPa. When applied in a LAB, the all-carbon-based CM
electrode delivered a high energy density of ~2600 Wh Kkgelectrode™
along with stable cycling.

In addition to carbon cloth and mesh, different kinds of carbon
nanomaterials have also been used to fabricate carbon substrates.
A free-standing film made of CNTs (also known as buckypaper) has
been developed without the employment of binders, preventing
the surface loss (Figs. 14a-b).168 In addition, the interconnected
CNTs form a porous structure with proper pore spaces,69
facilitating the transport of species. With these advantages, the
buckypaper has been applied as the air electrode in ZABs and
LABs.170-173 For instance, a buckypaper electrode made of MWCNTSs
in a LAB delivered a high specific capacity of 34,600 mAh genrt and
50 cycles at a fixed capacity of 1,000 mAh g-1.174 Besides using
alone, the buckypaper can also be used a platform for the catalyst
decoration to form an integrated electrode. Lim et al. decorated Pt
nanoparticles and obtained stable performance for over 130 cycles
at a high current rate of 2 A g1 in a LAB.Y75 Tan et al. used RuO,
nanoparticles to decorate the buckypaper and achieved an energy
efficiency up to 70%.168 Attributed to its superior mechanical
strength and flexibility (tensile strength: 11.53 MPa; elastic
modulus: 2.24 GPa)'73, the buckypaper is also a promising electrode
material for flexible MABs.87:90.92

Carbon nanofibers (CNFs) have also been used to fabricate a
free-standing and binder-free film, as shown in Figs. 14c-d.”*
Through electrospinning and carbonization, a flexible CNF film with
designed pore structure and a high electrical conductivity and
mechanical stability (tensile strength: 1.89 MPa; elastic modulus:
0.31 GPa) can be obtained.” Similar to the CNT film, the CNF film
can also be the platform for catalyst decoration.176-178 Xue et al.
fabricated a 3D hierarchical porous hybrid film composed of
NiCo,04 nanoparticle-decorated mesoporous nitrogen-doped CNF.
When served directly in LABs, benefiting from the structural and
material superiority, it exhibited a high specific capacity of 5304
MAh gelectrode™?, €Xcellent rate capability, and outstanding cycling
stability of nearly 100 cycles.’’® Liu et al. developed flexible
nanoporous CNF films as the air electrodes for ZABs.7* In a
conventional battery, it exhibited excellent electrochemical
performance, including a high open-circuit voltage of 1.48 V, a
maximum power density of 185 mW cm2, a round-trip efficiency of
62%, and a high stability with the voltage gap increased to only 0.13
V after 500 cycles. More importantly, a flexible ZAB with this
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Fig. 14 Free-standing electrode made of carbon nanomaterials: (a-
b) CNT paper: (a) photograph of the CNT paper, inset shows a disc-
like electrode with a diameter of 8 mm; (b) SEM image of the top
view, inset shows the image with a higher magnification.
Reproduced with permission from ref. 168, copyright 2015, The
Royal Society of Chemistry. (c-d) CNF paper: (c) photograph of the
flexible carbon nanofiber paper; (d) SEM image, inset shows the
thickness of the paper. Reproduced with permission from ref. 74,
copyright 2016, Wiley-VCH. (e-f) GNP/GO paper: (e) Photograph of
the as-prepared GNP/GO paper with a diameter of ~37 mm,
demonstrating its flexibility, inset shows the photograph of the
GNP/GO paper (cut using a hole punch with a diameter of 12 mm);
(f) SEM image of the top view, inset shows the image with a higher
maghnification (scale bar: 1 um). Reproduced with permission from
ref. 180, copyright 2015, Elsevier.

electrode displayed an excellent mechanical and cycling stability
with low overpotentials as well as a long cycle life even under
repeated bending conditions.

Graphene has great potential to be used for energy storage
systems due to its excellent electrical conductivity, extremely high
theoretical surface area (2630 m2 g-1),181.182 gnd high graphitization
degree, which makes it much more stable than other carbon
materials. In addition, graphene has high mechanical strength as
well as high flexibility, enabling the individual sheets to be arranged
into free-standing paper-like structures without any conducting
additives and binder.183 Cetinkaya et al. reported a free-standing
and flexible graphene oxide (GO) paper, which showed good
flexibility and could be directly used as the air electrode in LABs.184
Kang et al. fabricated highly flexible and porous free-standing
graphene papers, which were composed of graphene nanoplatelet
(GNP) and GO.185 |t reached a maximum conductivity of 176 S cm-!
with a thickness of 10 um and a high surface area of 278.9 m2 g1,
As shown in Fig. 14e, the GNP/GO paper is free-standing and had
sufficient flexibility to be bent, rolled, or even folded, and can be
easily cut using a hole punch. The SEM image (Fig. 14f)



demonstrates that the GNP/GO paper has a wrinkled and
disordered structure throughout the paper, which could be
attributed to the partial re-aggregation of the GNPs under the
holding effect of the GOs during the drying process. When applied
in a LAB, the GNP/GO paper electrode showed reversible cycles
with a relatively high energy efficiency of 87%.18° Besides using GO
along, a free standing a-Mn0,/GO composite paper was fabricated
by Ozcan et al, which showed the improved electrochemical
performance in a LAB.186

5.2 Metal substrate

Although carbon substrates have advantages of lightweight, easy
fabrication, and low cost, the carbon corrosion is a challenging issue
during the battery operation. In ZABs, when encountering highly
oxidative electrochemical potentials during charge, the carbon may
be readily corroded, 187,188 aggravating aggregation/sintering or even
leaching of catalysts, severely reducing the performance.!8 In LABs,
carbon materials can chemically react with the oxidative products
(e.g., LiO,, Li,0,)1891% or electrochemically decompose at high
charge potentials,1°! forming irreversible side products covering the
active sites at the air electrode, leading to the electrode passivation
and capacity fading during cycling.192 Consequently, preventing the
corrosion of carbon substrates is important for long-term
operation. One approach is to use carbon materials with a high
graphitization degree such as CNT and graphene. Another approach
is to choose metal-based substrates as the alternatives, such as
nickel form, stainless-steel (SS) mesh, and titanium mesh. They
provide higher electrical conductivities and electrochemically
oxidative stabilities and thus have been applied in both ZABs and
LABs.193-200 To be applied in the flexible metal-air batteries, a high
flexibility with good structural robustness is also crucial.

Chen et al. developed a 3D air electrode for ZABs through
directly growing Co304 nanowire as the active material onto the
surface of SS mesh.2°1 Non-conductive ancillary binding materials
are removed from the electrode, avoiding the decomposition of
binders and enhancing the electrical property and the
electrochemical stability. In addition, the mechanical flexibility of
the SS mesh allows bending of the electrode, showing the
significant potential for flexible device applications. Based on the SS
mesh, they also designed a hair-like catalyst array containing a
nanoassembly of two-dimensional (2D) mesoporous Co304
nanopetals in a one-dimensional (1D) nitrogen-doped MWCNT
(NCNT), as shown in Fig. 15a.72 This hair-like structure of the Co304-

{a)

Fig. 15 (a) Illustration and cross-sectional SEM images of vertically
aligned NCNT framework directly grown on the surface of every
individual SS mesh fiber. (b-c) Digital photos of the Co304-NCNT/SS
electrode (b) without and (c) with twisting the electrode to 360°.
The scale bar is 2 cm. Reproduced with permission from ref. 72,
copyright 2016, Wiley-VCH.

NCNT nanoassembly can provide intimate interfacial contact
between Cos04 and NCNT, favoring a low-resistance pathway for a
high flux of charge transfer during ORR and OER. Additionally, the
decoration of Cos04 nanopetals changes the wettability of the air
electrode and facilitates the diffusion of oxygen inside the electrode
during the ORR. Moreover, the air electrode exhibits a superior
flexibility, which could be twisted even at a torsion angle of 360°
(Figs. 15b-c). A flexible ZAB was built with this electrode, and the
discharge and charge potentials of the rolled-up battery remained
virtually unchanged at different angles, indicating a robust
mechanical integrity of the SS-based electrode.

Although other metal substrates also demonstrate good
flexibilities (e.g., nickel mesh, titanium mesh), their applications in
flexible MABs are still rarely reported. It is worth noting that even
though metals have improved electrochemical stabilities than those
of carbons, their long-term stabilities still require great attention.202
In addition, during bending, twisting, and even stretching processes,
the fatigue of metal substrates should be carefully addressed.
Moreover, compared with carbon materials, the larger densities of
metal substrates (e.g., nickel, steel) inevitably lower the practical
specific capacities and energy densities of the whole battery.203
These issues should be taken into consideration when developing
metal-based air electrodes.

5.3 Others

Besides carbon- and metal-based substrates, some novel types of
flexible electrodes have also been developed. Clark et al. developed
a paper-based ZAB through screen-printing a zinc composite anode
on one side of a paper sheet and a cathode on the other side.204
However, the paper/electrolyte combination has a limited ability to
take up anode oxidation products before suffering a reduction in
ionic mobility. Based on the commonly used paper, Zhang et al.
developed a paper-ink electrode through simply drawing ink on the
paper. Compared with conventional carbon electrode materials, it is
cost effective and synthesis facile. In addition, the active material
could homogenously adsorb onto the paper skeleton, ensuring the
formation of a free-standing structure. With this novel electrode as
both air electrode and current collector, a foldable LAB has been
achieved (Fig. 5a).82

Lin et al. proposed a novel free-standing air electrode by using
industrially wearable and highly conductive metal wire/cotton fibre
yarns.®* As schematically shown in Fig. 16a, by dyeing with RuO,-
coated nitrogen-doped CNTs (RuO,/N-CNTs) ink, a conductive and
flexible air electrode is synthesized (Fig. 16b). Compared with a
conventional air electrode, it has following advantages: First, the
inexpensive, flexible, lightweight cotton fibre bending with the
metal wire serves as a substrate of active material and the current
collector, making the battery foldable and bendable. Second, the
structure of multiple microfibrils bundled in the cotton fibre allows
to absorb a large amount of liquid electrolyte and effectively avoid
the leakage. Third, printing and dyeing properties of the cotton yarn
make it easy to load a variety of functional materials. When
assembled into a cable-type LAB, a discharge capacity of 1981 mAh
Bearbon T Was delivered. Besides, the battery could work for 100
cycles (over 600 h) without obvious degradation even under
bending condition, demonstrating outstanding flexibility and
stability.

One-dimensional conducting nanomaterials, such as metallic
nanowires (NWs), are good candidates for a conductive scaffold.205
They can form a highly porous and conductive framework when
randomly percolated, and serve as the catalyst for efficient
formation and decomposition of the discharge products in



MABs.206-209  Jung et al. designed a porous and carbon-free
conducting nanopaper (CNp), which is composed of conducting
NWs bound by a chitin binder as schematically shown in Fig. 16¢.210
Chitin is renowned for its chemical inertness to most organic
solvents and tendency to form crystalline supramolecules, while
employing a low amount (<1 wt%) of chitin binder to connect the
conductive skeleton can maximize the pores and active sites for
reactions (Fig. 16d). The structural integrity of the CNp is robust
enough that could be possible to cut the self-standing mat readily
into various geometries without structural collapse. When applied
in a LAB, the carbon-free CNp enabled more than 190 cycles (over
950 h), which was more stable compared to CNFs and CNps bound
by other binders.

For the further development of air electrodes, a novel
integrated design is expected which is directly growing
nanostructured catalysts on the substrates. Without additional
carbon matrix and binders, a high accessibility of active sites and a
low interfacial contact resistance can be provided. In addition, the
integrated air electrodes are directly synthesized without complex
preparation processes, benefiting the large-scale fabrication.!®
When choosing the substrate, the one with a high electrical
conductivity and chemical/electrochemical stabilities, as well as
mechanical robustness is demanded. In addition, the density should
be taken into account for a high specific capacity and energy
density.21! When developing the catalyst, searching for inexpensive
alternatives to noble metals, especially with bi-functional catalytic
activities, should be the ultimate target.” To determine the real
electrochemical activity, apart from using voltage profiles, more
quantitative methods are required.3® For example, early studies of
catalysts in LABs were later proven to catalyze the decomposition of
carbonate-based electrolytes rather than the desired formation and
decomposition of Li,0,.212 Even with a relatively stable solvent (i.e.,
TEGDME), Peng et al. used differential electrochemical mass
spectrometry (DEMS) to monitor the charge process and
demonstrated that the noble metal catalysts (e.g., Pd, Ru) did not
work according to the desired electrochemistry, but decreased O,
recovery efficiency and increased CO, evolution during charge,
impairing the reversibility.2!3 Hence, the electrochemical
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Fig. 16 Some novel electrode materials: (a) Schematic illustration
and (b) SEM image of the metal/cotton yarn electrode. Reproduced
with permission from ref. 94, copyright 2017, The Royal Society of
Chemistry. (c) Schematic structure and (d) SEM image of the
carbon-free conducting nanopaper. Reproduced with permission
from ref. 210, copyright 2017, American Chemical Society.

performance evaluation of the air electrode should be carried out in
a comprehensive scope.21* Moreover, in flexible ZABs and MABs, an
electrolyte membrane is applied instead of the liquid electrolyte so
that the electrolyte-air electrode interfaces are greatly changed as
introduced in Section 4.3.2. Therefore, tremendous research efforts
are needed to developing novel air electrodes associated with
effective substrates and catalysts.113

6. Operation management

Most ZABs are tested in the ambient air atmosphere. In
contrast, LABs are usually tested in the pure oxygen atmosphere
due to their high sensitivity to the moisture. While for practical
applications of flexible MABs, the operation in ambient air is
essential for achieving high capacities and energy densities.
Therefore, understanding the detrimental effects of carbon dioxide
and moisture on ZABs and LABs and corresponding solutions are
significant. Besides, the temperature in different seasons and
regions can vary significantly. The effects of temperature on the
battery performance are also important.

6.1 Gas contaminations
6.1.1 Effects of carbon dioxide on Zn-air batteries

When operating ZABs in ambient air, the carbon dioxide (CO3) can
easily react with alkaline electrolytes to form carbonates. The effect
of CO, on the electrochemical performance has been investigated in
conventional batteries. Results showed that the formation of
carbonates not only reduces the electrolyte conductivity, but also
clogs pores and decreases the active surfaces in the air electrode
when crystallization of carbonates occurs.!> Hence, the existence of
CO; in ambient air is a predominant threat to the operation of
alkaline ZABs.20

The effects of CO, poisoning on the electrochemical
performance of a ZAB with a solid-state electrolyte membrane
QAFC has been investigated by Chen et al.’? The galvanostatic
discharge and charge of the battery were performed under oxygen
and the oxygen containing 20,000 ppm CO; (~50 times higher than
that of air), respectively (Fig. 17a). Compared to the pure O,
condition, the initial higher polarization in the presence of CO; is
likely related to increased ion (OH- and CO327) transport resistances
of the membrane, correlating with the result that the membrane
with the anion type of CO32- has a smaller conductivity than that of
the membrane with the anion type of OH-. The polarization was
progressively smaller for the first 420 minutes, while after that only
a slightly higher polarization was observed. The results indicated
the reduction in the residual carbonate content in the QAFC
membrane, leading to the similar battery performance between the
case of pure O and CO,/0, mixture after 420 min. This may be
caused by a high level of in situ “self-purging” process occurring at
the air electrode, where OH- anions are continuously generated
through ORR under high current densities.21> Additionally, the
increased pH environment was beneficial for the reaction kinetics,
improving the battery performance. Hence, the charge-transfer
resistance of the battery in the present of CO, decreased after 420
min (i.e., 2010t min) compared to that at the initial stage (i.e., 90t
min), as revealed in the electrochemical impedance spectroscopy
(EIS) shown in Fig. 17b.

For flexible ZABs, although promising results have been
demonstrated in ambient air, the investigation of CO, effect on the
long-term stability is still absent. In ZABs for stationary energy
storages (e.g., power plan, EVs), CO; can be effectively removed by
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Fig. 17 (a) Galvanostatic charge and discharge cycling of the battery
using pure oxygen and 20,000 ppm CO, contaminated gas
reactants, respectively, at a current density of 250 mA g1 with a 60
min per cycle. Inset shows an extended view of the first 420 min. (b)
Corresponding Nyquist plots of the impedance of the battery at
designated time segments. Reproduced with permission from ref.
73, copyright 2016, The Royal Society of Chemistry.

passing the inlet air through a “scrubber” of inexpensive hydroxides
(e.g., soda lime and Ca(OH);) or amines (e.g. mono-
ethanolamine).216217 While for flexible ZABs which are used for
electronic devices, this method seems inapplicable. Developing an
oxygen selective membrane with a high selectivity may be helpful
for the robustness operation of ZABs in ambient air, but more
intensive studies are needed.

6.1.2 Effects of carbon dioxide and moisture on Li-air batteries

In comparison with ZABs, the operation of LABs in ambient air faces
more challenges. First of all, the common ambient air is a gas
mixture containing oxygen with a partial pressure of only 0.21
atm,32 which could greatly lower the electrochemical performance
since most of the reported battery performance was obtained in a
pure oxygen environment with a pressure equal to or greater than
1.0 atm.218-220 Besides, the water moisture in ambient air can
contaminate the lithium electrode, forming side products covering
the lithium surface and increasing the lithium ion transport
resistance, resulting in a waste of lithium and high
overpotentials.221-224 Moreover, both CO, and H,0 can participate
in the electrochemical/chemical reaction occurring in the air
electrode to form side products like Li,CO; and LiOH with poor
rechargeability.225226 They accumulate on the electrode surface
during cycling, decreasing the active sites and leading to rapid
degradation in performance or even failure in operation.2?’

To protect the lithium electrode from moisture, a ceramic
lithium conducting plate has been added in between the cathode
and the anode.??8 However, the fragile property hinders its wide
application, especially in flexible batteries. To this end, Choi et al.
introduced a poreless polyurethane (PU) membrane.?2® The
poreless character of the PU separator prevents water and oxygen
from penetrating and gaining access to the lithium metal surface,
while lithium ion diffusion is facilitated by high electrolyte uptake
through the interchain space. Due to the enhanced stability at the
lithium electrode-electrolyte interface, the battery exhibited more
than 200 cycles at a fixed capacity of 600 mAh g-1. Wu et al.
developed a super-hydrophobic H,O-preventing quasi-solid
electrolyte (SHQSE) membrane through coating super-hydrophobic
silicon dioxide (SiO) and polyisobutylene (PIB) binder onto the non-
woven fabrics.230 The prepared SHQSE membrane with the
thickness of 30 um can be bent at the large angle of 180° without
any crack, showing a good flexibility. It also exhibited a large H,O
contact angle of over 150° indicating the super-hydrophobic
surface. When incorporated with a hydrophobic ionic liquid-based

electrolyte membrane, a LAB could achieve a long cycle life in a
humid atmosphere with the RH of 45%. For flexible LABs, Zhang et
al. fabricated a PVDF-HFP based GPE with not only an excellent
bendability (Fig. 18a) but also a good hydrophobicity as displayed in
Fig. 18b,”> which might effectively prevent the penetration of
moisture into the lithium anode. As demonstrated in Fig. 18c, the
lithium rod with GPE is stable in water. In contrast, violent reaction
happened immediately without the GPE protection. As a result, the
cable-type flexible LAB with this GPE could still work even partially
immersed in water (Fig. 18d),%3°5 demonstrating the effective
protection of the lithium electrode.

Even though the lithium electrode is well protected, the
accumulation of irreversible side products (e.g., Li;COs, LiOH) in the
air electrode during air-operation is still a critical issue. Peng et al.
investigated the electrochemical performance of a sandwich-type
flexible LAB in ambient air with a RH of ~5% at room temperature.8”
They found that in addition to the formation of reversible Li,O, as
the main product, LiOH and Li,CO; were also detected with
increasing cycles. The accumulation of these side products during
long-period cycling was associated with the increasing charge
overpotentials. When operating at a higher RH of ~20%, the cycle
life degraded remarkably from over 180 cycles to less than 70
cycles. Similar results have also been reported for a cable-type
flexible LAB tested in ambient air with a RH of ~5%, in which LiOH
and Li,CO; were detected after five cycles.2 It should be noted that
the actual ambient RH could be between 50% and 70%, or even
about 90% in tropical or sub-tropical areas. Consequently, the effect
of actual RH on the battery performance and durability may be
underestimated from the above-mentioned studies. Hence,
effective approaches are needed to enable the stable
electrochemical performance. One solution is to use an oxygen
selective membrane as suggested for ZABs. However, the
substantial thickness and limited surface area of reported
membranes for LABs caused an increase in the oxygen transport
resistance, leading to a sacrifice in the performance.?31-23> Hence,
developing an oxygen selective membrane that with a high oxygen
permeability and selectively is still challenging.236.237 In addition,
finding proper catalysts that can efficiently promote the
decomposition of side products is another strategy. Zhou et al.
showed that Ru nanoparticles supported on Super P can help the

Fig. 18 Optical photographs of (a) the fabricated GPE at flat and
bend conditions, (b) water contact angle, (c) Li rod immersed in
water with (left) and without (right) the protection of the GPE
membrane, (d) A cable-type flexible LAB powered a commercial red
LED immersed in water. Reproduced with permission from ref. 93,
copyright 2016, Wiley-VCH.



decomposition of LiOH at a low charge overpotential (0.21 V).238
They further integrated a hydrophobic ionic liquid-based electrolyte
and an air electrode composed of MnO, and RuO, supported on
Super P, which enabled a LAB to be sustained in a humid
atmosphere (RH=51%) with a high discharge voltage of 2.94 V and
the low charge voltage of 3.34 V for 218 cycles.23 In addition to
Ru0,,240.241 it is found that the Au-decorated 6-MnO, could also
catalyze the decomposition of LiOH to some extent.22’ Focused on
CO,, Li et al. developed a Li-CO,:0; (2:1) battery in which Li,COs is
the main product that can discharge and charge reversibly.242
Moreover, rechargeable Li-CO, batteries have attracted research
interests recently,243-245 and the reversibility could be achieved
through CNT,244246 graphene,?4” and Ru nanoparticle-deposited
carbon,2#® and the decomposition mechanism has also been
investigated.249.250 Besides carbons, NiO was reported to be an
effective catalyst for Li;CO3 decomposition 2517253 and a ultrafine
iridium-decorated boron carbide (Ir/B4C) nanocomposite could even
decompose Li,CO; with an efficiency close to 100% at a voltage
below 4.37 V.24 These catalysts may be incorporated into the air
electrode to address the side products for enabling the stable
operation of flexible LABs in ambient air.

6.2 Temperature effects

In most reported flexible metal-air batteries, electrochemical
performance evaluation was conducted at room temperature (i.e.,
25 °C).7° However, the temperature variation in different seasons
and in different regions could be significant (e.g. -30 °C in winter in
some areas and 40 °C in summer in some parts of the world). For
wearable devices (e.g., smart watch, wristbands), a direct contact of
the human body may increase the operating temperature to a value
higher than 30 °C. Besides, the heat generation from chips in
electronic devices may further increase the operating temperature.
For ZABs, on the one hand, higher temperatures would increase the
solubility of carbonates and retard the precipitation;2° on the other
hand, the water loss may become severe, resulting in challenges for
the GPEs. For LABs, the reaction mechanisms could be affected by
temperature, leading to remarkably changed electrochemical
performance.25525% Thus, effective thermal managements are
critical for their electrochemical performance and durability. Cold
start of flexible MABs in the sub-freezing environment is also critical
for their application in cold regions. Therefore, apart from the
undesired gasses in the formation of side products, the
temperature effect is another factor that worth great attention in
the future research and should be properly managed.

7. Conclusions and outlook

In conclusion, significant progress has been made in the
development of flexible ZABs and LABs recently. Several
configurations have been developed to enhance mechanical
stabilities under different deformations while maintaining good
electrochemical performance, including high discharge capacity,
power density, energy efficiency, and long cycle life. However,
many technical challenges still remain and breakthroughs in several
critical areas are needed to develop a new generation of flexible
metal-air batteries with dramatically enhanced performance and
durability.

First, novel battery configurations are critical to meeting the
demands for mechanical flexibility of batteries. The sandwich-type
structure has been widely adopted, while a noteworthy design is
the cable-type structure with extreme omnidirectional flexibility,
which can be combined with textile technology to facilitate the
emergence of wearable electronic devices. Even with this advance,

to satisfy the requirements of bending, twisting, and even
stretching, more innovative ideas are highly needed for the battery
configuration. Different from the closed systems such as lithium-ion
batteries and supercapacitors, a large open ratio (e.g., 25%) should
be kept for the oxygen diffusion,?>” aggregating the design
difficulties and the implantation in the flexible electronic devices. In
addition, although some novel designs have been tried and some of
them have demonstrated their potential for future development,
few efforts have been made to optimize the structures and designs.
A combined effort integrating mechanics and electrochemistry
could be useful for understanding the electrochemical-mechanical
behaviours of the flexible batteries and for subsequent design
optimization.

Second, the energy density and cycle life of the current flexible
MAB:s still need to be improved. For flexible ZABs, energy densities
of 847.6 W h kgzn! and 5.7 Wh Lpattery™* have been achieved in a
sandwich-type battery’? and a cable-type battery,® respectively,
and a cycle life of over 500 h in ambient air has been
demonstrated.”? For flexible LABs, an energy density of 523.1 Wh
kg1 has been obtained in a bamboo slip-like battery,?> and a long
cycle life up to 356 cycles has been reported.8> However, the
uncertainty associated with the reported performance numbers of
the flexible MABs is lack of a standard for normalization of the
performance parameters. For example, the gravimetric (kg-1) and
volumetric (L™1) capacity or energy density should be normalized by
mass or the volume of the entire battery rather than by the catalyst
loading or the superficial electrode area. In addition, the energy
density and cycle life are usually measured under the initial
conditions without any deformations, while a clear definition of
“standard testing procedures” is yet to be defined to take into
consideration of deformation under service conditions. Hence,
more comprehensive mechanical testing should be used to evaluate
the flexibility of batteries or battery components, including bending
and/or twisting to different angles and testing the stabilities under
long bending/stretching cycles. It is important to establish a
standard benchmarking procedure and parameters for making a fair
comparison of this technology with other energy storage systems.
Also, a more systematically evaluation is necessary that includes
both mechanical flexibility and the electrochemical performance.

Third, the fabrication of flexible MABs requires a flexible
current collector, flexible electrode materials, a flexible electrolyte
membrane, and a flexible encapsulating material. To maintain
stable electrochemical performance under deformation, each
component must be carefully designed.

i) For the metal electrode, besides addressing the
conventional issues such as dendrite formation and surface
passivation, continuous bending and stretching of the metallic
plate may cause mechanical or electrical failure of the
electrode. In addition, the metal plate can hardly satisfy the
requirements of stretching. To this end, modifications such as
changing the electrode shape (e.g., spring-like for
stretchable), using a free-standing composite flexible
electrode, and forming a fatigue-resistant electrode should be
employed.

ii) For the electrolyte membrane, the gel polymer electrolytes
demonstrate a number of advantages including high ionic
conductivities and flexibilities, while the existence of liquid
electrolytes limits their long-term application in the open
systems due to the possible evaporation. Especially for LABs,
the flammable aprotic electrolytes also bring safety problems.
The solid and composite polymer electrolytes seem to be a
remedy, while they usually suffer from low ionic conductivity.



Besides, the electrolyte-electrode interfacial properties are
crucial. At the air electrode-electrolyte interface, the dendrite
formation and/or surface passivation will affect the
reversibility of the metal electrode; while at the electrolyte-
air electrode interface, the solid-state electrolyte membrane
results in the limited reaction boundaries; both of which are
detrimental to the electrochemical performance. Moreover,
the external force during the bending or twisting process may
damage the interfaces due to the different elastic modulus of
electrolyte and electrodes. These issues are worth great
attention in future developments of electrolyte membranes.
iii) For the flexible air electrode, different kinds of substrates
have been proposed, and a variety of bi-functional catalysts
have been developed. An integrated electrode with a high
electrical  conductivity, high  chemical/electrochemical
stabilities, high catalytic activities, as well as good mechanical
robustness is highly demanded. Importantly, more
quantitative methods are required to evaluate the
electrochemical performance in a comprehensive scope.

Besides these main components, other parts (such as the
flexible current collector and encapsulating materials) are also
important to the battery stability and performance, and intensive
investigations are needed.

Fourth, the operation management is highly important for the
practical application. As a half-open system, the contaminations of
carbon dioxide and moisture should be carefully studied and
addressed, especially for LABs. Using an oxygen selective
membrane is an effective approach to address the contamination
issues, but the one with a high selectivity and flux is still challenging.
Besides, the temperature variation in different seasons and regions
could be significant. In wearable electronic devices (e.g., smart
wristbands), the operating temperature may be fluctuated due to
the contact of the human body, affecting the electrochemical
performance. Hence, detailed investigations and corresponding
thermal managements are needed.

In summary, although flexible MABs have promising potential
among flexible energy storage systems, the research and
development of these devices are still in the early stage and many
technical hurdles are remained. Among them, the most critical one
is the lack of fundamental understanding of the coupled transport
and electrochemical process associated with the battery operation
under external mechanical forces. It usually involves a series of
elementary charge and mass transfer processes along the surfaces,
across the interfaces, and through the bulk of some phases in a
complex electrode, leading to difficulties in determination of the
rate-limiting step of the overall process. To unreal the detailed
mechanism and identify the rate-limiting step, it is necessary to
track the evolution in the structure, composition, and morphology
of electrodes as well as the charge and mass transport
characteristics during the battery operation and deformation. It is
necessary to use in situ/operando characterization tools to probe
the structure, composition, and morphology of electrodes under
operating conditions to correlate these microscopic features with
the electrochemical performance. In addition, multi-scale modeling
and simulation are imperative in gaining important insights into the
mechanism of these complex phenomena, which is vital to
achieving rational designs of better materials and novel battery
configurations for high-performance flexible MABs.2%¢ With
tremendous efforts, flexible MABs have potential to be the
promising power sources for flexible electronic systems. The
insights gained from innovative investigations may also benefit

other flexible energy storage systems such as flexible sodium
batteries and supercapacitors.
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