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Flexible rechargeable Zn-air batteries are considered as one of the most promising battery systems to
drive flexible and wearable electronic devices owing to their high safety, high gravimetric energy density,
low self-discharge and low cost. One of the key challenges is to develop air electrodes with high
performance and high mechanical flexibility. This minireview discusses the recent progress in the design

and fabrication of flexible air electrodes. It focuses on the latest innovations in bifunctional oxygen
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reduction reaction and oxygen evolution reaction electrocatalysts, mainly including carbon-based
materials (e.g., heteroatom-doped carbon, metal-nitrogen moieties doped carbon), metal oxides (e.g.,
spinel oxides, perovskite oxides) and their composites. It aims to provide an insight into the structure-
property relationship of bifunctional catalysts. We also discuss the challenges and future perspectives.
© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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1. Introduction

Currently there has been an ever-growing market for flexible and
wearable electronics such as roll-up displays, e-textiles, wearable
sensors and human interaction devices [ 1-9]. These flexible devices
can be rolled, bent or twisted while maintaining their functions,
which are accelerating revolutionary changes in our life. A reliable
and stable power supply is an indispensable part of these devices.
Amongst various power sources, flexible metal-air batteries are
considered as one of the most promising candidates due to high
gravimetric energy density and light weight [10-18]. In particular,
flexible zinc-air (Zn-air) batteries are highly attractive, as they are
safer compared to lithium-air and sodium-air batteries that involve
the use of flammable electrolytes [17,19-24]. They can be charged
more efficiently in an alkaline electrolyte compared to magnesium-
air and aluminum-air batteries [25-27]. Zn-air battery has a
theoretical energy density of 1218 Wh/kg, three times higher than
that of the widely used Li ion battery (400 Wh/kg) but at a much
lower manufacturing cost of 160-200 US$ kW/h in contrast to that
400-800 US$ kW/h for Li ion battery [15,25]. Therefore, Zn-air
batteries are considered as a next generation battery technology
beyond lithium batteries, and flexible Zn-air batteries is a promising
energy storage system to drive the above mentioned flexible and
wearable electronics (Fig. 1).
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A Zn-air battery involves the dissolution and deposition of Zn at
anode, oxygen reduction reaction (ORR) and oxygen evolution
reaction (OER) at air cathode in an alkaline electrolyte (Fig. 1).
During the discharge process, oxidation of Zn occurs at anode (Egs.
1 and 2), and the released electrons travel through an external
circuit to air electrode. The generated hydroxide ions migrate to Zn
electrode, forming zincate ions (Zn(OH)42~) (Eq. 1), which further
decompose into insoluble zinc oxide (ZnO) (Eq. 2). Meanwhile,
oxygen molecules diffuse to air electrode and are reduced to form
hydroxide ions (Eq. 3) at the three-phase boundary between
oxygen (gas), electrolyte (liquid), and active material (solid). An
equilibrium potential of 1.65V is generated from the overall
reaction (Eq. 4). Reverse reactions (Eqs. 5-7) are involved in the
charge process for Zn-air batteries [25].

During the discharge process:

At Zn-electrode

Zn + 40H™ — Zn(OH)4 2 +2e~ (1)

Zn (OH)42~ - ZnO + H,0+20H" (2)
At air-electrode

0,+2H,0+4e — 40H" (3)

Overall reaction: 2Zn+ 0, — 2Zn0 (E=1.65V) (4)

During the charge process:
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Fig. 1. Schematic illustration of the working principle of Zn-air batteries and their potential applications.

At Zn-electrode

ZnO+H,0+2e - Zn+20H" (5)
At air-electrode

40H™ - 0,+2H,0+4e~ (6)
Overall reaction:

27Zn0 - 2Zn+0, (7)

Currently air electrodes for Zn-air batteries face challenges of
large over-potentials, low energy efficiencies and low cycle
stabilities, owing to the sluggish kinetics of ORR and OER that
are determined by properties of electrocatalysts. Hence electro-
catalysts with both high catalytic ability to ORR and OER have
being extensively explored for decades [28-37]. The electrochemi-
cal reduction and evolution of oxygen under alkaline conditions
are very complicated that involves two reaction pathways: a four-
electron reaction (Eq. 8) and a two-electron reaction (Eqs. 9-11).
Oxygen is directly reduced to OH™ via a 4e™ transfer with an
equilibrium potential of 0.401V versus reversible hydrogen
electrode (RHE). However, the two-electron reaction pathway
involves two steps and produces OH™ or HO, ™, which reduces the
ORR and OER efficiency. Moreover, the membrane separator used
in the battery system can be destroyed due to the strong oxidizing
agent of HO, ~, thus leading to limited cycle life [38,39]. Therefore,
the four-electron reduction pathway is highly preferred for
realizing high efficiency as well as avoiding the premature
degradation of batteries [40].

Four-electron reduction pathway :

0, +2H,0+4e~ - 40H E°=0.401V (8)
Two-electron reduction pathway :
0,+H,0+2e - HO, +OH E°=0.076V (9)

HO,™ + H,0 + 2e~ - 30H E°=0.878V (10)

2HO, - 20H +0,

The sluggish ORR and OER reactions of air electrodes can be
ascribed to the strong O=0 bond (498 kJ/mol) [15,41,42]. For
flexible/wearable batteries application, these air electrodes should
be with a high level of flexibility in addition to the high
electrochemical performance.

There have been quite a few excellent review articles regarding
to the configuration and performance of Zn-air batteries [24,43,44]
and flexible metal-air batteries [27,45-48]. These reviews mainly
focused on the design of flexible metal-air battery components,
such as electrodes (carbon-based and non-carbon-based electro-
des) [27,46], electrolytes (liquid and solid-state electrolytes) [46]
and configurations (planar, woven-type, cable-type and sandwich
structure) [24,45,46]. So far, few dedicated reviews about the
bifunctional electrocatalyst-based flexible air electrodes for
flexible Zn-air battery are available. Therefore, it is the time to
summarize the recent progress in such air electrodes for flexible
and wearable Zn-air batteries. This review focuses on two widely
investigated catalysts including carbon based and metal oxide-
based materials.

2. Carbon-based materials

Carbon nanomaterials have been widely explored as electro-
catalysts for ORR owing to their good electrocatalytic ability,
abundance, low cost and environmental friendliness [49]. Their
use as oxygen electrocatalysts for wearable Zn-air batteries have
attracted attention due to their intrinsically flexible nature and
catalytic ability [48,50]. However, carbon materials catalyze the
ORR reaction mostly through a two-electron pathway and generate
H,0,, and thus offer poor OER catalytic activity [39,51]. They also
suffer from the carbon corrosion problem under the oxidation
potentials of OER, which can cause the catalysts agglomeration
blocking active sites thus deactivating the catalytic ability [52,53].
Therefore, different approaches have been applied to improve their
electrocatalytic properties mainly from two aspects: regulating
electronic structure of carbon atoms and increasing the number
of active sites. This material family mainly include heteroatom-
doped carbons and metal-nitrogen moieties doped carbon
materials [28-30,54-59].
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2.1. Heteroatom-doped carbons

The doping of heteroatoms into carbon materials is a widely
used strategy to achieve high electrocatalytic activity for ORR and
OER by regulating the electronic structure of carbon atoms
[55,60-65]. The commonly incorporated heteroatoms mainly
include N, P, S and B [15,22,29,57,66-68]. The regulated carbon
atoms are believed to be the active sites responsible for the
excellent electrocatalytic activity. These heteroatoms can create
net positive charge around carbon atoms leading to improved
chemisorption of oxygen and electron transfer [65,68]. More
importantly, the heteroatom-doping can greatly boost the ORR
activity leading to favorable formation of OH™ via the four-
electron pathway, especially for N-doped carbon materials [63,69].
In addition to single atom doping, the doping of binary (e.g., P/N,
B/N and S/N) and ternary (e.g., P/B/N, B/F/N) heteroatoms into
carbon materials have also been verified as an efficient strategy
to achieve outstanding electrocatalytic activity and stability for
Zn-air batteries [31,62,63,70-75], owing to the synergistic
electronic interactions between different dopants and adjacent
carbon atoms [76]. Herein, we will focus on discussing the
electrocatalytic performance as well as the flexibility and
mechanical strength of air electrodes with heteroatom-doped
carbon material catalysts.

Liu et al. [50] developed a flexible nanoporous carbon nanofiber
film (denoted as NCNF) with a large specific surface area of
1249m?/g by high temperature pyrolysis of the electrospun
polyimide fiber films. These films were highly flexible and
mechanically strong (Figs. 2a and b). They could recover the
original state even after being repeatedly bent for more than 500
times. Such high flexibility may be related to the polar interactions
associated with the constituents of oxygen, nitrogen, and/or
hydrogen atoms along the polymer backbone. This material
displayed an excellent ORR performance via a four-electron
efficient pathway with an onset potential of 0.97V and a high
current density of 4.7mA/cm? as well as an excellent OER
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Fig. 2. (a) Schematic illustration of the fabrication procedure toward the NCNF. (b)
Photographs of flexible NCNF film. (c) Galvanostatic discharge-charge curves for Zn-
air battery with NCNF-1000 as catalyst under different bending strain. Adapted with
permission [50]. Copyright 2016, John Wiley and Sons.

performance with an onset voltage of 1.43V at 10mA/cm?, which
were better than commercial Pt/C (ORR current density of 4.4
mA/cm?) and IrO, (OER onset voltage of 1.50V at 10 mA/cm?). It
is worth mentioning that the assembled all-solid-state Zn-air
battery with NCNF film air cathode, Zn foil anode and alkaline poly
(vinyl alcohol) (PVA) gel electrolyte, exhibited stable charge and
discharge potentials for 6 h even when the battery was being bent
or folded back and forth (Fig. 2c). After 500 cycles (about 83 h), the
NCNF air-cathode showed a slight performance loss with a small
increase in the voltage gap by 0.13 V. These results demonstrate
that NCNF-based Zn-air batteries have the potential for application
in flexible and wearable electronic equipment.

The mechanism of nitrogen heteroatoms for promoting the
electrocatalytic activity of carbon to ORR and OER have been
investigated and elucidated by many researchers [68,77-79]. It is
generally believed that the doping of nitrogen into carbon creates
a positive charge nearby carbon atoms, which favors the
chemisorption of oxygen and electron transfer [80]. During the
charge process, it can easily adsorb OH™ onto N-doped carbon
materials surface, as well as facilitate the transfer of intermedi-
ates such 0,%" and 0% [81]. Therefore, the modulated carbon
atoms by nitrogen atoms provide more active sites with enhanced
charge transfer, leading to improved electrocatalytic activity for
ORR and OER.

Combining N with another heteroatom, like P or S, forming co-
doped carbon can further change the surface electronic states and
polarities of carbon atoms for improved electrochemical perfor-
mance. Chen et al. reported nitrogen and phosphorous co-doped
carbon spheres (NPCS) which exhibited better electrocatalytic
performance than that of commercial Pt/C and RuO, [28]. They first
prepared porous polyaniline particles in the presence of phytic
acid, and then N, P co-doped carbon spheres by pyrolysis.
Theoretical calculations illustrated that the N, P-doping at the
edges of porous carbon structure with large surface area played a
dominant role in achieving high electrocatalytic performance for
ORR and OER. A Zn-air battery was assembled with NPCS coated
carbon cloth as cathode, Zn plate as anode and polyacrylic acid as
gel electrolyte. It displayed a specific capacity of 642 mAh/g,,
and long-term stability with no obvious voltage decay even when
the battery was being bent to different angels. Chen et al. [82]
developed N and S co-doped carbon textile (N, S-CC) by combining
the carbothermic reaction and hydrothermal process. Benefiting
from the dual-doping, this N, S-CC catalyst exhibited excellent
electrochemical activity and durability for ORR and OER, even
better than that of transition-metal catalysts. The potential of the
N, S-CC electrode at 10 mA/cm? remains rather stable over 25,000 s
in 1mol/L KOH. N, S-CC without loading other materials yields a
low AE value of 0.87V in 1mol/L KOH, outperforming the
benchmark catalyst loaded CC such as Pt/C-CC and RuO,-CC
(110 and 1.02V). The assembled flexible Zn-air battery coupled
with zinc foil anode and alkaline gel electrolyte also demonstrated
a stable charge/discharge capacity over 120 cycles at 5mA/cm?
under different bending conditions, and a higher power density
than those of Pt/C and RuO,.

Lee’s group developed a 3D hybrid carbon nitride fiber network
with high N content and P, S co-doping (denoted as PS-CNF), which
offered an excellent catalytic ORR/OER performance and long-term
durability with high mechanical strength for application in flexible
Zn-air batteries [83]. They first prepared a stable polymeric C-N
network via polymerizaiton at 300 °C (Fig. 3a) which was used for
the in situ growth of a three-dimensional structure of P and S co-
doped C-N nanofibers. The assembled flexible all-solid-state Zn-air
battery with Zn foil anode and alkaline PVA gel polymer electrolyte
exhibited excellent flexibility and cycling durability even when
being bent to different angles (Figs. 3b and c). There was no obvious
voltage difference before and after being bent to 120° for 100 cycles
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Fig. 3. (a) Schematic illustration of the in-situ fabrication process of P,S-CNF on carbon cloth. (b) Optical image of the prototype flexible Zn-air battery (ZAB) with P,S-CNF air
electrodes. (c¢) Digital photographs of flexible ZABs upon being bent to various angles. (d) Discharge curves of flexible ZAB with PS-CNF under different bent conditions. Inset:
Discharge curves of PS-CNF and Pt/C air electrodes in flexible ZABs. Adapted with permission [49]. Copyright 2017, the Royal Society of Chemistry.
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under a discharge current of 2mA/cm? (Fig. 3d). Remarkably, P,S-
CNF electrode showed excellent performance, a longer discharge
time of ~9h and a higher voltage plateau of ~1.1V, compared to
that 6 h discharge time and 1.0 V voltage plateau for Pt/C electrode.
They also mentioned that this Zn-air battery had a relatively low
discharge voltage compared to conventional liquid Zn-air battery,
owing to the high contact resistance and poor ionic conductivity of
PVA polymer gel.

2.2. Metal-nitrogen moieties doped carbon materials

In addition to the above mentioned non-metal-heteroatom-
doped carbon materials, metal-nitrogen moieties-doped carbon
materials (M-N-C) have also demonstrated significantly improved
electrochemical performance in flexible Zn-air batteries [21,84-
86]. Metal-nitrogen moieties-doped carbon materials (M-N-C)
formed by introducing nitrogen atoms into the carbon materials
and coordinating with metal atoms can enhance the interaction
between metal species and carbon materials during ORR and OER
[85]. The metal-nitrogen coordination structure with high-valent
metal ions plays the key role in catalyzing oxygen reactions. This
type of structure within a conductive and porous carbon matrix
allows the accommodating of rich active sites as well as promotes
the charge and mass transfer. Carbon material as the catalyst
support could facilitate electron transfer and enable the flexibility
for metal-nitrogen catalysts owing to its excellent electrical
conductivity network and flexible nature. M-N-C structural
defects induced by heteroatoms nitrogen doping on edges of
carbon materials are reported to be favorable anchoring sites for
metal atom due to the varied electron distribution on the defect
site atoms [87]. Du et al. [85] designed N and Mo co-doped
graphene (Mo-N-C) which exhibited a small potential difference of
0.8V between the ORR half-wave potential (E;,) and OER
potential at 10mA/cm? (E; = 10) in the same 0.1 mol/L KOH
solution, which is even smaller than that of the Pt/C-IrO,
combination. The great bifunctional ORR and OER electrocatalytic
performance of Mo-N-C can be considered as the result of the
more equidistant distribution of the free energy in each individual
charge transfer step of the whole reaction sequence. Zhang et al.
[86] fabricated three-dimensional (3D) bifunctional electrocata-
lyst which composited by CoNi alloy nanoparticle and carbon
nanotube decorated N-doped carbon nanosheet arrays on carbon
cloth (CoNi alloy/NCNSAs) via pyrolyzing polymetallic organic
frameworks. This material exhibited superior ORR and OER
electrocatalytic activities, such as a smaller potential difference
of 0.676V between OER and ORR half-wave potential, which is
ascribed to the 3D hierarchical nanostructure promoted the mass
transport, the higher graphitization facilitated the electronic
mobility and the evenly dispersed active sites accelerated the
kinetic reactions.

Tang et al. [54] prepared Co/N/O tri-doped graphene mesh
(denoted as NGM-Co) via direct carbonization of the mixture of
melamine, cobalt nitrate, gelatinized amylopectin and Mg(OH),.
During the preparation, gelatinized amylopectin was carbonized to
form few-layered graphene flakes and in-plane nanoholes after the
removal of MgO template. They utilized the intrinsic structural
defects in graphene sheets to generate the Co-N,-C catalyst with a
hierarchical porous structure and highly active sites for catalytic
reaction. Such NGM-Co electrodes exhibited impressive electro-
catalytic activities to oxygen reduction reactions and high
flexibility. It could deliver a maximum power density of
152mW/cm?, a stable discharge voltage around 112V at
20.0mA/cm?, a high energy efficiency of 63% at 1.0 mA/cm?, and
a small charge/discharge voltage gap of 0.7V under different
bending angles (Fig. 4). This outstanding Zn-air battery perfor-
mance was ascribed to the abundant hierarchical porous structure
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Fig.5. (a) Schematic of a flexible cable-type Zn-air battery. (b) Discharge curves of
cable-type Zn-air battery by applying bending strain. (¢) Discharge curves of
stack-type and cable-type Zn-air battery with and without Fe/N/C electrocata-
lysts. Adapted with permission [21]. Copyright 2014, John Wiley and Sons.
(d) Linear sweep voltammetry (LSV) curves of FeNC-Fe,C/Fe, Ru,0 and Pt/C
catalysts for both ORR and OER. (e) Polarization and power density curves of the
liquid Zn-air batteries using different catalysts. (f) Galvanostatic discharge-charge
cycling curves for all-solid-state rechargeable Zn-air batteries under different
bending strains. Adapted with permission [84]. Copyright 2018, John Wiley
and Sons.

between NGM-Co sheets. The structural hierarchy together with an
improved surface hydrophilicity favored the mass transfer in the
catalytic reaction. Moreover, the abundant defective edges in
graphene sheets facilitated the coordination of cobalt atoms with
pyridinic N, resulting in the generation of highly dispersed Co-Ny-C
species. Consequently, the charge distribution on the sp?-
conjugated carbon matrix was effectively modified by Co-N4-C
and oxygen functional group towards the optimal chemisorption of
intermediates, which facilitated electron transfer leading to greatly
improved catalytic activities to ORR. However, their effect on the
OER activity was limited [81].

Meng et al. [88] introduced Co4sN/CNW/CC catalysts containing
active sites of metallic CosN in combination with Co-N-C onto
carbon fibers network of carbon cloth building a highly efficient
bifunctional ORR/OER electrode for flexible Zn-air battery. This
material could harness the advantages of superior OER activity
from Co4N and superior ORR activity from Co-N-C. Co4N overcame
the intrinsically low electrical conductivity of semiconducting Co-
based oxides [89], and the transition metal in coordination with N
created active sites for ORR. Similar as Co, the transition metal Fe
coordinated with N atom demonstrated a promising catalytic
ability to ORR as well, as it could effectively optimize the ORR
intermediate adsorption [90,91]. In 2015 Cho’s group first



1004 X. Lang et al.| Chinese Chemical Letters 32 (2021) 999-1009

fabricated an all-solid-state cable-type flexible Zn-air battery with
an air electrode based on Fe/N/C electrocatalyst, a zinc foil anode
and gel polymer electrolyte (Fig. 5a) [21]. The Fe/N/C catalyst was
prepared by pyrolyzing the precursor composed of iron acetyla-
cetonate, Ketjen black and silk fibroin. During the battery bending
test at 0.1 mA/cm?, no obvious changes were observed in the
discharge voltage profiles under different bending conditions
(Fig. 5b). The discharge curves of Zn-air battery based on Fe/N/C
nonloaded and loaded air electrodes were shown in Fig. 5c. The
Fe/N/C loaded air electrode demonstrated higher voltage plateau
and longer duration time than the nonloaded in either stack-type
or cable-type Zn-air batteries, which indicates that this type of
Fe/N/C electrode was suitable for the use in flexible Zn-air
batteries.

It was reported that iron-carbide-containing iron clusters
(FexC/Fe) may also be formed accompanied with the preparation
of Fe/N/C during the pyrolysis [92]. The reduced Fe species as
effective catalytic centers for ORR improved the catalytic
efficiency of Fe/N/C systems [93]. Another method of promoting
the electrocatalytic activity of an Fe/N/C system is to introduce
electron-negative elements into carbon-based catalysts (e.g.,
sulfur) [94]. Qiao et al. [84] introduced Fe-S bonds into the
Fe/N/S system forming FeNC-S-Fe,C/Fe catalyst in order to
enhance the ORR activity, which was formed by pyrolyzing the
mixture of polyaniline nanofibers and zeolitic imidazolate
framework with sulfur power. The theoretical calculations and
control experiments showed that the original Fe/N, active centers
could be enhanced by the formed Fe,C/Fe clusters and C-S-C and
Fe-S bonds. Accordingly, the FeNC-S-Fe,C/Fe catalysts exhibited
outstanding ORR/OER activity and durability in acidic electrolyte.
In addition, FeNC-S-Fe,C/Fe also showed smaller potential
difference (0.68V) between the ORR E;; and the OER Eqo than
that of Pt/C and Ru,0 even in an alkaline medium (Fig. 5d). In
liquid Zn-air battery, FeNC-S-Fe,C/Fe showed higher power
density and higher open-circuit voltage than that of Zn-air
batteries with FeNC-Fe,C/Fe and Pt/C catalysts (Fig. 5e). For
flexible Zn-air battery, such electrodes demonstrated excellent
electrocatalytic activity for Zn-air batteries, and outstanding
stability under different bending angles as evidenced by minimal
voltage changes during the bending tests (Fig. 5f).

3. Metal oxide and composites

Metal-based materials are considered as promising electro-
catalysts with remarkable performance in metal-air batteries due
to their conspicuous advantages including good fatigue resistance,
high electrical conductivity and electro-oxidation stabilities. For
Zn-air batteries, different kinds of metal materials have attracted
attention spanning from noble metals (Pt, Ru, Pd) to rare earth
metals (La, Yb, Ce) and transition metals (Ni, Co, Mn, Fe) [30,56,95].
For flexible electrocatalysis electrodes, a variety of metal-based
materials have been reported. They include metal alloys (NiCo,
FeCo), metal oxides (spinels, perovskites, rutile), metal hydroxides,
metal nitrides, metal phosphides, metal organic framework
materials, and metal-doped materials [56,95-100]. Most of the
metals have more than one valence, and the electron transfer
between different valence states form redox couples during ORR
and OER [23]. The electrocatalytic activity can be controlled by
adjusting the chemical constitution, crystal structure and oxida-
tion state of metal oxides.

Transition-metal oxides (TMOs), in particular those mixed
oxide varieties, possess the attributes of rich redox chemistry,
relative abundance and low cost. They have demonstrated great
potential as oxygen catalysts for energy storage and conversion
[101-105]. Transition metal oxides are excellent oxygen-related
catalysts in which the binding of adsorbents to metal cations

(M) is neither too strong nor too weak [106]. With overall
understanding of crystal structure for common transition metal
oxides, it has confirmed that the [MOg] octahedral configuration
can effectively accelerate the charge transfer process during a
redox reaction [107]. In the octahedral field, the 3d orbit of
transition metal is split into e and t,g. It thereof determines the
energy gained by both the adsorption/desorption of oxygen on
transition metal ions [108]. In order to achieve enhanced
electrocatalytic ability to oxygen, different methods have been
developed to tailor the electronic structure of metal active sites,
including surface modification, structural adjustment and ele-
ment doping [20,32,33,56,95,109-111]. Jiang and co-workers
fabricated an ultrathin one nanometer CoO, supported on
metallic Co/N-doped graphene substrate (CoO,/N-RGO) by a
simple ligand-assisted calcination method [112]. The ultrathin
CoOy layer structure not only provided abundant active sites and
accelerated electron conduction, but also facilitated electron
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Fig. 6. (a) The model of spinel crystal structure. Adapted with permission
[107]. Copyright 2017, Wiley-VCH. (b) Schematic diagram of the preparation
procedure of flexible air electrode. (c) Optical photographs of integrated devices
consisting of a flexible Zn-air battery and a flexible display unit under various
bending radii. (d) Galvanostatic discharge and charge testing of flexible Zn-air
battery under various bending radii. (e) Discharge performance of flexible Zn-air
batteries using ultrathin Co30,4/CC electrode and commercial ultrathin Co304/CC
air electrodes before and after the repeated bending at a bending radius of 28 mm
for 300 cycles. Adapted with permission [20]. Copyright 2017, John Wiley and
Sons.
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transfer with Co/N-doped graphene, resulting in excellent oxygen
electrocatalytic performance. Moreover, at the atomic scale,
ultrathin CoOy exhibited the advantages of ultrahigh flexibility,
cycling stability and lightweight, which are the most desirable
merits for wearable electronic devices.

Spinel and perovskite oxides are transition metal oxides with
special crystal structures and abundance oxygen vacancy that
offer excellent catalytic activity [16,107], and they have been
extensively investigated as bifunctional electrocatalysts for ORR
and OER in Zn-air batteries. Spinel oxides can be synthesized by
simple method with stable catalytic performance, and have low
cost and multi-oxidation states. As for spinel oxides, perovskite
oxides have also gained attention in the area of oxygen electro-
catalysis owing to their earth-abundant elements, thermal
stability, structural flexibility and excellent electrocatalytic
performance [95,100]. Therefore, this minireview will highlight
the recent progress on flexible metal oxides-based electrodes for
Zn-air batteries and mainly focus on spinel, perovskite oxides and
their composites.

3.1. Spinel oxides and composites

Spinel oxides are generally expressed in a formula of AB,04 (A:
Mg, Ni, Fe, Co, Mn, etc.; B: Al, Fe, Co, Cr, Mn, Ni, etc.), in which
oxygen anions are in the form of cubic close packing, 1/8 of the
tetrahedral sites are occupied by A atom, whereas 1/2 of the
octahedral sites are occupied by B atom (Fig. 6a) [107]. Spinel
oxides with mixed valences exhibit electrical and semiconducting
properties which allow them to be used directly as electro-
catalysts, and the transfer of electrons can occur at relatively low
activation energy [107]. Spinel oxides as bifunctional oxygen
electrocatalysts for Zn-air batteries have demonstrated excellent
discharging/charging performance and stability [56,113]. For
wearable Zn-air batteries, flexible air electrodes can be designed
via changing the construction and composition of spinel oxides. Di
and Li [49] utilized lightweight conductive nitrogen-doped carbon
nanotubes as substrate for loading cobalt oxides nanoparticles
(Co304/N-CNT), in order to provide more channel for gas diffusion
and improve the electrocatalytic activity for ORR and OER. The
solid-state Zn-air battery assembled with Co304/N-CNT aerogel
films exhibited a long-term stable open-circuit potential, as
revealed by the negligible change for charge transfer resistance
upon a 90° bending. However, they did not discuss the battery
performance regarding to the energy density and power density.
Zhong and co-workers [20] first developed an integrated
electronic device, consisting of a flexible Zn-air battery integrated
with a flexible display device. The assembled flexible Zn-air
battery composed of Cu deposited Zn anode, spinel Co304/CC air
electrode, and hydrogel electrolyte. The preparation procedure of
the Co304/CC flexible air electrode is shown in Fig. 6b. Co(OH), was
grown in situ on the surface of carbon fibers in carbon cloth by
electrodeposition, then Co304/CC was formed upon annealing at
400°Cin air. In this work, Zn-air batteries did not exhibit obviously
changed galvanostatic charge/discharge behaviours under various
bending radii of 0, 13, 28 and 51 mm (Figs. 6¢ and d), also no
obvious change in the discharge performance before and after
being repeatedly bent at a bending radius of 28 mm for 300 cycles
either (Fig. 6e). Such high mechanical stability and excellent
rechargeable performance of Cos04/CC air electrode could be
ascribed to the strong adhesion of Co304 on conductive CC support.
Ji et al [32] introduced rich oxygen vacancies into Co3z04 particles
by regulating the oxidation process under relatively low-temper-
ature on the basis of Kirkendall effect. They also introduced a
porous N-doped carbon structure to Co30,4 and obtained C0304.x
HoNPs@HPNCS-60, to improve the electrocatalytic activity and
flexibility of Co30,4. With tailored oxygen vacancies as well as the
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Fig. 7. (a) Schematic illustration of the fabrication and structure of flexible Zn-air
battery. (b) Configuration of the Zn-air battery with CuCo,04/N-CNTs air cathode.
(c) Charging and discharging polarization curves. (d) Photograph of five blue LEDs
powered by two Zn-air batteries in series. (e) Charging and discharging profiles at a
current density of 0.5 A/g. (f) Charging and discharging curves at a current density of
1 A/g under different bending angles. (g) Linear-sweep curves of CuCo,04/N-CNTs,
C0304/N-CNTs, CuO/N-CNTs, and CuCo,0, in O, saturated 0.1 mol/L KOH solution at
scan rate of 10 mV/s. Adapted with permission [56]. Copyright 2017, John Wiley and
Sons.

unique structure design, this electro-catalyst exhibited a higher
discharge potential (ca. 1.2 V) as well as a lower charge potential
(ca. 1.73V) than those of commercial Pt/C+Ru0O, catalysts (ca.
1.18 V and 1.90V, respectively). This battery offered a high capacity
of 779.36 mAh/g,, with a power density of 94.1 mW/cm?. The
assembled Zn-air batteries could light 8 yellow lights and
exhibited a stable cycle performance.

Liu’s group [56] also reported a flexible all-solid-state Zn-air
battery composed of spinel CuCo,0,4 air cathode in a bracelet
configuration, which could be worn on the hand and power blue
LED. This flexible battery system showed a constant charge (1.29V)
and discharge (0.98 V) platforms at a current density of 1 A/g, even
when it was bent to 90° or 180° (Fig. 7). They also concluded that
the electrocatalytic activity of CuCo,04 was improved because of
the synergetic effect between CuCo,04 and N-doped carbon
nanotubes. The Co304/ N-CNTs showed worse ORR activities than
CuO/N-CNTs, indicating that CuO had greater ORR catalytic
activities than Co3z04. Meanwhile, the doping of Cu into Co304
promoted the ORR activities of Co30,4 due to the new active sites
created by the Cu doping (Fig. 7g).

Zeng et al. [114] and Ge et al. [30] assembled flexible and
stretchable Zn-air batteries with spinel NiCo,04 as the electro-
catalyst of air cathode. The Zn-air batteries still functioned well
and lightened red LEDs when the batteries were being folded,
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twisted to spiral shape, or wavy bended, all suggesting the high
flexibility and high mechanical strength. In addition, the Zn-air
battery using spinel NiCo,04 as electrocatalyst displayed a low
overpotential, a high energy density (954.2 Wh/kg), a high capacity
(826.9mAh/g) and long term stability (600 cycles at 5mA/cm?),
which were superior to that of commercial Pt/C+Ir/C catalyst
[115]. Therefore, spinel oxide-based air cathodes are considered as
promising materials for next-generation flexible and wearable Zn-
air batteries.

3.2. Perovskite oxide and composites

For perovskite-type oxides the general formula can be
expressed as ABOs (A: alkaline earth or rare-earth metal with
12-fold oxygen coordination; B: a transition metal with six-fold
oxygen coordination) (Fig. 8a). By partial substitution of cations at
A or B, or both A and B sites, a variety of perovskite oxides can be
obtained with a formula of AA’'BB’O3 and offer a “soft” nature of
physicochemical properties [116,117]. By virtue of this unique
structure, perovskite oxides can be used as bifunctional electro-
catalysts for flexible Zn-air batteries. Bian et al. [95] reported the
perovskite LaMng 75C00 2503 _s (LMCO) catalyst for Zn-air battery.
They first doped reducible Co at the B site of perovskite LaMnOs
under the 5% H,-Ar atmosphere to enable the uniform distribution
of cobalt nanoparticles on the surface of perovskite nanofibers as
well as produce more oxygen vacancies. The XRD spectra show the
phase structure indexed to the LaMnOs phase and metallic Co
(Fig. 8b). The Raman spectra (peaks: 490 and 610 cm™') indicated
the forming of oxygen valences in LMCO-2 rather than LMCO-1
catalysts (Fig. 8c). The assembled Zn-air battery with zinc foil
anode and alkaline electrolyte exhibited excellent flexibility under
repeated bending between 90° and 0°, but delivered a relatively

low power density of 35 mW/cm? and a limited cycling stability of
70h (Figs. 8e-g). The results from electron energy loss spectros-
copy confirmed that the electrochemical performance of this
perovskite material as an electrocatalyst for oxygen redox reaction
was ascribed to the abundant oxygen vacancies and lager number
of metal ions in a high oxidation state. The Zn-air battery
assembled with LaMng 75C0g 2505 _s air electrode and Zn foil anode
demonstrated excellent flexibility, but its power density was too
low to be applied as a power source. Yang et al. [118] prepared
perovskite lanthanum nickel oxide/nitrogen doped carbon nano-
tubes (LaNiO3/NCT), and then coated onto carbon cloth for use as
flexible air cathode. The assembled flexible Zn-air battery with zinc
film anode and poly vinyl alcohol (PVA) gelled electrolyte exhibited
superior rechargeability and performance durability over 120
cycles at a constant charge-discharge current density of 50 A/kg
without losing the performance even under different bending
angles. Moreover, this battery showed a high energy density of 581
Wh/kg, which could meet the needs of wearable and portable
electronic devices. The derived superior flexibility and perfor-
mance can be attributed to the highly flexible electrodes and
excellent electrocatalytic activity of LaNiO3/NCT catalyst.

In summary, the electrochemical activity and flexibility of
some selected bifunctional materials for flexible Zn-air batteries
are shown in Table 1 [20,21,28,30,32,49,50,54,56,82-86,88,95,112,
118-120].

4. Conclusion and perspectives

To meet the growing energy demands for flexible/wearable
electronic devices, the driving power sources are required to
possess the merits of intrinsic safety, high energy and power
densities, and low self-discharge. Flexible Zn-air batteries are
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Table 1
Electrochemical activity and flexibility of bifunctional materials for flexible Zn-air batteries from recent reports.
Catalysts Bifunctional material Stability Electrocatalytic performance Flexibility evaluation Ref
(Specific capacity, energy/
power density)
P,S co-doped on carbon nitride ~ 240h of stable operation. 698 mAh/g; 100 cycles at 2mA/g at a bending angles [83]
fibers 785 Wh/kg. of 120°.
B-doped graphene quantum dots Stable discharge voltage of 687 mAh/g; Stable charge (2.01V) and discharge [119]
on a graphene hydrogel 1.23V for 100 h. 112 mW/cm?. potentials (1.18 V) at 10 mA/cm? for 15h
under different bending angles.

Heteroatom- N,P co-doped carbon spheres Discharge/charge process could 55 mW/cm?; No obvious potential decay under [28]
doped be well-maintained for 30 h. 642 mAh/g. bending at various angels.
carbons

N,S co-doped carbon skeleton Stable long cycle life over 1000 715 mAh/gz,; Charge/discharge potentials were [82]
cycles. 829 Wh/kgzn. maintained 120 cycles at 5mA/cm>
under different bending conditions.
nanoporous carbon nanofiber After 500 cycles (about 83h),a 185 mW/cm?; Stable charge and discharge potentials  [50]
film slight performance loss. 776 Wh/kg. for 6 h under bending or folding back and
forth.
S doped Fe-N-C species Higher voltage plateau of 1.35V Overpotential: 1.00V at Curled Zn-air battery displayed a long  [120]
for about 13,8005 at 2mA/cm?. 100 mA/cm?; lifetime.
740.8 mAh/gz,.
graphene with Stable voltage over the 88 h test. 83 mW/cm?; Discharge/charge voltage remained [85]
both N and Mo dopants The voltage gap between unchanged under different bending
discharge and charge is conditions.
~0.77V at 2 mAjcm?.

Metal-nitrogen  CoNi alloy and carbon nanotube Stable performance after the 98.8 mW/cm?; Discharge/charge voltage remained [86]
moieties decorated N-doped carbon 800-min cycles. 879 mAh/g. unchanged when being bent to 90° and
doped carbon nanosheet arrays 180°.
materials

N-doped carbon species anchor  No visible change after Open-circuit voltage: 1.346V; After 2000 cycles of bending/stretching, [88]
CoyN particles and Co-N-C active continuous cycling of more than 774 mAh/g. voltage of the discharge only drop of
sites on intertwined N-C fibers 136 h (up to 408 cycles). 13 mV.
Co/N/O tri-doped graphene mesh Stable discharge voltage for Open-circuit voltage: 1.44V; A small charge/discharge voltage gap of [54]
more than 60 h. 152 mW/cm?. 0.7 V under different bending angles (0°,
90°, 180°).
Fe/nitrogen/carbon Voltage plateau 0.9V during Open cell voltage: 2.97 V. No differences in the discharge voltage [21]
10 h discharge times. profiles between the bending and non-
bending conditions.
FeNC-S-Fe,C/Fe Activity did not decay even after Open-circuit voltage: 1.41V;  Stable charge (1.8 V) and discharge [84]
10,000 cycles. Charge-discharge voltage (1.0V) potentials for 6 h even when
gap: 0.9V at 2mA/cm?; folded to different angles (0°, 90°, 180°).
149.4mW/cm?.
CoOy on Co/N-doped graphene  No apparent changes in the 300W/gcats Stable charge (1.82V) and discharge [112]
substrate. charge/discharge potentials at ~ Open-circuit voltage: 1.39V.  (1.25V) potentials when being bent from
6mA/cm?, after 10 h cycling. 0° to 180°.
cobalt(II/IIl) oxide/nitrogen- Stable charging and discharging A red light emitting diode was Stable open-circuit potential when the [49]
doped CNT potentials for 20h at 2mA/cm?. powered up by two flexible  battery is folding.
batteries in series for hours;
Battery ohmic resistance: 5 )
Metal oxide and Co304 layers on the surface of  Stable discharge performance at Discharge voltage: 1.03V, Not obviously changed in the charge/ [20]
composites carbon fibers in the carbon cloth a bending radius of 28 mm for  charge voltage: 1.95V at discharge behaviours under various
300 cycles. 2mA/cm?; bending radii of 0, 13, 28 and 51 mm.
Energy density: 546 Wh/kg.
Co304.« hollow nanoparticles A slight increasing charging- 779.36 mAh/g,n; N/A [32]
with hierarchically porous N- discharging potential gap after 94.1 mW/cm?.
doped carbon structure (HPNCS) 50 cycles.
nitrogen-doped carbon Stable rechargeability with low 1.86W/g, Unchanged constant charging (1.29V)  [56]
nanotubes decorated by CuCo,0, charging voltages under a Five blue LED powered by two and discharging (0.98 V) platforms when
constant current density of 0.5 Zn-air batteries connected in bent to different angles (0°, 90°, 180°).
Alg. series.
NiCo,04/N-doped carbon Stable voltage gap of 0.80V 826.9 mAh/g; Photograph showed the bendability. [30]
nanowebs during 40 h at a 5 mA/cm?. 954.2Wh/kg.
LaMng 75C0q.2503_s nanofiber Cycle steadily for 70 h with little 35 mW/cm?. No obvious polarization under [95]
voltage change at 2 mA/cm? repeatedly bending between 90° and 0°.
Lanthanum nickel oxide/ Stable 120 cycles test at 250 A/L 581 Wh/kg. Wearable prototype integrated with a [118]

nitrogen doped carbon
nanotubes

(50 A/kg).

tandem device in series to power a LED
under bent condition.

considered as one of the most promising candidates, but have not
yet penetrated the commercial market owing to their low practical
energy density, mechanical performance and stability, which are
all closely related to air electrodes. This minireview presents the
recent progress in flexible air electrodes with bifunctional

electrocatalysts. We highlight the latest innovations in two
commonly used catalysts for flexible Zn-air batteries: carbon
based and metal oxide materials.

Combining N with other heteroatoms, like P or S forming co-
doped or tri-doped carbon can further change the surface
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electronic states and polarities of carbon atoms for improved
electrochemical ORR and OER performance. These materials have
demonstrated excellent electrocatalytic activity and long-term
cycle performance in Zn-air batteries owing to the synergistic
electronic interactions between different dopants and adjacent
carbon atoms. Metal-nitrogen moieties doped carbons can offer
high electrocatalytic activity and stability for ORR and OER, owing
to the offering of more active sites and improved charge/mass
transfer. These carbon-based air electrodes have demonstrated
stable electrocatalytic performance in flexible Zn-air batteries
during the deformation processes as well.

Transition-metal oxides, in particular mixed oxide varieties,
have demonstrated the great potential as oxygen catalysts for
energy storage and conversion. Transition metal oxides with
perovskite or spinel crystal structure have been demonstrated as
promising bifunctional catalysts for oxygen redox reactions in
alkaline solutions. In addition to the downsizing and nano-
structuring of metal oxides to improve the mass activity, their
catalytic performance can also be significantly enhanced by
modifying the surface electronic structure to yield high intrinsic
activity.

It should be pointed out that currently there are still many
technical challenges facing the development of flexible Zn-air
batteries with excellent performance and mechanical flexibility.

First, it is to improve the low practical energy density, and the
development of highly efficient electrode catalysts holds the key.
For zinc anode, it needs to inhibit the formation of zinc dendrite
and capacity loss during the charge-discharge cycles [15,43,121],
which is beyond the scope of this review. For bifunctional oxygen
electrocatalysts, their low practical energy density can be
improved by creating a structure with more active sites and
enhanced charge/mass transfer [27]. The morphology control is an
effective method, and the desirable structures mainly include
porous structure, hollow structure, core-shell structure, or
hierarchical-structure constructed with 1D, 2D or 3D nanofeatures.
Another issue is the robustness of the electrodes and the battery
system. Namely, the high capacity and long cycling stability need to
be maintained when they are being subjected to a deformation.
The intrinsically flexible battery configuration can be achieved
when each component satisfies the requirement of mechanical
flexibility. In addition, the economic and environmental issue
should be also considered during the development of bifunctional
electrocatalyst.

Second, the evaluation standards of flexible batteries should be
established in the aspects of electrochemical performance as well
as the mechanical flexibility, such as the standard testing
procedure to evaluate the flexibility during the folding, bending,
and twisting tests.

Third, the fundamental research on the understanding of
electrochemical processes and structural changes of materials is
equally important in the development of flexible Zn-air batteries,
which will promote the development of new materials with
superior striking properties.

It can also be expected that the development of flexible and
efficient bifunctional oxygen electrocatalysts for Zn-air batteries
will provide useful information for other flexible metal-air
batteries, as well as in the fields of fuel cells or water splitting.
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