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Recent Progress on the Development of Metal-Air Batteries

Lin Li, Zhi-wen Chang, and Xin-Bo Zhang*

The large-scale electrical energy storage using rechargeable batteries buoys
any future success in the global efforts to shift energy usage away from fossil
fuels to renewable sources. Compared with other battery technologies, such
as Li-S and LIBs, the metal-air battery technology holds exceptionally high
energy densities and is viewed to be a promising candidate as the energy
supplier of the next generation. With the aim to provide easy access to the
recent developments of metal-air batteries and advance their development,
this review systematically and comprehensively summarizes, compares and
discusses the development of all important kinds of aqueous and/or non-
aqueous metal-air batteries (all in one), based on metal anodes of Li, Na, Zn,
Al, from all important aspects, including oxygen electrochemistry, electrocata-
lyst, transfer/diffusion and interface, electrode and electrolyte materials, and
device configuration. As a benefit, our understanding on metal-air batteries
can be deepened and guidance for the development of next generation metal-

the ever-growing demand for high energy
density, low-cost, environmental friendly
power sources for mobile electronics and
electric vehicles. In contrast to the closed
system of conventional batteries, espe-
cially the LIBs, the metal-air batteries
feature an open cell structure, in which
the cathode active material, oxygen, can
be breathed from ambient atmosphere.
Accordingly, the weight of the battery
can be reduced, thus helping to improve
the energy density of metal-air battery.
In general, the metal-air battery is com-
posed of porous cathode, electrolyte, metal
anode. Metals such as Li, Na, Zn, etc. are
appropriate for use as anode materials in
metal-air batteries. As for the abundance

air batteries can be provided.

1. Introduction

The evolution and development of mankind has been closely
related to our utilization of energy. A sustainable energy supply
is of vital importance for political stability and the continuous
development of economics as our modern society is becoming
increasingly energy dependent. Currently, the LIBs are widely
used in our society as a powerful energy source, however,
its limited energy density (=400 Wh kg™!, theoretically) has
restricted its application as the energy source of next genera-
tion.'"%! As a solution, new batteries with much higher theo-
retical energy densities than that of LIBs are developed, such as
fuel cells and metal-air batteries.”) Among them, the metal-air
battery is viewed as a promising candidate, which can satisfy
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of these metal, the lithium is widely dis-

tributed in the Earth’s crust but is not

viewed as an abundant element. In light

of the report from Carmichel,®l the rela-
tive abundance of lithium in the Earth's crust is limited to be
only 20 ppm. Moreover, the lithium resources are unevenly
distributed (mainly in South America). In contrast to lithium,
sodium resources are unlimited everywhere, and sodium is one
of the most abundant elements in the Earth’s crust. The infi-
nite sodium resources are also found in the ocean. Addition-
ally, sodium is the second-lightest and -smallest alkali metal
next to lithium. When coming to the metallic zinc, it possesses
a unique set of attributes including high abundance and low
toxicity, and is the negative electrode material for zinc-air bat-
tery.’l Metal-air batteries especially Li-air batteries have a high
theoretical energy density, which is also much higher compared
with other rechargeable systems such as Li-S and LIBs. As illus-
trated in Figure 1,20 the theoretical specific energy densities
of metal-air batteries are very high. Such high energy output
of metal-air batteries, if fully exploited, can serve as next-gene-
ration high performance and environmental benign power
sources for large-scale energy storage systems, mobile energy
fields and aerospace industry.

Metal-air batteries can be divided into three categories based
on different metal anode species and rechargeability, which are
primary, secondary and mechanically rechargeable batteries.
They can also be classified into four types according to different
forms of electrolytes and cell configurations including aqueous,
nonaqueous aprotic, hybrid and solid-state metal-air batteries.
Depending on the use of specific metal, electrolyte and cata-
lytic materials, the involved electrochemistry and reaction prod-
ucts vary largely from each type of metal-air battery. A detailed
discussion will be given in the following sections. Generally,
metal-air batteries using aqueous electrolytes with neutral or
alkaline solvents, for instance, are disposable or mechanically
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rechargeable by replacing the metal anodes or refueling the
electrolytes. For example, primary Zn-air batteries are commer-
cialized as hearing-aid batteries; Mg-air and Al-air batteries are
also used as power sources for railway and navigation beacons.
They can be indirectly “recharged” by mechanically replacing
the discharged anodes and slutty electrolytes with fresh metal
anodes and electrolytes. Currently, a fully electrically recharge-
able metal-air battery remains as a challenge to overcome,
among which nonaqueous aprotic Li-air battery have attracted
intensive research interests.

It should be noted that metal-air batteries use oxygen as
cathode materials, current membrane technology is still infe-
rior to isolate some unfavorable components in air such as CO,
and H,0 without effectively allow the penetration of oxygen.
Considering the high reactivity of metal anodes, these compo-
nents would interfere the desired electrochemical behavior and
reduce the overall performance. At present, the experimental
data of most literature reports were obtained under laboratory
pure oxygen environment. However, the term “metal-air bat-
tery” is widely accepted by researchers as a true metal-air battery
is the ultimate goal. In order to be more accurate, the expres-
sion of a specific “metal-air” or “metal-oxygen” battery is used to
make a distinction of the different testing environments.

In the 1970s, lithium-oxygen (Li-O,) batteries were firstly pro-
posed as possible power sources for EVs.'” In 1996, Abraham
et al. firstly reported a rechargeable solid-state Li-O, battery
comprised a thin Li metal foil anode, a Li* conductive organic
polymer electrolyte membrane and a thin Carbon composite
electrode and successfully demonstrated three cycles of charge
and discharge.'!l Afterwards, Read studied the effects of elec-
trolyte and air cathode formulation on the discharge capacity,
rate capability, and rechargeability of Li-O, battery.'? In 2006,
Bruce’s group demonstrated the promising electrochemical
performance of Li-air batteries.l'*l Hence, they began to rapture
worldwide research, especially nonaqueous aprotic Li-air bat-
tery (Figure 2), as evidenced by the explosive growth in pub-
lished papers and citations on this topic in recent years. The
specific energy density of a Li-air battery is 3500 Wh kg™! (based
on carbon electrode) and can reach up to 400-800 Wh kg™! if
the mass of all battery components are included, which is
2-10 times the energy of the state-of-the-art LIBs. A fully devel-
oped Li-air battery is thus expected to exceed current battery
technologies with multiplied energy density at much lower cost,
with reduced environmental impact. To date, extensive efforts
have been made on the exploration of the reaction mechanisms
and development of improved battery materials. Although huge
progress has been made in recent years, current Li-air battery
techniques still fall far behind the increasing demand of envi-
ronmentally-friendly and petrol-independent power sources.
A better fundamental understanding of the electrochemistry,
development of more stable and efficient electrolyte and elec-
trode materials, as well as more rational cell design are essen-
tial for the future evolvement of Li-air battery.

In comparison, Zn, Al, Mg and Na are known for their abun-
dant reserves in earth and low cost with Al being the most
abundant metal element, while Li has a very limited mineable
amount of =11 million tons. Future shortage of resource is fore-
seeable if Li were widely used for large-scale energy storage and
conversion facilities. It is thus more cost-effective to adopt other
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metal-air battery systems such as Na-air and Al-air batteries
since the gravimetric energy densities are less required com-
pared with portable and mobile electronic devices. The Na-air
battery, first introduced in the year of 2011, was considered as
a promising alternative to the Li-air battery due to the similar
chemical characteristics shared between Na and Li. However, a
series of problems concerning the fundamental understanding
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Figure 1. Practical specific energies for some rechargeable batteries along with estimated
driving distances. Reproduced with permission.?% Copyright 2012, Nature Publishing Group.

of electrochemistry, development of a stable electrolyte and effi-
cient electrode materials remain unsolved. On the other hand,
Zn-air, Al-air and Mg-air batteries are confronting the challenge
of poor rechargeability and anode corrosion.

Thanks to the rapid development of nanomaterials and
modern production technologies in the past decade, metal-air
batteries have regained tremendous research activity as they
hold a key to the success of the global energy usage shift from
fossil fuels to renewable sources. Up to now, remarkable contri-
butions have been made by leading scientists in this important
and promising research area. The electrochemistry in metal-air

Lithium node Air 'thode

- 0, - Li* o= Li,0, ® Catalyst
Figure 2. Schematic presentation of a nonaqueous aprotic Li-air battery
composed of a Li metal anode, an aprotic electrolyte, a separator and a

porous air cathode.
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batteries are widely studied, various novel
designs of air cathodes with appropriate
materials selection and morphology regula-
tion are presented, the investigation of more
favorable electrolytes and electrocatalysts
toward more stable and high-performance
metal-air batteries are also extensively con-
ducted.'*>%] However, this promising battery
technology is still confronted with several
scientific and technological challenges before
further commercialization. The biggest issue
is associated with sluggish kinetics of the air
cathode and the low utilization and safety
concerns of the metal anode. The electro-
chemical performance of a metal-air battery
depends largely on the physical and electro-
chemical characteristics of cathode materials.
An ideal air cathode for metal-air batteries
should exhibit such properties as good con-
ductivity, rational structure design to facilitate
the deposition of discharge products (aprotic
and solid-state metal-air batteries) and continuous transporta-
tion of oxygen and electrolyte, excellent ORR and OER cata-
lytic activity and high structural stability to maintain constant
charge and discharge cycles. A well-prepared cathode is thus
expected to be the most expensive and complicated part of a
metal-air battery. As a matter of fact, the air cathode involves
with a series of complicated processes, and by far, there is still
a lack of the fundamental understanding of the electrochemi-
stry within. Until now, the most effective electrocatalysts for
ORR are noble metals and their alloys. When charging, the
poor conductivity of the insoluble discharge products, such
as Li,O, in a non-aqueous aprotic Li-air battery, and sluggish
kinetics contributes to high polarizations which unfortunately,
accelerate the decomposition of electrolytes. A fully recharge-
able metal-air battery requires an effective OER catalyst to
lower the overpotential and increase the energy efficiency. In
this review, a lot of effort is dedicated to the discussion of the
electrochemistry, cathode structure design and development of
catalysts. The high reactivity of metal anodes can lead to pas-
sivation and corrosion in electrolytes, the metal hydroxides,
oxides and other byproducts on the anode surface will block
the effective mass transportation which will result in the deg-
radation of overall electrochemical performance. In addition,
the safety concerns arise from the dramatic reactivity of Li in
air especially in humid environment and short circuit caused
by dendrite formation during cycling largely hinder the com-
mercialization of Li-air battery. Moreover, effective air-breathing
membranes must be developed to block CO,, H,0 and other
gaseous components that might reduce the overall battery per-
formance while allow the penetration of 0,.1°%]

Summarizing the development and deepening our under-
standing of metal-air batteries would provide some guidance
for the development of next generation metal-air batteries.
However, the very few available reviews are only limited to spe-
cific aspects (e.g., electrocatalyst or electrolyte) of one or two
kind of metal-air batteries. In addition, most previous reviews
are devoted to the discussion of battery materials, rarely con-
cerning theories and basic scientific principles, such as transfer,
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diffusion, and interface. Since the fundamental features of
various metal-air batteries share similarities, learning from
one system can promote the development of other systems.
Therefore, in this review, we will systematically and compre-
hensively summarize, compare, and discuss the development
of all important types of aqueous and/or nonaqueous metal-air
batteries (all in one), based on metal anodes of Li, Na, Zn, Al,
Mg, etc. from all important aspects, including oxygen electro-
chemistry, electrocatalyst, transfer/diffusion and interface, elec-
trode and electrolyte materials, and device configuration. We
are certain that this thorough and in depth review could offer
better understanding of the scientific and technical issues of
metal-air batteries and stimulate some new research in this
area, and thus will be of immediate interest to a broad reader-
ship of researchers, especially in fields of chemistry, material,
energy, catalysis, nanoscience and nanotechnology.

2. Configuration and Oxygen Electrochemistry

Understanding the configuration and oxygen electrochemical
reactions within the battery systems is the first step toward
building better metal-air batteries. As shown in Figure 3, metal-
air batteries can be divided into four categories based on the
different types of electrolytes and cell configuration, which are
aqueous, non-aqueous aprotic, hybrid and solid-state metal-air
batteries. The four types of battery systems are all assembled
with metal anodes to provide metal sources and porous gas dif-
fusion electrodes as cathodes to obtain oxygen from air. Porous
carbon materials were extensively investigated as air cathodes
due to their low cost, lightweight, excellent conductivity, good
mechanical and chemical stability. The overall reactions for
oxygen at the air cathode are ORR and OER at discharge and
charge, respectively, while the discharge reaction pathways and
the corresponding reverse reactions vary with the different

(a) Aqueous

www.advsustainsys.com

metal anodes, electrolytes and catalytic materials. For a typical
battery electrochemistry, when discharged, the metal anode is
oxidized and releases electrons to the external circuitry to pro-
duce metal ions, while oxygen diffused in the cathode accepts
electrons and reduces to oxygen-containing species. Then the
metal cations and oxygen-containing species diffuse across
the electrolyte to form discharge products. When charged, the
discharge products are decomposed under applied voltage,
then metal cations are reduced at the surface of the anode and
oxygen evolves at the cathode. Normally, the oxygen electro-
chemistry kinetics during discharge and charge is rather slow;
it is thus essential to introduce oxygen electrocatalysts to pro-
mote ORR and OER processes. In this section, the configura-
tion of, and basic oxygen electrochemistry of metal-air batteries
is discussed on the basis of different electrolytes.

2.1. Aqueous Systems

Aqueous cells are commonly seen in Zn-air battery system
which are composed of zinc metal anodes, porous carbon
cathodes and alkaline electrolytes. The greatest advantage of
aqueous metal-air systems is that the capacity is not limited by
the capability of the cathode because the discharge products are
soluble hydroxides which are not stored in the pore structures
of the cathode. This can guarantee the continuous gas diffusion
through the porous air cathode. Consequently, the mass trans-
portation properties of the electrolyte is the major determinant
that determines the performance of aqueous metal-air cells.
However, without an effective air selective membrane, a draw-
back of using alkaline electrolytes is the potential cell failure
due to the clogging of electrode pores caused by the accumula-
tion of poor solubility carbonates in alkaline solutions. Acidic
electrolytes, on the other hand, do not have such concern, yet
the violent reactions and sever corrosion of metal anodes in

(b) Hybrid

M*-conducting Membrane

(c) Nonaqueous Aprotic

M*-conducting Membrane

(d) Solid-state

Figure 3. Schematic cell configurations for the four types of metal-air batteries (M* represents metal cations).
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acidic electrolytes can cause serious safety hazard and short
shelf-life. Therefore, alkaline electrolytes are generally used
because metal anodes are relatively stable. Also, when highly
reactive metals such as Li, Na and Mg are used as anodes, as
shown in Figure 3a, a protective metal ion-conducting mem-
brane is needed to prevent the vigorous reactions of metal
anodes with water. For example, a lithium super-ionic con-
ductor glass electrolyte film (LISICON) Liy ., ALTi; (Si,P3_,O1,
(LATP) provided by Ohara Inc. showed good Li* conductivity
(=3 x 10™* S/cm at 25 °C) and water impermeability which can
be potentially used in hybrid Li-air batteries. However, an addi-
tional solid-state protective layer is needed to be pre-deposited
on the Li anode because the LATP glass film decomposes when
in direct contact with lithium metal.’”] Moreover, there’s little
evidence showing the anode and cathode reactions are revers-
ible for aqueous Li-air batteries. Comparatively, primary and
mechanically rechargeable Zn-air cells are much more cost-
effective owing to the low cost and simple fabrication of zinc
anode.

The kinetics of the oxygen electrochemistry in aqueous
systems is rather slow, where electrocatalysts are needed to
promote and accelerate ORR and OER processes. Depending
on different electrocatalysts, the corresponding reaction mecha-
nisms are not identical. For example, two different ORR mech-
anisms have been intensively studied on metal electrocatalysts,
which are, a four-electron and a two electron pathway based on
two oxygen adsorption types. The bidentate O, adsorption with
two O atoms coordinated on the catalyst surface corresponds to
the four-electron pathway reduction, the reactions can be repre-
sented as follows:

Overall : 2H,0+ O, +4e” — 40H"
O, +2H,0+2e — 20H,4 +20H"

20H,4 +2e” — 20H"

For the end-on type, only one O atom of the oxygen mole-
cule is adsorbed on the surface which favors the two-electron
pathway, the reactions are as follows:

Overall: O, + H,0+2e™ — OH™ + OH,;
0,+H,0+e” - OH, 4 +OH"

OHZ’ads +e — OHE

The oxygen electrochemistry at the surface of metal oxides
follow the same principle, but is different from that of metal
catalysts in surface charge distribution. Anion coordination is
completed by the oxygen in H,0 molecule rather than oxygen
fully coordinated with surface cations of stoichiometric oxides.
Surface cation reduction is thus charge-compensated by proto-
nation of a surface oxygen ligand. For example, a four-step ORR
pathway mechanism is proposed blow:

M™ —0* +H,0+e > M™ " _OH™ +OH"
OZ +e — O;,ads

M _OH™ + 05,4, » M™ —0-0" +OH"
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M™ —0-0* +H,0+e” 5> M™ ™ _O0-OH +OH"
M® " _O0—-OH +e” > M™ —0* +OH"

The ORR pathways and mechanisms may vary with different
electrocatalysts and electronic structure. Both the two- and four-
electron reaction pathway may occur simultaneously and com-
pete with each other.”® It was also found that a four-electron
reduction is dominating in high potential intervals, while the
reduction reaction switches to the peroxide-mediated pathway
at low potential.® Tt should be noted that the four-electron
reduction pathway is more favorable owing to its high energy
efficiency and is generally believed to predominates the reduc-
tion process on noble metals. The two-electron reduction, on
the other hand, is undesirable due to the corrosive peroxide
species produced during this process which can cause prema-
ture degradation of the battery. This reduction pathway was
found to primarily participate on Carbonaceous materials. For
other electrocatalysts such as metal macrocycles and transi-
tion metal oxides, various ORR pathways coexist depending on
different electronic structure, molecular composition, experi-
mental parameter, and so on. The ORR mechanisms in aqueous
metal-air systems have been well acknowledged thanks to the
numerous investigation on fuel cells in the past decades. How-
ever, how to determine explicitly an ORR mechanism remains
as a challenge if a series reduction and decomposition of inter-
mediate species can proceed at an extremely fast rate, the overall
reaction process can thus be described as a four-electron reduc-
tion pathway. In addition, due to the limitation of current analyt-
ical techniques, the true surface reactions might be still unclear
and more underlying reaction pathways might be undiscovered.

As a typical example, Zn-air batteries have been widely
studied as an aqueous type metal-air battery. When discharge,
oxygen from the cathode is reduced to hydroxyl ions with
electrons released from zinc metal. The hydroxyl ions then
migrate to the anode to combine with Zn ions generated from
zinc metal to form zincate ions (Zn(OH),%), which may fur-
ther decompose to form ZnO. The electrochemical reactions of
Zn-air battery with alkaline electrolytes during discharge can be
described as follows:

Anode:Zn — Zn*" +2e”

Zn** +40H™ — Zn(OH)

.
4
Zn(OH); — ZnO+H,0+20H"

Cathode: O, +2H,0+4e~ — 40H"
Overall : 2Zn + O, = 2Zn0

The equilibrium potential of a Zn-air battery is 1.65 V, but the
practical voltage is usually less than 1.65 V due to the Ohmic
and concentration loss and internal loss from activation. The
hydrogen evolution reaction (HER) can also lead to zinc corro-
sion according to the reaction: Zn + 2H,0 — Zn(OH), + H,.
The major challenge for Zn-air battery, however, is the limited
lifetime and poor rechargeability. When charging, the zinc
metal anode suffers from shape change such as the formation
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of zinc dendrites, which leading to short circuits. The white
solid ZnO powder at the surface of the anode also acts as an
insulator, further weakening the rechargeability. Accordingly,
mechanically rechargeable Zn-air battery is widely accepted
for the application in military and civilian areas. To develop a
fully rechargeable Zn-air battery, one must improve the under-
standing of the electrochemical behavior of Zn anode in alka-
line solutions.

For another example, magnesium-air battery is composed
with a magnesium anode, an alkaline electrolyte, and a porous
Carbon cathode supported with catalysts. The electrochemical
reactions of Mg-air battery with an alkaline electrolyte during
discharge can be described as follows:

Anode: Mg — Mg** +2e”

Mg +20H" — Mg (OH),

Cathode: 0, +2H,0+4e~ — 40H"
Overall : 2Mg + O, +2H,0 — 2Mg(OH),

In a similar case, iron-air battery is composed with a iron
anode, an alkaline electrolyte, and a porous cathode supported
with catalysts. The electrochemical reactions of iron-air battery
with an alkaline electrolyte during discharge can be described
as follows.[60]

Fe+20H" — Fe(OH), +2¢”, E, = —0.975V vs Hg/HgO (1)

Fe(OH), + OH™ — FeOOH+H,0+¢", ,
E, =—0.658 V vs Hg/HgO )

and/or

3Fe(OH), +20H™ — Fe;0, -4H,0+2¢". 3
E,=-0.758 V vs Hg/HgO (3)

Similarly, the electrochemical reactions of an aluminium-air
battery can also be expressed as follows:[®!]

Anode: Al > AI** +3e”
A’ +30H — Al(OH),

Cathode: O, +2H,0+4e~ — 40H"

Overall : 4Al +30, + 6H,0 — 4AI(OH),

It should be noted that aluminium-air battery cannot be
recharged; the discharge process will be terminated once the
anode is completely consumed. Neutral electrolytes such as
NaCl solutions are commonly adopted due to the rapid HER
with hydroxide ions in alkaline electrolytes on open circuit. The
corrosion of metal anodes is a common issue for aqueous metal-
air batteries, which will lead to shortened shelf-life and decrease
in capacity and Coulombic efficiency. Some approaches have
been proposed to enhance the corrosion resistance of metal
anodes such as alloying with other metals or improve the purity
of anodes, which will be discussed in section 7.
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For the reverse reaction, the reaction pathways can also be
complicated since O, is generally originated form oxide-state
discharge products and the mechanisms may change depending
on the electrode materials and their electrochemical structure.
Transition metal oxides, especially perovskites are found to
exhibit excellent OER performance in alkaline media due to the
changeable valence states of the metal cations which can interact
with oxygen intermediates to form bonds by changing the val-
ance state. Because of the lacking of efficient catalysts, a large
overpotential is needed when charging, leading to huge energy
loss and low round-trip efficiency. To realize the fully recharge-
ability of metal-air battery, developing bifunctional catalysts is of
vital importance. The OER process can be described as follows
with M™* representing a multi-valence metal cation:

M™ —0* +OH™ > M™ " _O—-0QH +e”
MV _O0—0OH +0H — M™ —0-0* +H,0+e"

2M™ —0-0" -5 2M™ -0* +0,

2.2. Nonaqueous Aprotic Systems

Compared with the decades’ investigation in aqueous systems,
the research in nonaqueous aprotic ones has only been growing
up in the last ten years. A nonaqueous aprotic metal-air battery
has a similar configuration to that of a conventional LIB which
is composed of an anode, a cathode and an aprotic solvent dis-
solved with metal salt as electrolyte (Figure 3c). The major dif-
ference is the porous and open cathode structure of a Li-air cell.
Consequently, this battery system is moisture sensitive, thus a
selective membrane that only permeable to oxygen is needed.
By far, nonaqueous aprotic metal-air batteries can be often seen
in the area of Li-air and Na-air batteries. For example, a typical
Li-air battery comprises a Li metal anode, an aprotic electro-
lyte, a separator membrane, and a porous gas cathode. Owing
to the ultra-high energy density of Li-air battery, the ORR and
OER in Li* aprotic electrolytes are attracting growing worldwide
research interests in recent years. The following discussion on
oxygen electrochemistry in nonaqueous electrolyte is thus based
on the research in Li-air batteries. Although metal-air batteries
using aqueous electrolyte configurations have many advantages
including low cost, high ionic conductivity and wide availability,
their operating voltage is limited to the range where water is
stable against HER or OER rather than the theoretical voltages of
metal anodes. A special membrane is also needed between the
aqueous electrolyte and highly reactive metal anode such as Li
and Na, further rises the cost and complicates the fabrication of
a cell. Comparatively, nonaqueous aprotic metal-air battery espe-
cially Li-air battery has demonstrated high energy density and
good rechargeability, highlighting the advantage over aqueous
systems and potential of practical applications. It is thus crucial
to understand the oxygen reaction mechanisms in nonaqueous
aprotic electrolytes. We will focus on the review of the investi-
gation on the mechanistic understanding of rechargeable Li-air
Dbattery system as it has drown particular research interests.
First, we start with a brief overview of the representative
works in the early stage of research on aprotic Li-air battery.
The first report was in 1996, when a polymer organic electrolyte
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was used to replace the aqueous electrolytes.!!] The discharge
reaction was estimated to be 2Li + O, — Li,O, by Raman spec-
troscopy and qualitative analysis, which is different from all
aqueous metal-air batteries in that the discharge product Li,0,
cannot be observed in aqueous electrolyte and was deposited in
the cathode rather than at the anode. The cell was tested in a
pure oxygen atmosphere and exhibited an open-circuit voltage
of 3 V and rechargeability of three cycles between a voltage
range of 2.5 = 4.1 V. A porous Carbon air electrode containing
cobalt catalyst was used to lower the charge potential.
Afterwards, Read et al. investigated the effect of organic
electrolytes on the performance of Li-air batteries.!'%62-64
They found that the oxygen solubility and diffusion properties
depend largely on the formulation of electrolyte, which dra-
matically influence the discharge capacity and rate capability of
Li-air cell. At low oxygen concentrations, the formation of Li,O
was found to prefer over that of Li,0,, indicating a substantial
improvement in cell performance can be achieved by electro-
lyte optimization to increase oxygen partial pressure. It was
proposed that the oxygen concentration and electrolyte viscosity
are the limiting factors of discharge capacity. The discharge
products, namely Li,O and Li,0,, and their deposition are also
dependent on the type of electrolyte and discharge rate. In addi-
tion, these research also imply that the discharge product blow
2.0 V (vs Li/Li*) is dominated by Li,O, a thermodynamically
stable phase that cannot be easily decomposed upon charging
process, leading to high polarizations. A cutoff voltage of
2.0 V is thus widely adopted by researchers when testing the
discharge/charge performance of Li-air batteries. Furthermore,
the effect of cathode porosity on cell performance was also
studied. By comparing the discharge performance of different
cathode materials, it was found that a high specific surface
area doesn't necessarily correspond to high specific capacity of
Carbon. A model of Carbon electrode proposed in Figure 4a
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Figure 4. a) A proposed model for carbon air electrode of Li-air battery.[%
b) Variation of discharge capacity with cycle number for the super P-based
O, cathode (Rates 70 and 100 mAh g™, capacities are per gram of carbon).
Reproduced with permission.l'3l Copyright 2006, American Chemical Society.
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was used to explain the effect of interparticle micro-, meso-,
and macro-size pores on air electrode capacity. The authors
claimed that the electrolyte-wetted meso- and macropores are
accessible for the dissolved oxygen, but only few parts show
catalytic activity to ORR, which mainly contributed to the spe-
cific capacity of Carbon. The inter-particle pores, on the other
hand, played a major part in the power capability of Li-O, cells.
The degree of electrolyte-filling thus plays a critical role in the
specific capacity and rate capability of Li-O, batteries. More
specifically, these pores should either be completely wetted
with the electrolyte to maintain a maximum reaction area for
high specific capacity of Carbon, or not be flooded by the liquid
electrolyte to supply sufficient pores for the efficient diffusion
of gaseous oxygen to achieve high power capability. This work
indicate that substantial improvements in cell performance can
be obtained by tailoring the physical properties of air electrode.

In 2006, Bruce and co-workers developed a Li-O, cell and
successfully tested for more than 50 cycles (Figure 4b).I*%
The cell was based on a Swagelok design which comprised
of a Li metal anode, 1 M LiPF; dissolved in propylene car-
bonate (PC) as electrolyte, a glass fiber separator, and a Carbon
cathode containing electrolytic manganese dioxide as cata-
lyst. In situ mass spectrometry was carried out on the gases
evolved upon charging, which provided direct evidence that
the electrochemical reaction 2Li* + 2e” + O, — Li,0, is revers-
ible upon discharge and charge processes. This work provided
important proof supporting the feasibility of an O, electrode for
rechargeable lithium batteries. Although some fundamental
and practical issues remain to be settled, such as the role of
catalyst in promoting electrode reactions and optimization of
cathode structure and electrolyte composition (which will be
discussed later), this work opened up an important avenue for
further investigation on Li-air batteries.

The above pioneer works on aprotic Li-air battery have pre-
sented a great potential in this field, and have attracted tremen-
dous research interests since then. Till now, researchers have
gained much more research experiences and better understand-
ings on the Li-O, electrochemistry. Despite the great advance-
ments made in this area during the past decade, significant
challenges remain in the thorough understanding of the reac-
tion mechanism of the electrochemistry in aprotic electrolytes
and development of advanced and high-performance electrodes
and electrolytes. As well acknowledged, the cathode reactions of
an aprotic Li-air battery are distinct from the intercalation pro-
cess of a LIB, which allow Li to react directly with oxygen from
air at the interface of a porous air electrode. Unlike the ORR
process in aqueous electrolytes which undergoes a four- or two-
electron reduction pathway corresponding to the formation of
H,0 or H,0,, the process in nonaqueous electrolytes involve
several oxygen-containing species and form insoluble discharge
product species that buildup on the cathode surface. Possible
net reactions of Li-air battery are listed as follows. Both the
reactions have a reversible cell voltage approximates 3.0 V vs
Li*/Li, which suggests they are thermodynamically favored.

2Li+0, < 11,0, (E*=2.96 V vs Li" /Li)

4Li+0, ¢>2Li,0 (E® =291V vs Li*/Li)
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To Figure out the reaction mechanism, massive effort has
been devoted to the investigation of reaction pathways and the
impact of external influences of electrolyte, electrocatalyst, sur-
face of electrode, oxygen pressure and so on. Abraham’s group
studied the role of the electrolyte including the ion conducting
salts and solvents on the reversibility and kinetics of oxygen
electrochemistry by using cyclic voltammetry (CV) and rotating
disk electrode (RDE) techniques.[®>-%7] For cation effects, it was
found that oxygen reaction mechanism is strongly influenced
by the cations of conducting salts in acetonitrile-based electro-
lytes. Larger cations such as tetrabutylammonium (TBA*) and
tetraethylammonium (TEA®) displayed reversible O,/O,™ redox
couple, whereas the electrolyte containing smaller Li* cations
were found to exhibit an irreversible or quasi-reversible one-
electron reduction mechanism of O, to form O,, 0,>, and
0?% as products. This result suggest potential enhancements
in battery’s capacity and reversibility if a mixture of Li and/or
TBA salts were used as supporting electrolytes to dissolve the
oxygen reduction spices. According to Pearson’s hard soft acid
base (HSAB) theory, hard acids prefer hard bases and soft bases
prefer soft acids. TBA* as a soft acid can stabilize the soft base
O, and prevent further reduction of superoxide to peroxide.
On the other hand, alkali metal ions such as Li*, Na*, and K*
are hard Lewis acids, which have a high affinity for hard Lewis
bases such as 0,> and O?". The soft base O, thus has a low
affinity for the hard acid Li*, which consequently tends either
to undergo a second reduction process to form a hard base or
to decompose. In other words, the favorable and stable oxygen
reduction products in Li*-containing electrolytes are Li,O,
and Li,O, based on the HSAB theory. More recently, the same
group applied HSAB theory to investigate the ORR and OER
processes with a series of cations with increasing Lewis acidity
(i-e., cation hardness): TBA* < PyR* < EMI" < K" < Na* < Li",
as shown in Figure 5.1 The O, ions were found to effectively
stabilized by TBA*, PyR*, EMI* and K* cations without dispro-
portionate to form 0,2, which enabled reversible one-electron
reactions. In contrast, it was found that hard cations such as
Li* and Na® can promote the disproportionation of metal
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Figure 5. Cyclic voltammogram of neat EMITFSI along with various salts
at 0.025 M concentration on a glassy carbon electrode at 100 mV s™.
Reproduced with permission.®”] Copyright 2012, American Chemical Society.
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superoxide to form metal peroxide, emerging an irreversible
two-electron (per O,) process.

It should be noted that a single experimental measurement
technique is insufficient to verify the electrochemical mecha-
nism. For example, CV is widely adopted as a simple and effec-
tive experimental measurement, but its data only reflect the
overall electrochemistry and can be distorted by impurities in
the electrolyte at slow scan rates, which can lead to inaccurate
results.®! Thus combining multiple and advanced research
tools from experimental to theoretical modeling are needed to
study the electrocatalytic processes. For instance, density func-
tional theory (DFT) calculations and other qualitative and quan-
titative means such as in situ TEM and XRD, Fourier transform
infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy
(XPS), Raman, nuclear magnetic resonance (NMR), etc. were
adopted by researchers as a pair of methods to investigate the
reaction mechanisms in nonaqueous aprotic electrolytes during
discharge/charge.9#% These study also indicated LiO, is ini-
tially formed in the presence of Li* on air electrode by an one-
electron reduction process of dioxygen. If not considering the
parasitic reactions, the final discharge product in aprotic elec-
trolytes is widely accepted as Li,O,. For example, Peng et al.
studied oxygen reaction in Li*-containing CH;CN electrolyte by
means of in situ surface enhanced Raman spectroscopy (SERS)
and CV on roughened Au electrode.’” As shown in Figure 6,
the reaction of O, with Li* was investigated as a function of Li*
concentration. These results showed distinct reduction peaks
in the presence and absence of Li* ions. An appearance of a
more positive reduction peak can be observed when the con-
centration of Li* is 1 mM, which can be assigned to the reaction
between O,  and Li* The peak potential shifted to lower voltage
with lower reduction current as the Li* concentration went up.
This can be explained by the insulating reduction products
which blocked the electrode surface and can be more severe
with higher Li* concentration. SERS data provided direct spec-
troscopic evidence that the first step reduction of O, in Li*-con-
taining nonaqueous electrolyte is formation of O,, then binded
with Li* to form LiO, on the electrode surface. The LiO, was
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Figure 6. Cyclic voltammetry at an Au electrode in O,-saturated
0.1 M nBuyNCIO,-CH;CN containing various concentrations of LiClO,
as indicated at a scan rate of 1.0 V s™'. Reproduced with permission.’"l
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found unstable which subsequently disproportionated to the
more stable Li,O, following the Equation (2) Li,O — O, + Li,0,,
and the first order rate constant for this disproportionation
reaction was calculated as k = 2.9 X 1073/s. The proposed two
different possible reaction pathways for Li-O, couples at the
cathode during discharge can be summarized as follows. The
first steps of ORR in nonaqueous electrolytes is generally con-
sidered to be the formation of lithium superoxide radicals. The
further formation of Li,0,, if no parasitic reactions are involved,
may undergoes a sequential electrochemical route [Egs. (b)] or
disproportionation of LiO, species [Eqs. (e)].

0, +Li" +e” = Li,0

Li,0+Li* +e” — Li,0, (b)
or

O,+e —>0; ()
0; +Li* - Li,0 (d)
2Li,0 — 0, +Li,0, (©)

To make a Li-air battery rechargeable, the discharge product
Li,O0, is to be decomposed to lithium ions and oxygen (or
referred to as the OER process) during charge.#*88 Consider
the discharge product is pure Li,O,, two different mechanisms
have been proposed for the oxidation of Li,O, as shown in the
following equations:

Li,0, - 2Li* + 0, +2¢” (f)
or

Li,0, = LiO, + Li* +e” (8)
L0, » Li* +0, +e” (h)

oy

co,

nLi’

Li,CO
}z & electrolyte

| T —"

E..uo=206V,

E(Vvs
w
o

L P—

www.advsustainsys.com

The core issue of the debate is whether the charging process
is a one-step reaction or a two-step process that involves Li,O
as an intermediate. To understand the mechanism of this pro-
cess, Peng et al. combined in situ SERS and in situ differential
electrochemical mass spectroscopy (DEMS) measurements.[]
Experimental data showed no evidence of the existence of Li,O
during charge which indicated a direct one-step decomposition
of Li,0, to evolve oxygen. In contrast, a two-stage process was
proposed by Shao-Horn's group as illustrated in Figure 7.54
First, three Li-O, cells with Vulcan Carbon (VC) electrodes were
predischarged to a fixed capacity of 200 mAh/g. at different
rates. This process showed relatively fast ORR kinetics where a
uniform distribution of Li,O, on the VC surfaces was observed.
The charge process was found to be more sluggish and sen-
sitive to rates compared with that of the discharge ORR reac-
tion. Three stages can be observed from the charge profile of a
Li-O, cell in Figure 7, that is, a sloping region between 3.0 V to
3.4 V followed by a relatively flat plateau region at 3.4 V and a
second plateau at about 3.6 V. Correspondingly, the first stage
can be considered as a delithiation process of the outer shell of
Li,0, to form a like species. This stage can be represented as
the equation Li,0, — LiO, + Li* + e, whose kinetics are rela-
tively insensitive to charge rates and catalysts. The second stage
which took place at higher overpotentials can be attributed to
the oxidation of bulk Li,0O, particles to evolve oxygen. Following
the equation LiO, + LiO, — Li,0, + O,, kinetics of this stage
are sensitive to discharge/charge rates and catalysts. The third
stage, which is at the end of discharge can be assigned to the
decomposition of electrolyte to evolve CO, at high voltages, this
phenomenon is in agreement with the studies of McCloskey
et al.B%%1 and this issue will be discussed later.

In view of the above proposed mechanisms, the cathode
reactions in nonaqueous aprotic Li-air batteries is a series of
complicated processes, new perspectives are being continually
proposed but the explicit reactions still remain unclear.’2-¢

Recharge

Charge capacity

Figure 7. Proposed reaction mechanism during recharge process of Li-air battery. Reproduced with permission.®l Copyright 2013, American Chemical Society.
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The practical oxygen electrochemistry can be affected by various
factors such as electrocatalysts, electrode materials, electrolytes,
oxygen pressure and so on.””-1% Electrocatalysts have been
found effective in lowering the overpotentials during charge,
but their mechanic details in this process is under debate.[1>1%¢]
The establishment of a thorough understanding of the correla-
tion between electrocatalysts and discharge/charge behaviors is
prerequisite for the development of high performance catalysts.
The characteristics of an air electrode such as porosity, stability
and conductivity also dramatically influences the overall per-
formance of a Li-air cell. Since the intermediates and products
during discharge/charge and are less dissolvable in organic
electrolytes, the study of their physical and chemical features is
thus critical to the further understanding of the limitations in
Li-air batteries.107-132

Toroid and layer structured Li,O, nanoparticles of hundred
nanometers in size were reported by many researchers.”>107-113]
Shao-Horn's group reported that the disc and toroid particles are
composed of arrays of plate-like Li,O, crystallites, as highlighted
by yellow dashed lines in Figure 8a and b.'%”] By observing the
growth of Li,O, particles at different discharge rates and capaci-
ties, Shao-Horn's group proposed that the evolution process can
be described as the stack and spray of plate-like Li,O, crystallites.
As illustrated in Figure 8¢, Li,O, crystals first grow roughly par-
allel to each other at the center of the discs and then splay apart
with increasing disc diameter. With the depth of discharge, addi-
tional plates nucleate in the empty space between the splayed
plates, resulting in the toroid morphology.

As for the charging process, the same group used in situ
TEM as a means to observe the electrochemical oxidation of
Li,0,. As shown in Figure 9, a predischarged solid-state in
situ battery consisting of a MWCNT/Li,O, positive electrode
and a delithiated Si NW negative electrode coated with solid

Increasing Diameter and Aspect Ratio

................................ .

Figure 8. Side-profile TEM images of disc particles discharged at
(a) 50 mA g to 1000 mAh g and (b) 90 mA g to 13000 mAh g .
) Schematic illustration of the microscale shape evolution of Li,O, par-
ticles. Reproduced with permission.l'”] Copyright 2013, American Chem-
ical Society.
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electrolyte was assembled and placed inside a TEM to study the
electrochemical oxidation process. A pair of comparative tests
were conducted to investigate the limiting factor of the oxida-
tion kinetics. Preferential oxidation at the MWCNT interface
was observed whether the Li,O, toroid was in contact with
the solid electrolyte or not, suggesting the oxidation process
is electron-transport-limited rather than lithium-ion-transport-
limited. Later, Hong’s group performed an in situ study on
the discharge/charge processes of a microscale all-solid-state
Li-O, battery using environmental scanning electron micro-
scope (ESEM).I'*2l Upon discharge, toroid Li,O, particles were
observed with the size already beyond the electron tunneling
distance (~5 nm) of insulating Li,O,. This suggests electronic
and ionic conductivities of the formed Li,0, could be capable to
support the growth of the discharge product. Upon charge, the
decomposition of Li,O, was found to be initiated from the sur-
face of the particles, which could be associated with the uneven
distribution of the ionic and electronic conductivities.

In situ Electrochemical atomic force microscopy (EC-AFM)
was also used to provide visual and real-time observations to
study the electrochemical reactions during discharge/charge
on a highly oriented pyrolytic graphite (HOPG) electrode.!'*3!
At the early stage of discharge, Li,O, nanoplates were found
to rapidly grow on the step edges of the HOPG electrode and
eventually form a dense Li,O, film. The film then decomposed
during OER process and the thickness of the film was also
found to be related with the potential upon charge. By-products
such as Li,CO;, lithium acetate, and fluorine-related species
were detected by XPS analysis after five cycles due to the dete-
rioration of HOPG electrode, tetraglyme, and lithium salt. AFM
studies also showed sudden death of battery is associated with
limited charge transport through the Li,O, film.["'* The thick-
ness of the film is correlated with the discharge currents and
the authors found that when film thickness is ~5 to 10 nm, the
charge transport is not sufficient to support electrochemistry at
the Li,O,-electrolyte interface.

Theoretical study based on DFT was also used to predict
the surface properties of Li,O, by some researchers.''7-124 As

' SE-Coated
SINW

Li,O, Particles

Figure 9. Schematic illustration of the in situ TEM test of oxidation
of Li,O, particles. Reproduced with permission.""l Copyright 2013,
American Chemical Society.
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Figure 10. Equilibrium shape of Li,O, crystallites based on calculated
surface energies and the Wulff construction. Reproduced with permis-
sion.""”] Copyright 2012, American Chemical Society.

shown in Figure 10, the calculated surface energies were used
combined with the Wulff construction to analyze the equilib-
rium shape of Li,O, crystallites.""”] A low aspect ratio hexa-
gonal prism morphology was predicted of the formed Li,O, with
O-rich (0001) being the lowest energy surface and predominate
of the surface area. Despite the fact that Li,0, is a bulk insulator,
the calculated results revealed that the stable surfaces of Li,O,
were halfmetallic and magnetic, while the stable surfaces of
Li,O were quite the opposite. This result offered an explanation
of the electrochemical reversibility of Li-air systems with Li,O,
being the discharge product and irreversibility of that discharged
to Li;O. Reports by other researchers showed slight different
results but most believed the predominance of the stable O-rich
(0001) facet with half-metallic and magnetic properties.[!18-120]

The above mentioned AFM study suggested that the death
of cell is a consequence of electrical passivation of the cathode
by the accumulation of discharge products rather than pore
clogging or mass transport limitations.''" This sudden death
of Li-air battery is associated with limited charge transport
through the thickening Li,O, film to the Li,O,-electrolyte
interface. When the Li,O, film reaches a critical thickness, the
charge transport is thus not capable to support electrochem-
istry at the Li,Oj-electrolyte interface. Revealing the mecha-
nisms of charge transport in Li,0, is thus crucial toward better
understanding and evolution of the performance of Li-air bat-
tery.121=124 First-principles calculations by Radin et al. revealed
that the defect chemistry of Li,0, is affected by the ability of O,
dimers to change valence state.['?!] Lithium vacancies and small
hole polarons were observed as the dominant charge carriers,
and the charge transport in Li,O, went through a mixture of
ionic and polaronic contributions. Further study on the charge
transport through Li,O, is needed to understand this major
limiting factor of Li-air battery.

2.3. Hybrid and Solid-state Systems
Hybrid and solid-state metal-air batteries are rarely reported,

mainly owing to the lack of favorable electrolyte and membrane
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materials and the inferior battery performance compared to
that of the aqueous and nonaqueous aprotic ones. Based on
the anode protection concept, hybrid cells comprising a triple-
structured electrolyte (e.g., nonaqueous aprotic/LATP /aqueous)
were also developed (Figure 3b).13*-1381 For a typical hybrid
cell, the anode and cathode is separated by an ionic conductive
membrane, a nonaqueous electrolyte is used at the anodic area,
while an aqueous electrolyte at the cathodic area. This battery
system share the same oxygen electrochemistry with aqueous
system but with no need to be concerned about the clogging of
air cathode of nonaqueous aprotic systems and the corrosion of
metal anodes (especially Li and Na) with electrolytes of aqueous
systems. However, the low conductivity and the lack of long-
term stability of the membrane, LATP for example, remains
as a major challenge, which also increases the difficulty of
building hybrid batteries.

Solid-state metal-air batteries share the similar reaction
mechanisms with aprotic systems, it introduces an ioni-
cally conductive solid electrolyte which can also function as a
separator (Figure 3d). Such an electrolyte can be achieved by
polymers, glasses, ceramics and their combinations.!!39-147]
For example, Zhou's group developed a Li-air cell comprising
a Li anode, a solid Li-ion conductive electrolyte (LTAP), and
a gel cathode which demonstrated a cyclability of 100 cycles
with discharge capacity of 2000 mAh/g.'*% Late in 2017, Sun
et al. reported the fabrication of solid-state Li-air batteries using
garnet (i.e., Lig4LasZr;4Tags0q, LLZTO) ceramic disks with
high density and ionic conductivity as the electrolytes, which
also demonstrates excellent performances.'*’] However, as is
the case with hybrid metal-air cells, the poor conductivity and
sluggish mass transportation kinetics of electrolyte materials
is the major obstacle for the two battery systems, which also
explains the rare reports concerning hybrid and solid-state
metal-air batteries.

3. Electrolytes and Electrolyte Stability

Electrolyte plays a vital role as a medium to transport metal ions
and dissolved oxygen which significantly affects the battery elec-
trochemistry. An ideal electrolyte for metal-air batteries should
possess such properties as high oxygen solubility and diffu-
sivity, low moisture absorption, highly stable against reduced
oxygen species and metal electrodes, high boiling point, low
volatility and viscosity, non-toxic and so on. Each of these prop-
erties indirectly affect the battery performance, for example,
high volatility can lead to the reduce of electrolyte due to the
open cell structure; electrolyte polarity largely determine the
wettability of air electrode; ionic conductivity have an impact on
the rates of cell electrochemistry; oxygen solubility and viscosity
can affect the rate of oxygen transportation and in turn influ-
ence the rate capability of cell.[1263:148-150] I comparison, ionic
conductivity of aqueous electrolytes is much higher than non-
aqueous aprotic electrolytes. In addition, aqueous electrolytes
also possess high boiling point, low volatility and viscosity. How-
ever, the operating potential should be limited within a narrow
range of potential window where water is stable. The freezing
point of aqueous electrolyte is also relatively high, which could
affect the battery performance operating at low temperatures.
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Polymer or solid-state electrolytes are highly safety which are
non-flammable, non-volatile and free of the potential electrolyte
leakage due to the open cell configuration. The major drawback
is their low ionic conductivity owing to the lack of favorable
materials which could lead to inferior battery performance to
that using aqueous and nonaqueous aprotic electrolytes. How-
ever, due to a lack of published works concerning the above two
electrolyte systems in metal-air batteries, we mainly focus on
the discussion of nonaqueous aprotic electrolytes which are
more thoroughly researched in Li-air batteries.

In general, electrolytes for Li-air battery are prepared by dis-
solving lithium salts in high purity organic solvents at a specific
ratio. At the early stages of research on the Li-air battery, Car-
bonate-based electrolytes such as propylene (PC) and ethylene
Carbonate (EC) are widely adopted due to their successful appli-
cation in lithium-ion batteries owing to the low volatility, wide
electrochemical window and liquid temperature range.['3151.152
However, through experimental and theoretical studies, pre-
vious and recent researches have reported the instability of
Carbonate-based electrolyte in the presence of highly reactive
oxygen-containing species such as 0,7, 0,>, LiO,, LiO,~, and
Li,0,.1°3192] Bruce’s group found that alkyl Carbonate electro-
lyte decomposes on discharge to form CO,, H,0 and various of
Carbonate species (Li propyl bicarbonate, Li formate, Li acetate
and lithium Carbonate, as shown in the proposed reaction of
Figure 11). These Carbonate species were found to be oxidized
and release CO, on charge and, interestingly, no evidence of
the reversible formation and decomposition of Li,O, was found
during discharge and charge as evidenced by FTIR, DEMS and
isotope labeling tests. As a result, each cycle is associated with
the consumption of the electrolyte, and the accumulation of
the Carbonate species in the cathode is correlated with capacity
fading and cell failure. To further understand the decom-
pose reaction mechanism of PC, EC and dimethyl carbonates

www.advsustainsys.com

(DMC), DFT coupled with coupled-cluster calculations were
conducted by Blanco et al.'> Theoretical calculation results
supported the experimental evidence that cyclic and linear
carbonates are unstable against superoxide radicals. Nucleo-
philic attack of O, was found to account for the decomposition
of Carbonate-based electrolytes during ORR. Typically, base-
mediated proton transfer from the methyl group of PC was also
found to explain the decomposition of PC. In addition to super-
oxide ions, Laino et al. explicated the degradation process of
Carbonate-based electrolyte at the Li,O, surfaces based on DFT
calculations.["> PC was found to spontaneously decompose on
thell%! Li,0, surface (which was found to be the most stable
surfacel’!)), where the surface lithium ions played a critical role.
Namely, the Li* placed the PC molecules into close contact with
the 0,27, which, due to the polarization effect, promoted the
nucleophilic addition to the carboxylic carbon, then reduced the
activation barrier for ring opening, the stabilization of the nega-
tive alkyl carbonate hence resulted in the degradation of PC. It
is now well-established that carbonate solvents are not suitable
for use in Li-air batteries despite their successful applications
in lithium-ion batteries. These studies concerning the stability
of electrolytes during discharge and charge have also raised a
series of investigation on more reliable aprotic electrolytes.
Learned from the lessons of carbonate-based electrolytes,
ether-based electrolytes such as tetraethylene glycol dimethy-
lether (or tetraglyme, TEGDME) and 1,2-dimethoxyethane
(DME) were found to be more stable against the attack of
reduced oxygen spices.['®>172] Further, they also possess other
advantages, for instance, stable to oxidation potentials in excess
of 45 V (vs Li/Li*), high thermal stability, low volatility for
longer chain eithers (such as TEGDME), and low cost. Before
the acknowledgement of the instability of Carbonate-based elec-
trolytes, Read firstly reported the use of ether-based electrolyte
in Li-air battery, demonstrating good stability and excellent
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Figure 11. Proposed reaction for the formation of compounds: Li propyl dicarbonate, Li formate, Li acetate, Li,CO;, CO,, and H,0. Reproduced with

permission.['3l Copyright 2011, American Chemical Society.
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rate capability.®l In addition, Read also found the ether-based
electrolyte outperformed the Carbonate-based electrolyte
with lower viscosity while maintained similar oxygen solu-
bility. Experimental and computational study was conducted
by Amine and co-workers to compare the stability of Car-
bonate- and ether-based electrolytes.['®l Electrolyte based on
a tri(ethylene glycol)-substituted trimethylsilane (INM3) was
used in a Li-air battery. XPS and FTIR experiments showed
direct evidence that only lithium oxides and no carbonates were
formed when using 1NM3 electrolyte, while PC was found to
decompose to form lithium carbonates during discharge. DFT
calculations of the activation barriers of breaking C-O bonds
together with hydrogen and proton abstraction of ethers by
reduced oxygen species also confirmed the experimental obser-
vations. Moreover, this research also found that charge overpo-
tentials of Li-air battery containing Carbonate-based electrolyte
was distinctly higher than the counterparts containing ether-
based electrolyte, which indicate significant suppress of charge
overpotentials and improvement in cyclability can be achieved
with the utilization of stable electrolytes.

In spite of the significant advancements in stability of ether
solvents, they were also found to decompose during discharge.
A research by Bruce et al. qualitatively investigated the stability
of ether solvents in Li-O, cells.'®!l By combining electrochem-
ical measurements with XRD, FTIR, NMR and mass spec-
trometry (MS) analysis, Bruce et al. proposed that both linear

Li*

Or+@—> 0.2. — Li0Og —> 112 Li,O, + 1!2 0,

(1) () 3)

0,

www.advsustainsys.com

and cyclic ethers (e.g., tetraglyme, 1,3-dioxolane, and 2-methyl-
THF) all exhibited degradation during discharge. As shown
in Figure 12, the superoxide ions from reaction (1) can either
form Li,0, following reaction (2) and (3), or abstract a proton
from the glyme forming an alkyl radical and further lead to
the ether peroxide 2 (reaction (4) and (5)). Such intermediate
species can further undergo an oxidative decomposition reac-
tion to form H,0, CO,, lithium formate, and lithium acetate as
indicated in reaction (6). Alternatively, these intermediate may
undergo rearrangement reactions to form the polyether/ester
3 (reaction (7)). Further, Li,CO; can be formed following reac-
tion (8) and (9). This research indicated that ether-based elec-
trolytes are still insufficient in resisting the attack of reduced
oxygen species which continuously decomposes during each
discharge-charge cycle. The accumulation of by-products in the
cathode result in the reduction of capacity and limited cycling
performance. Nevertheless, ether-based electrolytes, when com-
pared with carbonates, are still much more stable toward the
reduced oxygen species as evidenced by the reversible forma-
tion and decomposition of Li,0,.

Later, Veith et al. investigated the influence of lithium salts
on the discharge Li-O, electrochemistry using TEGDME as
solvent.l'®! By analyzing the discharge products of Li-air cells
through XPS, Raman and NMR spectrometry, Veith et al. found
that a major discharge product in ether-based electrolytes is
components of the Li salt. This study show that LiClO, was least
reactive among the Li salts (LiClO,, LiPFg,
LiBF,, LiTFSI) investigated. Experimental
data showed that Li salts containing F were
found to decompose to form halide species
up to more than 15% of the discharge prod-
ucts as a highly covalent species, while less
than 8% of the products were found con-
taining Cl with LiClO,-based electrolyte. This

- 0 X
0O —_— 0) — (o] research further deepened our understanding
WO/\‘/ = HO wo/\:/ ~ wo/\r ™~ of electrolyte stability, which the effect of salts
B z .0 should also be taken into account.
1 (5) 0] In addition to Carbonate- and ether-based
(4) 2 electrolytes, our group have firstly intro-
duced a dimethyl sulfoxide (DMSO) based
Y ( )
oxidative electrolyte in Li-O, battery.'”3] Reversible
decomposition formation and decomposition of Li,O, was
reactions observed of the battery with superior perfor-

H,0 CO, HCO,Li CH,CO,Li

o7}

esterification

(6) mances including good rate performance,
ultra-high discharge capacity (10600 mAh/g)
and low charge potential (=3.7 V), indicating
the sustainability of DMSO-based electro-
lyte. Later, Bruce’s group further demon-

O A0
oY ﬁo -
2 n m

3

20, +2C0,
C,06% +0, +4Li*

— G0+ 0,

B
during discharge. Reproduced with permission.[164
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(7) strated the advantage and advancements of
DMSO in Li-O, batteries using nanoporous
gold and TiC cathodes, respectively.'74173]
The Li-O, cell composed of a DMSO-based
electrolyte and a nanoporous gold electrode
demonstrated excellent cycling performance

(8) which retained 95% of its capacity after 100
2Li,CO3+20, (9)

Figure 12. Proposed reaction mechanisms of Li-O, cells containing ether-based electrolytes

cycles.'74 More importantly, >99% purity of
Li,O, formation at the cathode was observed
from FTIR, SERS, NMR, and DEMS experi-
ment data. The discharge/charge of the
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Figure 13. Galvanostatic discharge/charge cycles of Li-O, cells containing (a) 0.5M LiCIO,4 in DMSO (current density: 1 mA/cm?) and (c) 0.5M LiPFq
in TEGDME (current density: 0.5 mA/cm?). b, d) Capacity retention for the same cell as in (a) and (c), respectively. Reproduced with permission.[!73]

Copyright 2013, Nature Publishing Group.

cell was associated with almost entirely reversible formation/
decomposition of Li,O,, while previously reported Li-O, bat-
teries were partial Li,O, formation/decomposition and limited
cycling. An in-depth comparative investigation of the perfor-
mance of Li-O, batteries using TEGDME- and DMSO-based
electrolytes was carried by the same group.'”®! The use of a
nonCarbon TiC electrode and a DMSO-based electrolyte greatly
reduced side reactions arising from electrolyte and electrode
degradation. As shown in Figure 13, the battery demonstrated
>98% capacity retention after 100 cycles, which is even better
that that based on nanoporous gold electrode. Moreover, the
battery achieved >99.5% purity of Li,O, formation on each dis-
charge and its complete oxidation on charge as evidenced by
FTIR, NMR, XRD and DEMS analysis. In distinct contrast, the
battery using TEGDME-based electrolyte showed much sig-
nificant polarization with increasing cycle number and inferior
capacity retention than that with DMSO-based electrolyte. Anal-
ysis on the formation of byproducts and ratios of the number of
electrons to oxygen molecules during charge and discharge also
confirm that DMSO was much more stable than TEGDME,
highlighting its superiority in the application in Li-air battery.
Although DMSO-based electrolytes demonstrated prom-
ising performance for Li-air battery, a recent study by
Shao-Horn's group showed that DMSO is still insufficiently
stable against reduce oxygen species that spontaneously form
LiOH.!"7%] In this study, Li,O, was observed as the only spe-
cies immediately after discharge, then gradually decomposed
completely to form LiOH when prolonged exposed to the
DMSO-based electrolyte. Furthermore, this study also showed
that Li,O, can decompose DMSO to DMSO,, even worse,
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the addition of KO, (act as a superoxide species) was found
to accelerate the decomposition of DMSO and the conversion
from Li,0, to LiOH which indicated that DMSO is reactive to
superoxide and peroxide species. These findings suggest that
DMSO is still not sufficiently stable as a solvent for Li-air bat-
tery with long cycle life.

Several other organic electrolyte solvent based and mixed-sol-
vent electrolytes and their application in Li-air battery have also
been investigated.['”:177:178] Chen et al. reported a 0.1 M LiClO,/
dimethylformamide (DMF) electrolyte and studied its stability
in Li-O, electrochemistry.'””! Formation and decomposition
of Li,0, was observed as the dominant reactions at the first
cycle. Unfortunately, electrolyte degradation was observed with
increasing cycle number, leading to the formation of byproducts
including Li,CO;, HCO,Li, CH3CO,Li, NO, H,0, and CO,. The
accumulation of such byproducts during each cycle inevitably
result in the fade in capacity and cyclability which indicate the
insufficient use of DMF-based electrolytes in rechargeable Li-air
batteries. Recently, Bardé et al. investigated the performance of
three sulfones: ethyl vinyl sulfone (EVS), tetra methylene sul-
fone (or sulfolane, TMS), and ethyl methyl sulfone (EMS) as
electrolyte solvents in Li-O, batteries.'78] A combined analysis of
PXRD, FTIR, NMR, and MS was used to qualitatively and quan-
titatively study the electrolyte stability. Electrolyte degradation of
electrolyte was observed for the three sulfone-based electrolytes,
TMS and EMS were found to exhibit more stable cycling perfor-
mance, whereas EVS, a liquid at room temperature was found
least stable in the presence of oxygen species.

The charging process is associated with the oxidation of
solid discharge product Li,O, which is deposited on the surface
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of porous structured air cathode. The weak charge transport
between solid Li,O, particles and the cathode interface is a sig-
nificant problem accounting for the large overpotential during
charge. Incorporation of OER catalyst in the cathode has been
considered as an effective approach to solve this problem. Note
that the cathode catalysts can only facilitate the oxidation kinetics
of Li,O, at the interface of the cathode but non-functioning for
that at the electrolyte-Li, 0, interface, leading to high overpoten-
tials even at low rates. Recently, there’s a trend of using dis-
solvable redox mediators in rechargeable nonaqueous aprotic
Li-air batteries to facilitate the ORR and OER kinetics and
lower the electrochemical overpotentials upon charge.['79-184
A redox mediator is a diffusible electrocatalyst and electrolyte
additive that can be initially oxidized at the electrode surface
then oxidize the Li,O, particles to form Li* and O, gas while
itself is reduced. Therefore, a redox mediator should meet sev-
eral requirements, that is, highly dissolvable in the electrolyte,
the redox potential should be slightly higher than that of Li,0,
(2.96 vs Li/Li"), capable of efficiently decomposing Li,O, at its
oxidized form, and not reactive toward lithium metal and elec-
trolyte. Chen et al. successfully introduced a redox mediator
and effectively alleviated the problem of polarization during
charge and greatly enhanced cycling performance of recharge-
able Li-O, battery.”” The reported cell was composed of a
1 M LiClO,/DMSO dissolving tetrathiafulvalene (TTF), a nano-
porous gold cathode, and LiFePO,-based anode. Upon charge,
the TTF was oxidized to TTF* at the cathode surface, which in
turn oxidized the solid Li,O, and lead to the regeneration of
TTF. Experimental observation also showed that after the incor-
poration of the redox mediator, the cell was able to cycle at a
high rate of 1 mA/cm?, which was not possible for the cell in
the absence of the mediator. As shown in Figure 14, with the
increase of current density, the discharge/charge curves of the
cell showed a slight raise in charge overpotential demonstrating
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a stable reversible formation and decomposition of Li,0, in the
presence of TTF upon discharge/charge.

Later, the interest in the researches concerning redox medi-
ator (RM) has been surging, various kinds of RM including
Li,[180] 2,2,6,6-tetramethylpiperidinyloxyl (TEMPO),l181
FePc, 132 LiBr,['83] DBBQ#* etc. have been reported. To be spe-
cific, Bergner et al. have recently proposed that 2,2,6,6-tetra-
methylpiperidinyloxyl (TEMPO) can serve as a highly stable
and efficient redox mediator for OER in Li-air batteries.['8!]
The use of TEMPO in a Li-O, cell lead to a distinct reduction
of charge voltage and enhancement in cycle life and round-trip
efficiency. Bergner et al. also studied the reaction mechanism
with the addition of charge transfer mediators and found that
a preliminary oxidation of Li,O, without a direct electric con-
tact to the current collector upon charge by the TEMPO™ as evi-
denced by a huge gas evolution at the early stage of charging
process and XRD analysis. Later in 2016, Liang reported the
application of LiBr. With the help of the incorporated redox
mediator, the charge reactions are transformed from electro-
chemical pathways to chemical pathways, which unexpectedly
bypass the formation of highly reactive intermediates upon
electro-oxidation of lithium peroxide. Such transformation
reduces self-amplifying degradation reactions of electrode and
electrolyte in the Li-O, cells. As a benefit, the Li-O, battery with
this redox mediator exhibits much improved stability at higher
charging rates and such research can provide insights for fur-
ther relevant researches.

To briefly summarize, the development of electrolyte for
metal-air batteries is a process that associated with the discovery
of more rational solvents and metal salts. Among numerous
relevant research in recent years, the majority was on the inves-
tigation of more stable and efficient electrolytes for nonaqueous
aprotic Li-air battery system. Note that the electrochemistry in
a nonaqueous environmental is a rather complicated process
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Figure 14. Cycling stability of Li-O, cathodes employ TTF as a redox mediator. a—d) Load curves (constant-current discharge/charge) for the first,
20th and 100th cycle of a cell with 1 M LiCIO,/DMSO contained 10 mM TTF at a nanoporous gold electrode under O,, with rates increased from
0.078 mA cm™2 (a) to 0.196 mA cm™2 (b), to 0.313 mA cm™2 (c) and to 1 mA cm™2 (d). Reproduced with permission.['”l Copyright 2013, Nature Pub-

lishing Group.
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which may be concerned with a series of parasitic reaction of
the solvents, salts, and air cathode (which will be discussed in
section 4.2), which makes it difficult to develop a Li-air battery
with satisfactory overall performances. For nonaqueous Na-air
batteries, we don't consider this aspect due to a lack of systemic
report on the investigation of electrochemical mechanisms
and electrolytes. Other solutions and designs for the stability
and performance issue of aprotic electrolytes have also been
proposed, but the problems remained unsolved. Currently,
developing a fully stable while efficient electrolytes lies as one
of the priorities as they play a critical role in determining the
electrochemical performance of metal-air batteries.

4, Cathodes

The cathode is also an important part of a metal-air battery
where the ORR and OER (rechargeable metal-air battery) take
place at its solid interfaces. An ideal air cathode should possess
such properties as high electric conductivity, rational structural
design, high catalytic activity, high electrochemical stability and
structural integrity, and low-cost. Since the cathode reactive
material is oxygen, the air electrode should have a porous struc-
ture to facilitate the dissolution diffusion of oxygen and electro-
lyte. The reaction kinetics at the cathode plays a critical role in
determine the electrochemical performance of a battery such
as rate capability, capacity, and cycling performance, which
also requires the air electrode to have favorable catalytic activity
for ORR and OER. Note that for metal-air batteries that utilize
aqueous electrolytes (e.g., Zn-air, Al-air, Mg-air battery), the
discharge products are dissolvable in the electrolytes, whereas
the discharge products in Li-air and Na-air batteries that use
nonaqueous aprotic electrolytes have little solubility in the
electrolytes, deposit in the porous structure of the cathode, as
discussed in section 2. On this account, the structural require-
ments of an air cathode for nonaqueous aprotic metal-air bat-
tery systems is much more rigorous, that is to say, the cathode
should provide sufficient pore volume for the deposition of
solid discharge products and at the same time prevent the clog-
ging of diffusion paths for oxygen and electrolyte diffusion.
In fact, the cathode is a substrate where the electrochemical
processes occur. For both primary and secondary metal-air bat-
teries, an ideal cathode can be used repeatedly in principle,
which further highlight the significance of the research in this
field.

4.1. Structural Design

Among the numerous literature reports concerning the field
of metal-air batteries, plenty were dedicated to the study of the
modification of cathode structure to achieve higher capacity,
better rate capability and cycling performances.'® A highly
porous structure can provide diffusion paths and also function
as a substrate for ORR and OER catalysts. As stated above, the
insoluble discharge products of nonaqueous Li-air and Na-air
battery may clog the diffusion path of oxygen, thus making the
development of an air cathode is more complicated. In this sec-
tion, we discuss the rational structural designs for metal-air
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batteries with a highlight on the design of nonaqueous aprotic
Li-air battery system as it has attracted considerable research
interests.

Generally, an air cathode is composed of porous carbon, an
electrocatalyst and a polymer organic binder. Different ratios
of these compositions can have a great impact on the electro-
chemical and physical properties of a cathode including electric
conductivity, porosity, catalytic activity, and wettability of elec-
trolyte. During discharge process, the ORR takes place at the
triple phase interfaces comprised of a solid (cathode), a liquid
(electrolyte), and a gas (air/oxygen). On this aspect, a porous
structure with high specific surface area can provide sufficient
catalytic active sites as well as effective diffusion path for mass
transport which is beneficial for the advance of rate capability
and specific capacity. Carbon materials were mostly used in
air cathodes owing to their excellent electric conductivity, good
electrochemical stability, easy control of morphology, favorable
ORR activity, and low cost, as evidenced by numerous related
reports. Commercial carbon such as Ketjen Black (KB) and
Super P (SP) Carbon were widely used in air cathodes at the
early studies of metal-air batteries, these materials can also be
seen in some commercial devices such as Zn-air battery. Other
nanoporous Carbonaceous materials such as Carbon nanotubes
(CNTs), graphene and their derivatives are also found to exhibit
favorable performances. In order to accelerate the electrochem-
ical kinetics, ORR and/or OER catalysts were also introduced
into the porous structure of the air cathode (see section 5).

However, for metal-air batteries that use organic electrolytes,
a porous cathode should not only provide diffusion paths for
effective mass transport, but also accommodate the accumula-
tion of solid discharge products, which sets a higher require-
ment to construct an air cathode. To date, it is well acknowl-
edged that the meso-and macro-pores have the greatest contri-
bution to the capacity of nonaqueous aprotic Li-air batteries,
which can provide effective space for the deposition of dis-
charge products (e.g., Li,O,, NaO,, Na,0,, etc). Micro-pores
can be effective for oxygen transportation but was also found
to be easy clogged by solid discharge products which have little
contribution to cell capacity. Thus the pore volume of meso-
and macro-pores is considered as a limiting factor of discharge
capacity. To this end, our group have proposed an ideal structure
model of the air cathode for nonaqueous metal-air batteries, as
illustrated in Figure 15.1% The hierarchical porous structure is
composed of interconnected macro-, meso-, and micro-pores
which effectively facilitates electrolyte wetting, oxygen disso-
lution, mass transportation of oxygen and electrolyte. Such
structure is also favorable for the deposition of solid discharge
products and prevent pre-mature death origin from pore clog-
ging of the aggregation of undiscoverable discharge products.
Further, electrocatalyst are grown uniformly onto the porous
structure to form a three-dimensional catalytic network which
can allow a full utilization of the porous structure and better
contact with discharge products to effectively enhance ORR and
OER kinetics. This proposed cathode model is believed to dis-
play excellent physical and electrochemical performance such
as good structure integrity and high capacity with fast forma-
tion and decomposition of solid discharge products.

Based on this cathode design, our group have recently
reported a free-standing honeycomb-like palladium-modified
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Figure 15. Proposed structure model of the air cathode for rechargeable nonaqueous metal-
air batteries. Reproduced with permission.['™ Copyright 2014, The Royal Society of Chemistry.

hollow spherical Carbon (P-HSC) deposited onto Carbon paper
as a cathode for a Li-O, battery.'®! As shown in Figure 16a,
mercaptopropylsilyl-functionalized silica spheres were firstly
deposited onto the framework of Carbon paper using an elec-
trophoretic technique, and then in situ-loaded with Pd NPs and
covered with a Carbon shell. Figure 16D is the corresponding
FESEM image of the morphology of the P-HSC deposited on
carbon paper, showing the successful preparation of the hier-
archical porous nanostructure. In addition, the P-HSC was
firmly embedded into the framework of the CP without the
addition of binder, emerging a free-standing structure and low-
resistance pathways for electron transportation. When used
as a cathode for Li-O, battery, the optimized structural design
demonstrated great advantage in tailoring the deposition
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behavior and morphology of the discharge
product, leading to superior performance of
high rate capability (5900 mAh/g at a cur-
rent density of 1.5 A/g) and excellent cycling
performance (205 cycles at a current density
of 300 mA/g and a specific capacity limit of
1000 mAh/g, as shown in Figure 16¢ and d).
Shao-Horn's group also proposed a design
principle of air cathode to improve specific
capacity and cycling performance of lithium-
oxygen battery through a novel and facile
biological method to synthesis structure-
controlled metal oxides by using M13 virus
as template.'® This method allowed the
formation of high aspect ratio metal oxide
nanowires facilitating compositional control
that outperforms those made by mechanical
mixing. Moreover, the nanowires formed a
hierarchical porous network which can maxi-
mize the interaction between the catalyst and
discharge product, increasing reversibility
and generating a stable cycle life of Li-O,
battery. Furthermore, by incorporating only
3-5 wt% of Pd nanoparticles in the material,
the corresponding Li-O, cell displayed a high specific capacity
of 13,350 mAh/g at 0.4 A/g and a good cycling performance of
50 cycles (4000 mAh/gat1 A/g.).

4.2. Cathode Stability of Li-air Batteries

Apart from the instability issue of nonaqueous aprotic electro-
lyte in Li-air battery system, the instability of cathode was also
discovered as another major cause of capacity fade, limited
cycle number, and sever polarization problems.!'8-191 Bruce’s
group reported that Carbon is relatively stable below 3.5 V
(vs Li/Li") on discharge or charge, but oxidatively decompose
to form Li,COj; in the presence of Li,O, when charged above

Silica sphere Mercapto-silica sphere Pd-silica sphere Pd-silica sphere/C Pd-hollow spherical
carbon (P-HSC)
d)s
P-HSC deposited onto CP cathode (9)‘ P-HSC deposited onto CP cathode
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Figure 16. a) Schematic of the preparation of P-HSC. b) FESEM image of the prepared P-HSC deposited onto CP. The red arrows point out the hierar-
chically porous structure of P-HSC. Scale bar represents 500 nm. c) Discharge-charge curves and (b) variation of voltage on the terminal of discharge
of the Li-O, cells with the P-HSC deposited onto CP cathode. Reproduced with permission.['3 Copyright 2013, Nature Publishing Group.
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Figure 17. Schematic illustration of the decomposition process of carbon electrode in Li-air battery during discharge and charge. Reproduced with

permission.['®] Copyright 2013, American Chemical Society.

3.5 V (as illustrated in Figure 17).'® It was found that the
proportion of Carbon directly reacts with Li,O, is small, how-
ever, Carbon can actively promote the decomposition of elec-
trolyte on cycling, giving rise to byproducts such as Li,CO; and
Li carboxylates (of DMSO- and TEGDME-based electrolytes).
Moreover, hydrophilic Carbon was found more catalytically
active toward the degradation of electrolyte while those with
a hydrophobic surface is relatively more stable. The forma-
tion and decomposition of Li,CO; and Li carboxylates was also
observed during discharge and charge, but oxidation of Li,CO;
on charging to ~ 4 V is incomplete which accumulates with the
increasing cycle number, leading to sever polarization, fade in
capacity, and reduce in cycle number. Experimental results also
showed that Carbon may be relatively stable if the oxidation of
Li,0, can be operated below 3.5 V. This study demonstrates the
issue of stable cycling is dependent on synergy between electro-
lyte and electrode which cannot be considered separately.
Polymer organic binder such as poly(vinylidene difluoride)
(PVdF) is widely used in the preparation of air cathodes to
ensure the physical structure integrity. Unfortunately, Nazar’s
group found that PVdF readily reacts with superoxide species to
form dehydrofluorination and formation of H,0, which further
react with catalysts to the form of H,0, and finally leading to
the formation of LiOH at the presence of Li,O,. The hydroxide
cannot be oxidized during charge, which accumulates and
coats on the porous surface, resulting in the termination of
the electrochemical of formation and decomposition of Li,0,.
Binder-free designs of cathode were then widely investigated
by researchers through various synthetic methods such as
electrodeposition, hydrothermal, and chemical vapor deposi-
tion (CVD) to avoid the use of binder and further enhancing
the stability of cathode. Later, Shao-Horn's group pointed out
that defects and oxygenated functional groups (activated double
bonds or aromatics) of Carbon can function as reactive sites to
react with superoxide radicals to form carbonates, as evidenced
by XPS results.!% Superoxide radicals first promote nucleo-
philic addition or electron transfer reactions on these reactive
sites, leading to epoxy-groups, and further converted into car-
bonates. As has been stated in section 3, the decomposition of
electrolytes can also be originated from the defects on carbon
surface,®” indicating the modification of carbon materials by
lowering or eliminating surface defects may be an effective
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approach to improve round-trip efficiency and prolong the cycle
life of Li-air battery.

To this end, several approaches to stabilize the air cathode
have been proposed by researchers. A cathode material architec-
ture proposed by Lu et al. demonstrated as a possible solution
to the instability of Carbon.'®2 Through atomic layer deposi-
tion (ALD) process, the Carbon surface was firstly passivated by
a Al,O; protective layer to prevent the potential catalyzing the
decomposition of the electrolyte and Carbon degradation with
reduced oxygen species. Then Pd nanoparticles were attached
to the surface as an effective OER catalyst to lower charge
overpotential thus prevent the decomposition of Carbon and
lithium peroxide. Experimental observations showed that a dra-
matic reduction in charge overpotential (=0.2 V) was achieved
which can be attributed to the high catalytic activity of Pd nano-
particles and efficient electronic transport at the Pd/C interfaces.
In addition, the protective layer of Al,O; blocked the reactive
sites of Carbon surface which also played a part of contribu-
tion on lowering the charge overpotential. Kang et al. recently
reported that the reactive sites of Carbon can be deactivated by
an ionic solvate of DME and lithium nitrate (LiNOs) through the
electrochemical nitrogen doping of Carbon forming pyridinic
structure during discharge.'”l This method was simple yet
found effective in stabilizing Carbon and eliminating the release
of CO, during charging. The authors also noted that N-doping
process is not a sufficient requirement to eliminate CO, evolu-
tion given some ex situ processes cannot fully mitigate the reac-
tive sites of Carbon to parasitic reactions. Zhou's group reported
that a core-shell structure of CNTs uniformly coated with a RuO,
shell can effectively prevent direct contact of Carbon with Li,0,,
thus avoiding the formation of Li,CO; from Carbon decomposi-
tion.%4 It was also observed that the RuO, coating layer largely
preserved the structural properties of CNTs such as high specific
surface area and porous structure. Moreover, the RuO, shell can
also function as efficient bifunctional catalyst for ORR and OER,
preventing the parasitic reaction at high charge overpotentials.
The similar strategy was also reported by Xie et al., where a thin
layer of FeO, was grown in situ on three dimensionally ordered
mesoporous (3DOM) Carbon by ALD technic.'®! In addition to
the concept of preventing direct contact between Carbon and
reduced oxygen species, Pd nanoparticles were further deco-
rated on the cathode surface to lower the charge potentials. This
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work adopted a 3DOM structure which can provide unique hier-
archical structure to facilitate the mass transportation of reac-
tants as well as the accommodation of the deposition of Li,O,.
Such design can not only enhance the cathode stability through
conceal the Carbon surface and lower the charge overpotentials,
but also significantly improved the specific capacity and rate
capability of the Li-O, cell.

The above proposed approaches indicate that the stabiliza-
tion of Carbon can be achieved by Carbon passivation and/
or lowering the charge voltage below 3.5 V. Besides the above
two methods, some non-Carbon materials were also found to
exhibit excellent electrochemical stability in nonaqueous Li-air
system to sustain favorable battery performance.[174175:196-200]
Bruce’s group, as stated in section 2, utilized nanoporous gold
and TiC as air cathodes to exclude the parasitic reaction associ-
ated with cathode stability to study the degradation of electro-
lytes. In this field, wang’s group recently proposed that TiSi,
nanonet can also serve as a stable cathode support with high
surface area and conductivity.'” To promote the ORR and
OER kinetics, Ru nanoparticles were homogenously deposited
on the surface of TiSi, nanonet using ALD technic. This
cathode design significantly hindered the parasitic reaction cor-
related with cathode degradation and enable the Li-O, cell to be
operated over 100 cycles with an average round-trip efficiency of
more than 70%. Interestingly, the Ru nanoparticles were found
to be selectively grown on b planes of the TiSi, nanonet, which
could be resulting from different interface energetics. Since
then, several other kinds of carbon-free cathodes have been
reported,[%7-2% such as mesporous titanium nitride (m-TiN),[2%%]
Ir/B,C cathode,?°l and TiN@Pt;Cu cathode.?*! In the research
by Kim,?%! the m-TiN possess a 2D hexagonal structure and
large pores (>30 nm). Due to the well-aligned pore structure
and decent electric conductivity of TiN, the battery reaction was
quite reversible, resulting in robust cycling performance for over
100 cycles under a potential cutoff condition. And according to
Luo,?* a 3D array composed of one-dimensional TiN@Pt;Cu
nanowires was synthesized and employed as a whole porous
air electrode in a lithium—oxygen battery. Benefitting from
the high electronic conductivity of the TiN nanowires and the
highly efficient catalytic activity of Pt;Cu, the constructed one-
dimensional TIN@Pt;Cu nanowire array cathode demonstrates
excellent energy conversion efficiency and rate performance in
full discharge and charge modes. The discharge capacity is up
to 4600 mAh g! along with an 84% conversion efficiency at a
current density of 0.2 mA cm2, and when the current density
increased to 0.8 mA cm™2, the discharge capacity is still greater
than 3500 mAh g! together with a nearly 70% efficiency. To a
considerable extent, these researches associated with the con-
struction of non-carbon cathode have highlighted the impor-
tance of rational design and synthesis of cathode in enhancing
the performance of rechargeable Li-O, batteries, providing
guideline for further researches in the field of non-carbon elec-
trode. In these aspect,

5. Electrocatalysts

As presented in section 2, the cathode reactions of metal-air
batteries are generally electrochemical processes involving
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oxygen reduction and/or oxygen evolution. Oxygen electro-
catalyst in the cathode is thus crucial for the performance of
a metal-air battery with respect to rate capacity, power density,
cycling stability and capacity retention efficiency. For the past
decades, ORR catalysts for fuel cells have been extensive inves-
tigated. The similarities shared between fuel cells and metal-air
batteries can provide strategic and technic guidance to promote
the development of high performance metal-air cathodes. Gen-
erally, most of the ORR catalysts for fuel cells are applicable to
metal-air batteries, however, the inferior energy conversion effi-
ciency resulting from poor OER activity is the major obstacle
hindering the realization of a true rechargeable metal-air bat-
tery.207:208] In recent years, great efforts have been devoted to
the investigation of electrocatalysts for rechargeable Li-air bat-
teries, further impelled the development in metal-air areas.
A variety of materials have been reported to actively stimulate
oxygen reduction and/or evolution, including (1) noble metals,
alloys and oxides, (2) transition metal oxides, (3) Carbonaceous
materials, (4) metal-nitrogen complex, and (5) conductive poly-
mers. This section will mainly focus on the review of the char-
acteristics of catalysts in direct relation to metal-air batteries,
such as structural design, synthesis method, catalytic mecha-
nism and activity, and so on. Considering the similarities and
differences between different metal-air battery systems, one can
find it inspirational that what is learned from one system can
promote the development of other systems.

5.1. Noble Metals

Noble metals (such as Pt, Au, Pd, Ru, Ag, etc.), have been
known as the most effective electrocatalyst and they are
widely applied in the Li-O, battery.2-230 As reported, Arava
et al. reported the fabrication of Pt subnanocluster decorated
N-doped single-walled carbon nanotube cathodes in 2016.21% In
this research, Pt/N-SWCNTs exhibited high discharge capaci-
ties of 7685 and 5907 mAh/g at 100 and 500 mA/g, respectively,
and also good capacity retention. Moreover, a stable capacity of
3000 mAh/g with 100% Coulombic efficiency at 500 mA/g was
demonstrated under repeated cycling conditions. While Wang
et al.23] reported the synthesis of an effective cathode catalyst
of ruthenium nanocrystals supported on carbon black substrate
by a surfactant assisting method. The as-prepared ruthenium
nanocrystals exhibited an excellent catalytic activity as cath-
odes in Li-O, batteries with a high reversible capacity of about
9,800 mAh g!, a low charge-discharge over-potential (about
0.37 V), and an outstanding cycle performance up to 150 cycles
(with a curtaining capacity of 1,000 mAh g™). The electrochem-
ical testing shows that ruthenium nanocrystals can significantly
reduce the charge potential comparing to carbon black cata-
lysts, which demonstrated that ruthenium based nanomaterials
could be effective cathode catalysts for high performance Li-O,
batteries. In this aspect, a series of Ru-based researches,214-220]
such as network structured carbonized bacterial cellulose-
supported Ru nanoparticles,?'* a three-dimensional (3D)
mesoporous graphene-like carbon structure decorated with
Ru particles,?'! ruthenium nanocrystal decorated vertical gra-
phene nanosheets@Ni foam,?!% etc. have been published.
To be specific, according to Want et al.21¥ the Ru-decorated
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such as Pd,?21] Pt,1222] Au,1??7] are also widely
applied in Li-O, battery, which are not dis-
cussed in detail.

Despite the well-established investigation
of the oxygen electrochemistry in aqueous
systems for the past decades, the study of
catalytic mechanisms in nonaqueous sys-
tems is relatively rare. In addition, the reali-
zation of a rechargeable metal-air battery
require the capability of catalysts functioning
both excellent ORR and OER activity. Owing
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to the increasing popularity gained in the 2.0
nonaqueous aprotic Li-air battery research 0
field in recent years, noble metals were the
first to be investigated as cathode catalysts
due to their superior activity in aqueous
electrolytes.[?31-231 A DFT study of ORR by
lithium on Au (111) and Pt (111) indicated
mechanistic details.?3!] Early studies by
Shao-Horn's group on the employed rotating
disk electrode (RDE) measurements to quan-
tify the activity of catalysts. It was reported
that the ORR activity of Au was higher than that of Pt in the
presence of lithium ions in aprotic electrolytes.?32l Another
study by the same group showed that Au/C had the highest
discharge activity, while Pt/C exhibited extraordinarily high
charging activity.?3] By combine one catalyst that is highly
active for ORR and another for OER can be an effective way
to produce bifunctional catalyst. Based on this, PtAu nanopar-
ticles homogenously dispersed on Carbon support were pre-
pared to serve as bifunctional catalysts for nonaqueous aprotic
rechargeable Li-O, batteries.?3 As shown in Figure 18a, a CV
method was used to obtain the electrochemical surface area of
PtAu nanoparticles which was estimated to be 38 £ 4 m?/gpa,.
The Li-O, battery based on PtAu/C catalyst delivered discharge
and charge voltages that were comparable to that of Au/C and
Pt/C, respectively. This was attributed to the high kinetics of
surface Au and Pt atoms toward ORR and OER, separately. As
a result, the overall voltage gap between charge and discharge
was greatly reduced, leading to better round trip efficiency.
Although subsequent research demonstrated that the electro-
lyte used in this work (PC/DME) suffer from some parasitic

sion.[234
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Figure 18. a) Cyclic voltammograms of PtAu/C (room temperature, 50 mV s7'). Insets: (left)
HRTEM image of PtAu/C; (right) schematic representation of PtAu, the arrows indicate the CV
signatures for Pt (gray) and Au (yellow). b) First discharge/charge profiles of Li-O, cell with
carbon at 85 mA/g.,bon and Au/C, Pt/C, and PtAu/C catalysts at 100 mA /g, pon- €) Discharge/
charge profiles (first cycle) of PtAu/C at 50, 100, and 250 mA/g..bon- Reproduced with permis-
| Copyright 2010, American Chemical Society.
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reactions, the concept proposed here is nevertheless enlight-
ening. The impact of electrolytes will be discussed in detail in
the following section. Later, the same group further performed
a systematic investigation on the intrinsic ORR kinetics of
polycrystalline Pd, Pt, Ru, and Au surfaces in a more stable
0.1 M LiClO, 1,2-dimethoxyethane electrolyte via RDE meas-
urements.l”>! It was found that the Li*-ORR activity of these
material surfaces was primarily associated with the oxygen
adsorption energy, forming a volcano shape trend with Pd
exhibiting the highest potential. More importantly, the activity
trend of these polycrystalline surfaces was in good agreement
with the trend in the discharge voltage of Li-O, batteries based
on the nanoparticle catalysts.

The ability to operate under high rates is critical to the
practical application of metal-air batteries, which is highly
dependent on the catalyzed formation and deformation of dis-
charge products upon cycling. The discharge rate capability of
rechargeable Li-O, batteries based on Vulcan Carbon (VC) and
Au/C were studied in the range of 100 to 2000 mA/gcarbon-2>*
To eliminate the impact of the parasitic reactions of PC-based
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Figure 19. Charge—discharge curves (a) and cycling profile (b) of Li-O, battery with a 0.1 M LiClO,-DMSO electrolyte and a NPG cathode, at a current
density of 500 mA g~' (based on the mass of Au). Reproduced with permission.l'’#l Copyright 2012, American Association for the Advancement of

Science.

electrolyte, the rate capability of Li-O, batteries were tested with
1,2-dimethoxyethane electrolyte. It was found that Li-O, cells
based on Au/C catalyst exhibited higher discharge voltage than
that based on VC at both low rates and high rates. This phe-
nomenon can be attributed the higher activity of Au/C for ORR
at low rates, while at high rates, the faster lithium transport
in nonstoichiometric and defective lithium peroxide formed
upon discharge on air cathodes based Au/C could be ascribed
to the higher discharge voltage. Later, Bruce et al. demon-
strated a higher rate Li-O, battery based on nanoporous gold
(NPG) cathode and a stable dimethyl sulfoxide (DMSO) elec-
trolyte.174l Considering the high mass density of Au (=10 fold
greater than Carbon), the current density based on Au would,
for example 500 mA/g, correspond to =5000 mA/g for the same
porous cathode based on Carbon. Due to the synergistic effect
of the fast kinetics of the formation and decomposition of Li,0,
and effective mass transportation of reactants on the NPG
cathode, the Li-O, battery exhibited 95% capacity retention after
100 cycles (as shown in Figure 19), which is still a high value
up to now. However, the fabrication of a NPG cathode is rather
complicated which remain as challenge for practical applica-
tions Charge profiles (first cycle) of PtAu/C at 50, 100, and
250 mA/gCarbon~[234]

Nonaqueous aprotic Li-O, batteries based on other noble
metals are also recently investigated. Recently, Pd nanoden-
drites with an average size of approximately 14 nm have been
strongly anchored on graphene nanoplatelets to produce a
catalyst, based on which the Li-O, battery has exhibited good
performance.?¥”! In other research, Yoon and co-workers
exploit two types of double-walled RuO, and Mn,0; composite
fibers, 238 ie., (i) phase separated RuO,/Mn,0; fiber-in-tube
(RM-FIT) and (ii) multicomposite RuO,/Mn,0; tube-in-tube
(RM-TIT), by controlling ramping rate during electrospinning
process. Both RM-FIT and RM-TIT exhibited excellent bifunc-
tional electrocatalytic activities in alkaline media. The air elec-
trodes using RM-FIT and RM-TIT showed enhanced overpoten-
tial characteristics and stable cyclability over 100 cycles in the
Li-O, cells, demonstrating high potential as efficient OER and
ORR catalysts.

It should be noted that despite the excellent ORR and OER
activity of noble metals, their high cost remains as the biggest
challenge that hinders their large-scale application in metal-air
batteries. To find alternative low-cost catalysts, researchers have
focused on the investigation of transition metals, carbonaceous

Adv. Sustainable Syst. 2017, 1, 1700036

1700036 (21 of 51)

materials, and so on. These materials demonstrated promising
performances in different metal-air systems, which we will dis-
cuss in detail in the following sections.

5.2. Transition Metal Oxides and Nitrides

Non-precious transition metal oxides probably represent the
most interesting class of oxygen catalysts. They possess advan-
tages such as abundant reserve in earth, low-cost, easy prepara-
tion and environmental friendliness. In addition to the catalytic
use, their application in LIBs and SCs are widely investigated
owing to their unique tunable structure. In recent years, they
are generally accepted as promising substitutes to traditional
noble metals for metal-air batteries. To date, various transition
metal based electrocatalysts have been reported, which demon-
strated preferable oxygen catalytic activity and general stability
under alkaline electrolyte.?**241l To be specific, transition metal
oxides can also be divided into mixed metal oxides, such as
spinel-type and perovskite-type oxides. Among all the transition
metal based oxygen electrocatalysts reported so far, transition
metal oxides and nitrides account for a certain proportion, dem-
onstrating promising application in metal-air batteries. Thanks
to the rapid development of ORR catalysts for fuel cells, most of
these catalysts can be applied to metal-air batteries using alka-
line electrolyte with minor modification. However, as discussed
in the device configuration section, metal-air batteries such as
Li-air battery utilizing nonaqueous electrolytes can improve the
energy density compared to those using aqueous electrolytes,
by introducing different reaction mechanisms. Thus, the ORR
catalysts cannot be directly used in non-aqueous metal-air bat-
teries, owing to the rather different electrochemical mecha-
nisms. In this section, we mainly focus on the discussion of
transition metal oxides, including synthetic methods, inherent
structure, catalytic activity and mechanism, with respect to the
application environment. Other transition-metal-based cata-
lysts, such as carbides, carbonitrides and oxynitrides are also
covered.

5.2.1. Single Metal Oxides

Single metal oxides, such as manganese oxides (MnO,) and
cobalt oxides (CoO,), have attracted great research interests

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
SUSTAINABLE
SYSTEMS

www.advancedsciencenews.com

in the field of metal-air batteries due to their excellent oxygen
electrochemical catalytic activity and low cost.?*?l Notably,
manganese oxides have received considerable attention and
were widely investigated as one of the most promising can-
didates as bifunctional catalysts to replace noble metals. The
variable valence states of manganese correspond to a variety
of oxides, ranging from MnO, Mn,03, Mn;0, and MnO,, each
demonstrating different crystal structures. In addition, they
also possess prominent advantages such as low cost, environ-
mental-friendliness and high chemical stability. The unique
and interesting properties of MnOj give rise to rich redox elec-
trochemistry and materials chemistry, which provide plenty of
opportunity for the investigation of non-noble electrocatalysts
for metal-air batteries. Since the first report of the study of MnO,
for ORR in the early 1970s,24}] many researchers have made
great efforts to examine and optimize their electrochemical
behavior for high performance air cathodes.2*~264 Their
catalytic activity toward ORR and OER was also investigated
as functions of chemical composition, crystalline structure,
oxidation state, and morphology.?*1:262-2701 For example, the
catalytic activity of MnO, toward ORR in alkaline media was
reported by Cheng et al. following the sequence of o~ > 8- >
MnO,.264 This difference in catalytic activity can be attrib-
uted to the different configuration of the basic structural unit
of MnO, ([MnOy] octahedron), which is correlated to the tunnel
size that influence the insertion and transfer of ions in the lat-
tice framework. The a-MnO, structure is that of hollandite and
consists of double chains of [MnOg] octahedron with the tunnel
structure of (2 x 2) and (1 x 1), which can facilitate the adsorp-
tion and accommodation of oxygen and lithium ions. Moreover,
it was reported that -MnO, contain more defects and —OH
groups, which are beneficial to the surface adsorption of O, and
dissociation of O—O bonds. Ohsaka’s group found that the peak
current varies greatly depending on the kind of MnO, species
incorporated in the MnO,/Nafion-modified gold electrode.[*®!
The activity of MnO, in alkaline solution was then found to
follow the order of MnOOH > Mn,0; > Mn;0, > MnsOs.

In addition to the chemical composition and crystal structure,
the morphological structure, which relates to surface area and
catalytic sites, also plays an important role in oxygen electrochem-
istry of MnO,. It was also found that a-MnO, nanospheres and
nanowires outperform the counterpart microparticles.*%?l Benbow
et al. also compared the catalytic activity of &-MnO, catalysts with
different morphologies in both alkaline and nonaqueous electro-
lytes.?%] Among all the prepared catalysts, nanorod-type 0-MnO,
obtained from a solvent-free method demonstrated the highest
ORR activity in both aqueous and nonaqueous media. This can
Dbe ascribed to the small crystallite size, low average oxidation state
of manganese, high surface area, and large pore volume. Gener-
ally speaking, catalytic activity of nanostructures exceed the bulk
particles owing to their smaller size and higher surface area.
With the decrease in size, the reactivity can be enhanced by larger
surface-to-bulk ratio and numerous surface defects. Higher sur-
face area permits more active sites for the contact between reac-
tants and electrolyte. Based on 0+MnO, nanowires as cathode
catalyst, Bruce et al. demonstrated a Li-O, cell with a capacity of
3 000 mAh/g and good cycling stability (Figure 20).*] The excel-
lent performance of -MnO, against other closely related manga-
nese oxides can be attributed to the synergistic effect of the unique
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Figure 20. Variation of discharge capacity with cycle number for several
porous electrodes containing manganese oxides as catalysts: o-MnO,
in bulk and nanowire form, B-MnO, in bulk and nanowire form,
¥MnO,, A-MnO,, Mn,0;, and Mn;0,. Cycling was carried out at a rate
of 70 mA g7 in 1 atm of O,. Reproduced with permission.?41]

crustal structure and the porous morphology character. This is
a very early report of the catalytic performance of MnO, in non-
aqueous Li-O, battery systems, and inspired significant investiga-
tion of the catalytic activity of MnO, in this area. Our group also
reported ¥MnOOH nanowires synthesized by a simple one-step
hydrothermal method as cathode catalysts for rechargeable non-
aqueous Li-O, battery.?*% The loose and porous structure provided
excess void space, which is beneficial for the storage of discharge
products, flow of gases, and soak of the electrolyte. In accordance
with that reported by Bruce et al., great improvements in dis-
charge capacity, cycle stability, and rate retention were obtained.
By using atomic layer deposition (ALD), Katie et al. investigated
the ORR and OER performances of MnO, deposited on glassy
carbon.”* This method can achieve complex nanostructured
designs and allow conformal deposition of catalytic thin films onto
complex substrates. Results showed that the catalytic activity of
catalysts synthesized though ALD is comparable to the best MnO,
catalysts in the literature, demonstrating a viable way to produce
highly active and conformal thin film catalysts. Compared with
noble metal catalysts, however, manganese oxides are generally
less active, especially in terms of overpotentials and the capability
to catalyze 4-electron reduction. In order to enhance the catalytic
performance, strategies such as doping with cations, coating with
metals, and integrating conductive nanostructures were reported
by researchers.?02271-276] Roche et al. proposed that a four-electron
ORR mechanism can be observed from doped MnO,/C.’?l The
ORR process can be concluded as follows:

MnO, +H,0+e” <> MnOOH +OH"

2MnOOH + 0, > (MnOOH), -+ O,
(MnOOH), ++-O; 44s +€~ = MnOOH - O,y + OH™ + MnO, (rds)

MnOOH:- O, +€& <> MnO, + OH"
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The first step of the proposed mechanism is probably the
quasiequilibrium proton insertion process into MnO, leading
to the formation of MnOOH. The second step is the adsorption
of O, onto tow MnOOH surface sites while the third step is the
electrosplitting process of the O, ,4; species which is the rate
determining step. The final step is electrochemical reduction
of 0,45 to OH™. The coexistence of Mn** and Mn*" redox spe-
cies are believed to act as oxygen acceptor and donor mediator,
respectively, which assist electron transfer to molecular oxygen,
thus facilitate the ORR. Doping of divalent cations, such as
nickel and magnesium, can stabilize the Mn*" and Mn*" species
and enhance the ORR activity. Recently, Chen's group reported
a simple and economic strategy to enhance the activity of rutile-
type B-MnO, by introducing native oxygen defects without
modification by foreign additives, as shown in Figure 21a.1264
Oxygen deficiencies were introduced into manganese oxides
by simple heat treatment under different condition. XRD pat-
terns in Figure 21b indicate that heat treatment in Ar and air
lead to oxygen non-stoichiometry, which is compensated by the
reduction of Mn*" to Mn**. In Figure 21d, two domains can be
observed after heat treatment in Ar, which indicate the forma-
tion of a typical pyrolusite lattice and a new structure that corre-
sponds to a different fast Fourier transformation (FFT) pattern.
The new lattice fringes and FFT profile can be attributed to
phase reconstruction and transformation, which correspond
to oxygen-vacancy-induced structural variations of MnO,. Both
experimental and DFT computational studies showed that
MnO, catalyst with a modest concentration of oxygen vacancies

b

//n..n nm

).28 nm

“\‘H—H“‘k-[
Snm

www.advsustainsys.com

renders more prominent improvement in currents, potentials,
and electron transfer toward ORR.

In addition to the widely investigated manganese oxides,
cobalt oxide (Co30,) is another important and promising candi-
date to replace noble metal catalysts. The bifunctional catalytic
of Co30, in alkaline electrolyte and tunable composition have
been reported by some researchers.l?”7-288 Co;0, can be shown
to be Co?"[C0,>"]0,* with a spinel crystal structure based on
a close-packed face centered cubic configuration of 0% ions,
in which Co?" ions occupy the one-eighth of the tetrahedral
A sites while Co** ions occupy one half of the octahedral B
sites.?””] Since the ORR is a surface-structure sensitive reaction
and the catalytic activity is largely associated with the cations
in a higher oxidation state on the surface, so the exposed Co**
sites play predominant roles for ORR. Based on this, an effec-
tive approach is to increase the exposed Co** cations through
nanoengineering of the structure of Co;0,. Recently, Xu et al.
reported carbon-supported Co;O, nanoparticles with rod and
spherical structures prepared in the mixed water and dimethyl-
formamide (DMF) solvent and tailored the morphology to
increase the ratio of surface-exposed Co*' cations.?’®] The
Co30, with the nanorod structure prepared with a moderate
ratio of water to DMF exhibited the highest catalytic activity,
even exceeded that of noble Pd catalyst at the low potential
region. This facile optimization method of Co;0, catalyst pro-
vides an effective way to enhance catalytic activity for ORR. It
should be noted that Co30, is a p-type semiconductor, thus the
use of conductive additives is necessary. Zhao and co-workers
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- x ; .“. +| '1"': *a T?
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Figure 21. a) Structure of rutile-type MnO, with oxygen vacancies. b) XRD patterns of different oxides. The symbols * and + denote Mn;O, and
MnOOH, respectively. From top to bottom: H,/Ar-350-2h, Ar-350-2h, Air-350-2h, and pristine (c) and (d) HRTEM images of pristine -MnO, (c) and
B-MnO, heated in Ar (d), the insets show the FFT patterns. Reproduced with permission.[264
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reported a hybrid material consisting of graphene-Co;0, com-
posite with a unique sandwich-architecture.?’”! The obtained
composite shows enhanced catalytic activities in both alkaline
and neutral electrolytes. The onset potential towards the oxygen
evolution reaction is 0.406 V (vs Ag/AgCl) in 1 M KOH solu-
tion, and 0.858 V (vs Ag/AgCl) in neutral phosphate buffer solu-
tion (PBS), respectively. The current density of 10 mA cm™ has
been achieved at the overpotential of 313 mV in 1 M KOH and
498 mV in PBS. The graphene-Co;0, composite also exhibited
an excellent stability in both alkaline and neutral electrolytes. In
particular, no obvious current density decay was observed after
10 hours testing in alkaline solution and the morphology of the
material was well maintained, which could be ascribed to the
synergistic effect of combining Co;04 and graphene. Owing
to the excellent bifunctional catalytic performance in alkaline,
Co30, can be found in many literatures concerning Zn-air bat-
teries. Recently, Dai’'s group reported primary and rechargeable
Zn-air batteries with novel CoO/CNT hybrid as ORR catalyst
and Ni-Fe-layered double hydroxide (NiFe LDH) as OER cata-
lyst for air cathode.?®5) Surprisingly, these catalysts exhibited
higher catalytic activity and durability in concentrated alkaline
electrolytes than precious metal Pt and Ir catalysts. The primary
Zn-air battery based on the CoO/CNT hybrid material catalyst
demonstrated large discharge current densities with an unprec-
edented peak power density of =265 mW cm™2. The ORR hybrid
catalyst also showed high durability, which allowed the battery
to run continuously and consistently by refueling the Zn anode
and electrolyte periodically. The satisfying results indicate an
ideal air catalyst for Zn-air fuel cells or Zn-air flow batteries for
electrical vehicles. Among a handful of reports on rechargeable
Zn-air batteries, this report successfully developed a Zn-air bat-
tery with low charge—discharge polarization of only =0.7 V and
excellent cycling stability. Compared to aqueous systems, the
application of Co;0, in nonaqueous systems is relatively less
reported, which is not the scope of our manuscript.

It should be noted that the metal-air battery system is still
undergoing extensive investigation, chances are that some high
performance cathode catalysts are yet to be found, especially in
the nonaqueous aprotic Li-air battery system where the electro-
chemistry is quite different from that of the aqueous and solid-
state systems. Other metal oxides such as NiO, CuO, Fe,Oy also
exhibit intrinsic activity toward oxygen electrochemistry. Bruce
and co-workers used H,0, decomposition reaction as selecting
tool to screen some conventional oxygen electrocatalysts, such
as Fe,03, Fe;0,, NiO, CuO and mixed metal oxides CoFe,O,.
The results showed that Fe,0;, NiO and Li, gSr,,MnO, are not
favorable for nonaqueous Li-air battery since the performance
is undesirable. On the other hand, Fe;0,, CuO and CoFe,0O,
exhibited good capacity retention, Co;0, demonstrated the
best compromise between discharge capacity and cycling
performance.

5.2.2. Mixed Metal Oxides

In addition to single metal oxides, mixed metal oxides with
spinel, perovskite and pyrochlore structure are also widely
reported as cathode catalysts for metal-air batteries. Their inter-
esting and unique electrochemical and physical properties were
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also reported to be promising electrode materials for FCs, LIBs
and SCs. For catalytic use, the high electrochemical activities
were acknowledged to be owing to the complex chemical com-
positions and the synergetic effects. Nanoparticle size and crys-
talline structure and be affected by the different constituents of
mixed metal oxides. Furthermore, compared with single metal
oxides, the introduction of multiple valence cations in mixed
metal oxides can help to obtain the desirable electrochemical
behavior of electrocatalysts by providing donor—acceptor chem-
isorption sites for the reversible adsorption of oxygen towards
cathode oxygen reactions for metal-air batteries.[289-291]

5.2.2.1. Spinel-type Oxides: Spinel compounds can be described
as AB,X,, where A represents a divalent metal ion in a tetra-
hedral site (e.g., Mn, Fe, Co and Ni), B represents a trivalent
metal ion in an octahedral site (e.g., Al, Fe, Co and Mn), and X
represents a chalcogen ion. Spinels can be classified as normal,
inverted or random with respect to different crystal structure,
which is, in the spinel structure, A and B site cations can occupy
part or all the tetrahedral and octahedral sites, respectively.??!
Owing to the diversity of compositions, spinels exhibit a number
of interesting properties which can be applied in many aspects,
including magnetism, electronics and catalysis. For catalytic ap-
plications, mixed valence oxides of transition metals with a spi-
nel structure display electrical conductivity or semi-conductivity,
and thus can be directly used as cathode materials. The unique
structure of mixed valance cations enables electron transfer
with relatively low activation energies through a hopping pro-
cess. Many researchers have reported a variety of spinels exhib-
iting ORR and OER catalytic activity in alkaline conditions. As
an important class of metal oxides, spinels show very promis-
ing applications in metal-air batteries due to the high activity,
low cost, simple preparation and high stability, the application
of which in the alkaline solution and metal-air battery will be
discussed briefly and separately.?>-31] In the alkaline solution,
Xu et al. reported the application of CoFe,0,/graphene nano-
hybrid, which is is facilely synthesized via a two-step process,
as an efficient bi-functional electrocatalyst for oxygen reduction
reaction and oxygen evolution.[?®! It is reported that at the same
mass loading, the Tafel slope of CoFe,0,/graphene electrocata-
lyst for the ORR is comparable to that of the commercial Pt/C
(20 wt% Pt on Vulcan XC-72, Johnson Matthey). The ORR on
CoFe,0,/graphene mainly favors a direct 4e” reaction pathway.
The CoFe,0,/graphene nanohybrid also affords high catalytic
activity for the OER. The chronoamperometric tests show that
CoFe,0,4/graphene catalyst exhibits excellent stability for both
the ORR and the OER, outperforming the commercial Pt/C.
The high electrocatalytic activity and durability of CoFe,0,/gra-
phene nanohybrid are attributed to the strong coupling between
CoFe,0, nanoparticles and graphene. While in another report,
NiCo,0, (NCO) spinel nanowire arrays were synthesized as a
bifunctional catalyst for the oxygen reduction and evolution re-
action.?%] The catalytic activity of spinel nanowire arrays for the
ORR and the OER in 0.1 M KOH solution has been studied by
using a rotating ring-diskelectrode (RRDE) technique. RRDE re-
sults show that the NCO spinel nanowire array catalyst exhibits
excellent catalytic activity for the ORR. The ORR mainly favors
a direct four electron pathway, which is close to the behavior of
the Pt/C (20 wt% Pt on carbon) electrocatalyst under the same
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testing conditions. Anodic linear scanning voltammogram re-
sults show that the NCO spinel nanowire array catalyst is more
active for the OER. The chonoamperometric and cyclic voltam-
mogram results show that the NCO spinel nanowire array cata-
lyst exhibits excellent stability and reversibility for the ORR and
OER. In addition to the their application in the alkaline, various
kinds of spine oxides are also applied in the metal-air battery.
For example, the Shanmugam et al. has reported the applica-
tion of hierarchical nanostructured NiCo,04 as an efficient bi-
functional non-precious metal catalysts for rechargeable zinc-air
batteries.l*%! In his report, the hierarchical nanostructured 1D-
spinel NiCo,0, materials showed a remarkable electrocatalytic
activity towards oxygen reduction and evolution in an aqueous
alkaline medim. The extraordinary bifunctional catalytic activity
towards both ORR and OER was observed by the low overpo-
tential (0.84 V) which is better than that of noble metal catalysts
[Pt/C (1.16 V), Ru/C (1.01 V) and Ir/C (0.92 V)], making them
promising cathode materials for metal-air batteries. Further-
more, the rechargeable zinc—air battery with NCO-A1 as a bi-
functional electrocatalyst displays high activity and stability dur-
ing battery discharge, charge, and cycling processes.

5.2.2.2. Perovskite-type Oxides: Another important class of transi-
tion metal oxide electrocatalysts is perovskite, with a chemical
structure of AA'BB’O; where A, A’ represent rare-earth or alka-
line-earth metal ions (e.g., La, Ca, Sr, etc.), and B, B’ represent
transition metal ions (e.g., Co, Mn, Fe, etc.). Owing to their
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excellent ORR catalytic abilities in both acid and alkaline me-
dia, perovskite oxides received extensive attention.?20-333 Gen-
erally speaking, A-site substitution mainly affects the ability of
adsorbed oxygen, whereas B-site substitution influences the ac-
tivity of adsorbed oxygen. Therefore, their properties can vary
with a wide range with various replacements forming a wide
variety family of perovskite oxides without disturbing the basic
crystal structure. Their catalytic activity can be attributed to the
ability of the transition metal cations to adopt different valance
states, especially when they form redox couple within the poten-
tial of ORR and OER.

The first report in literature on perovskite electrocatalysts
toward ORR was conducted by Bockris and Otagawa in the
1980s.1334 1t was proposed that the ORR activity might be cor-
related with the number of d-electrons of transition metal
cations. Up to now, a great deal of information with respect to
the physical and solid-state chemical properties has been accu-
mulated of this kind of interesting mixed metal oxide. How-
ever, there is still lack of fundamental understandings of the
ORR mechanism and relation between material property and
catalytic activity. In order to identify the material properties
(descriptors) that govern their intrinsic ORR activities, Shao-
Horn et al. investigated 15 type of perovskites by altering the
A-site and B-site substitutions.[*** A previous proposed meth-
odology of thin film rotating-disk electrode was introduced to
allow a more accurate comparison of the ORR activities of dif-
ferent transition-metal oxides, which can enable well-defined
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Figure 22. a) Proposed ORR mechanism on perovskite oxide catalysts. The ORR proceeds via four steps: 1) surface hydroxide displacement; 2) surface

peroxide formation; 3) surface oxide formation; 4) surface hydroxide regeneration. b) Potentials at 25 uA/cm,? as a function of e

¢ orbital in perovskite

oxides. c) O K-edge XAS of Lag sCagsFeOs, LagsCagsCo0;_5 LaMnO;, LaCoO; and LaNiO. d) Potentials at 25 uA/cm,,? as a function of the B-O cova-
lency with normalized absorbance at efilling = 1. Reproduced with permission.**> Copyright 2011, Nature Publishing Group.
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oxygen transport.’3®l By using O K-edge X-ray absorption
spectroscopy (XAS) analysis, it was reported that the primary
descriptor that determine the ORR activity of the 15 perovskites
examined in this literature is the extent of o*-antibonding (e,)
orbital filling of surface transition-metal cations, and it also
involved in metal-oxygen covalent bonding. This hypothesis
was further supported by increasing ORR activity with greater
hybridization of the B—O (B-site-metal and oxygen) bond. As is
shown in Figure 22a, the authors proposed an ORR mechanism
on perovskite oxide catalysts to explain the ORR activity rela-
tion which relates to the rate-limiting mechanistic steps of the
ORR where oxygen adsorption (B—O covalency) to form B-O,
competes with the adsorption of hydroxide on the B-site. After
three electrons are passed and three hydroxides produced, the
B-OH site must be regenerated with water and another electron
to continue the cycle. As for the case of LaFeOs;, the B-O, inter-
action was too weak when e, was too full and thus O, adsorp-
tion cannot compete effectively with OH for the B-site. On the
other hand, however, with too little e, filing, as is the case of
LaCrOs3, the B-O, interaction was too strong and thus further
reduction was hindered. The result is a volcano curve, as is
shown in Figure 22b, demonstrating an optimum activity when
e, is near unity. This optimum activity occurs with compounds
like LaMnO; and LaNiO,, which showed four orders of mag-
nitude greater activity than that with high and low e, B-sites.
This quantitative result was supported by a number of studies
and arguments at the molecular and electronic level, and sug-
gested that tuning surface electronic features of nanoparticles
can lead to high performance catalysts. The findings in this
research differ from previous works in that it is quantitative
and is based on an understanding of electronic structure, spe-
cifically the localized e, electron in an orbital directed towards
an O, molecule from the surface of the B cations, and explains
the origins of the peak catalytic activities associated with high-
spin and low-spin electrons.?3733% This allows researchers to
take advantage of the large number of possible electrocatalytic
systems, including B site substitution and partial substitutions.

However, for most secondary metal-air batteries, the slow
kinetics of OER greatly limit their efficiency. Later on, Shao-
Horn expanded the research of the correlation surface cation
e, occupancy and high B-site oxygen covalency with the OER
catalytic activity using the similar approach.?*! A same volcano
curve of the OER performance (defined by the overpotentials
at 25 pA/cm,,? of OER current) was obtained by comparison
of 10 perovskites with different occupancy of the e,-symmetry
electron of the transition metal (B in ABOs). It was argued
that the rate-determining step for the perovskites on the right
branch of the volcano is the formation of the O—O bond in
OOH adsorbate on B-site ions, whereas for the left branch,
the deprotonation of the oxyhydroxide group to form peroxide
ions might be rate-limiting. Having e, filling close to unity
experimentally facilitates these rate-determining steps effi-
ciently and thereby leads to the highest OER activity. With the
effective approach, researchers can create high performance
bifunctional perovskite catalysts and electrodes for efficient,
rechargeable metal-air batteries. A comparative first-principles
calculation, including DFT functionals such as GGA, GGA+
U, and hybrid functional, were conducted to study the ORR
activity on perovskite surface.?*? Since the kinetics of ORR on
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each perovskite oxide surface differ significantly with different
DFT methods, such comparative calculations can provide more
reasonable observations. In addition to the intrinsic properties
and different chemical compositions, the OER and ORR prop-
erties in alkaline media of different reaction planes were char-
acterized using two-dimensional model electrodes.**!] Thin
Lag ¢S1(,Co03 (001), (110), and (111) films were homogenously
grown on SrTiO; (001), (110), and (111) substrates, respectively.
With more oxygen vacancy formation, the (110) film was found
to exhibit higher activity toward ORR and OER than the (001) or
(111) films. Chen et al. prepared a series of calcium-manganese
oxides (Ca-Mn-O) through thermal decomposition of carbonate
solid-solution precursors and investigated their ORR perfor-
mance.’*] Experimental and computational studies revealed
that the catalytic properties were closely correlated with the
surface Mn oxidation state and the crystallographic structures
which affect the extent of O, activation. The current density and
electron transfer number of the perovskite-type CaMnO;, lay-
ered structured Ca,Mn;Og, post-spinel CaMn,0, and CaMn;0q
were comparable to those of the benchmark Pt/C, perovskite-
type CaMnO; with open tunnels and multi-valances exhibited
the highest activity, CaMn;04 and CaMnOj; exhibited superior
OER performance and catalytic durability.

A subclass of perovskite oxides known as “double perovs-
kites” was also investigated by researchers. It can be presented
by a general formula A,BB’O4, where A is an alkaline-earth
atom (e.g., St, Ba and Ca), B and B’ are transition metal atoms.
In the ideal structure of these transition metal oxides, a regular
arrangement of corner-sharing BOy and B’Og octahedra alter-
nating along the directions of the crystal can be observed. Since
the properties of perovskites as electrocatalysts are generally
determined by the nature, oxidation states and relative arrange-
ment of B-sites cations, this interesting arrangement of altering
different B and B’ cations can be of great interest from the
catalytic point of view.3**3* Layered PrBaMn,Os,s (H-PBM)
was simply prepared by annealing pristine PrjsBa;sMnO;-6in
H,.3¥] And their oxygen reduction/evolution reaction activities
were tested. Recently, Oscar et al. reported report on a class of
oxygen-evolving catalysts based on iridium double perovskites
which contain 32 wt% less iridium than IrO, and yet exhibit
a more than threefold higher activity in acid media.**! At that
moment, the iridium double perovskites are the most active
catalysts for oxygen evolution in acid media reported until now,
to the best of their knowledge, and exhibit similar stability to
IrO,, which has provided a good guidance for further work.

Different perovskite oxides were reported in the application
of metal-air batteries as effective catalysts.>*3>° For example,
Liu group has reported the fabrication of the Lag;(Srq3_Pd,)
MnO; (LSPM) perovskites with the substitution of Sr with Pd
and its application in aluminum air battery.3*®l While, both
the (La;_,Srty)0sMnO; perovskite with A-site deficiencies and
La;_AgMnO; (LAM) perovskites doped with Ag are reported
to perform excellently in aluminum-air batteries.?*:3*8] Bene-
fiting from the low cost, high electrochemical stability and high
electronic/ionic conductivity, the perovskites can also sever
an effective catalyst for Li-O, battery.3*® So far, some kinds of
pervoskites, such as LaygSry,Mn,_ Ni O3, LagsSr;5Co0;_,, are
widely applied in the Li-O, battery and have promoted the for-
mation/decomposition of Li,0, effectively.’>13%¢1 As a typical
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Figure 23. SEM images at different magnifications. (a) and (b) As-electrospun composite fibers. ¢, d) PNT-LSM after calcination at 650 °C for 3 h.
e) Low-and (f) High-magnification TEM images of PNT-LSM. g) Cyclic performance, discharge and charge specific capacity, and (h) Coulombic effi-
ciency of Li-O, cells with PNT-LSM catalyst at a current density of 0.025 mA cm™2. i) Voltage of the terminal discharge vs the cycle number for Li-O,
cells with and without PNT-LSM catalyst at 0.15 mA cm™2. Reproduced with permission.l>*?

example, our group also prepared perovskite based porous
Lag75S19,5Mn0O; nanotubes (PNT-LSM) by using electrospin-
ning technique followed by a heating process.>>”! This strategy
can realize a facile, effective, and scalable synthesis of PNT-
LSM, which is also the first report in this area. As shown in
Figure 23, the as-electrospun composite fibers have a smooth
surface and =300 nm in diameter. After calcination at 650 °C
for 3 h, an open tubular structure can be obtained with holes
in the tube. The loose and porous structure can provide suf-
ficient space for the deposition of discharge products, thus
enhancing the discharge capacity. In addition, the porous
PNT-LSM tubular can offer more abundant oxygen and electro-
lyte diffusion paths in the electrode, which can guarantee the
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uniform distribution of O, and electrolyte inside the electrode.
When firstly employed as electrocatalysts in a non-aqueous
aprotic Li-O, cell, PNT-LSM significantly suppressed the ORR
and especially OER overpotentials resulted in improved round-
trip efficiency. Moreover, the synergistic effect of the high cat-
alytic activity and the unique hollow channel structure of the
PNT-LSM catalyst endowed the Li-O, cells with a high specific
capacity, superior rate capability, and good cycling stability. The
cells with PNT-LSM/SP electrode can be cycled at a capacity
limit of 1000 mAh g™! for over 124 cycles, which is among the
best cycling performance of Li-O, cells. The facile and control-
lable method for scalable preparation opens up a promising
path to prepare high performance metal-air catalysts. Most
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Figure 24. a) SEM images of 3DOM-LFO after calcination at 600 °C for 3 h. Inset is a magnified SEM image. b) Low-resolution and (c) higher resolu-
tion TEM images of 3DOM-LFO catalyst. d) SEM images of NP-LFO after calcination at 600 °C for 3 h. Inset is a magnified SEM image. e) Cyclic per-
formance of Li-O, cells with 3DOM-LFO/KB electrodes at a current density of 0.025 mA cm™. f) Voltage on the terminal of discharge vs cycle number
of the Li-O, cells with 3DOM- LFO/KB electrodes at a specific capacity limit of 1000 mA h g.,ion - Reproduced with permission.B3>3 Copyright 2014,

Royal Society of Chemistry.

recently, inspired by beehive, our group reported another 3D
ordered macroporous LaFeO; (3DOM-LFO) based Li-O, bat-
tery.>>3l As shown in Figure 24, such fine tuning of a beehive-
like cathode nanostructure can ensure adequate space for the
deposition of discharge products. The 3D ordered macropo-
rous structure can also facilitate the transportation of reactants
and electrolyte. In addition, the high catalytic performance of
3DOM-LFO toward ORR and OER can effectively lower the
charge and discharge overpotentials. Thanks to the excellent
properties of 3DOM-LFO, the Li-O, batteries demonstrated
enhanced specific capacity, rate capability, and cycling stability.

5.2.2.3. Pyrochlore-type Oxides: Pyrochlore-type oxides are
known for their excellent electrocatalytic activity toward ORR
and OER in aqueous media.>*" They can be described by the
chemical formula A,B,X;0";_s, where A represents Pb or Bi, and
B represents Ru or Ir. The crystal structure of pyrochlores can be
viewed as a composite of two interwoven substructures, where
corner-shared metal-oxygen octahedra (BOg) generate a cage-like
B,0; framework that provides a conduction path for the elec-
trons, resulting in the characteristics of a metallic oxide. At the
same time, the A element is linearly connected to form A-O’-A
linkages with special oxygen atoms (O’) that create corner-shared
O’A, tetrahedra. Pyrochlores can exhibit high flexibility in stoi-
chiometry and structure. For example, the special oxygen atoms
(O’) can be partially or completely absent, resulting in up to 7%
oxygen vacancies in the lattice when 8 = 0.5, or alternatively, the
lattice can be fully oxygen filled to give the composition A;B,05.
Some pyrochlores can exhibit the characteristics of a metallic
oxide, single crystal conductivity such as Pb,Ru,O¢5 can be as
high as 2 = 5% 10> S cm™! at 300 K.3% Furthermore, a portion of
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the noble metal in the B-site can be replaced by the A-site cation,
leading to an expanded pyrochlore A,[B, ,A,]O;_s, with x rang-
ing from 0 to 1. Although partial substitution can result in de-
crease in the electronic conductivity, these modified oxides show
excellent performance as bifunctional catalysts toward ORR and
OER in strong alkaline media when B = Ru or Ir, and was already
demonstrated in Zn-air cells.?®? Their high catalytic capability
is believed to be originated from the variable-valent characteris-
tics of the B cations and the oxygen vacancies.[®3 Their catalytic
activity can also be greatly enhanced by the cooperative effect
from the efficient electron transportation to the reaction site and
a good mass activity provided by the high surface area. Since the
fundamental features of ORR and OER processes in aqueous
and non-aqueous electrolytes share similarities, the interesting
nature of pyrochlores suggests that these materials can be very
promising candidates as metal-air catalysts. It should be noted
that high catalytic performance toward OER is critical for the
realization of secondary metal-air batteries with good round-
trip efficiency, so that the anodic overpotential can be effectively
lowered during charging. In addition, low charge overpotentials
can avoid carbon corrosion and diminish electrolyte oxidation,
which will be discussed in detail in the following sections.
Many successful demonstrations in metal-air batteries have
proved the design of an electrocatalyst with high surface area
and abundant surface defects is of great importance to the
advancement of high performance metal-air batteries. As shown
in Figure 25, the crystal structure of Pb,Ru,O¢ 5 indicates the
property of metallic conductivity from cage-like metal oxygen
octahedra (RuOg) framework. In addition, the complete or par-
tial absence of O” in Pb-O’-Pb bridges will result in abundant
surface defects which are catalytic active toward ORR and OER.
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Figure 25. a) Structure of the defect pyrochlore A;B,0;_s5 (6 = 0.5;
A = Pb, Bi; B = Ru) showing oxygen vacancies and electron conduction
paths via BOg octahedra that create metallic conductivity. b) Schematic
illustration of the fabrication of the mesoporous pyrochlore oxide frame-
work, using a surfactant template and chemical oxidation to condense
the oxide framework to form a wall structure composed of aggregated
nanocrystallites. c) Discharge-charge profiles of the first three cycles for
carbon in LiPFg/TEGDME (i, black) and mesoporous pyrochlore (ii, red),
with cycle sweeps as indicated (current rate is 70 mA g~' of carbon).
Reproduced with permission.% Copyright 2012, American Chemical
Society.

Based on this, Oh et al. developed a new strategy to synthesize
mesoporous metallic oxide using liquid-crystal templating and
subsequent oxidation by a chemical agent (Figure 25b).**4l The
prepared pyrochlore showed high internal porosity with a sur-
face area of up to 155 m? g™}, which indicates increased catalytic
sites. The mesoporous pyrochlore was subsequently applied in
nonaqueous Li-O, batteries to characterize the electrocatalytic
performance. As shown in Figure 30c, the Li-O, battery based on
the prepared pyrochlore demonstrated a high reversible capacity
of 10 000 mAh g! (=1000 mAh g™ with respect to the total elec-
trode weight including the peroxide product). The high perfor-
mance can be attributed to the tailored properties, which include
a high fraction of exposed oxygen vacancies, porosity that ena-
bles good diffusion to the active sites, and a nanoscale conduc-
tive network with metallic conductivity. This successful design
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of a mesoporous metallic catalyst opens up a promising way
to prepare high performance cathodes for metal-air batteries.
Later, the same group reported the preparation of nanocrystal-
line and composition extended pyrochlore Bi,[Ruy 53Big47]07 5
(Bi/Ru = 1.61) (BiRO) and Pb,[Ru 73Pby,]065 (Pb/Ru = 1.31)
(PbRO) by chemically oxidizing the metal (M = Bi or Pb, Ru)
precursors with sodium hypochlorite in alkaline solution at low
temperature.3%) This synthesis procedure can allow a greater
degree of control over crystallite size. The expanded pyrochlore
PdRO showed a substantial oxygen vacancy concentration, bor-
derline metallic conductivity and a surface area of up to 66 m?
g%, which indicate excellent catalytic behavior. The Li-O, cells
based on PdRO demonstrated rechargeable capacities well over
10 000 mAh/g and significantly lowered anodic overpotentials.
The excellent ORR and OER activity is facilitated by their high
concentration of surface active sites afforded by the high surface
area, intrinsic variable redox states, and facile electron transport
owing to the metallic conductive character. The Li-O, cell was
further modified by cooperating pyrochlore oxide with Au nano-
particles on the surface to gain better ORR activity, and the cata-
lyst loading can be greatly reduced by homogenously coating the
pyrochlore oxide onto the carbon surface.

5.2.3. Metal Nitrides and Carbides

Owing to the significant difference of electronegativity between
metal and nitrogen atoms, there can be charge transfer in the
nitrides which lead to the formation of catalytic active sites. In
addition, transition metal nitrides possess good stability under
both acidic/alkaline conditions and high electrochemical poten-
tials, thus making them potential ORR electrocatalysts. For
example, various nitride based ORR catalysts such as TiN, CuN,
MoN, and Co;N have been investigated in alkaline and acidic
media.’**371 TiN nanoparticles dispersed on Carbon black
(CB) was achieved using an mpg-C3N,/CB composite as a tem-
plate.?%l The good contact between TiN and CB enabled the
composite as an efficient cathode catalyst for ORR. In addition,
the synthesis procedure can be applied to the preparation of
a variety of supported nano-nitride catalysts. Hierarchical TiN
nanotube prepared by magnesiothermic reduction of titania
replicas of ordinary filter paper was also reported to possess
low charge-transfer resistance and superior electrochemical
activity.?¥’l Chen et al. firstly reported cubic CusN nanocrys-
tals with tunable crystal size in organic solvents by a facile
one-phase process.’”3l Since the catalytic activity of catalysts
are partly size- and shape-dependent, this size- and shape-con-
trolled synthesis shows promising application for the prepara-
tion of non-noble ORR electrocatalysts.

Compared with other transition metal oxide catalysts, reports
of the application of metal nitrides and carbides in metal-air
batteries is relatively rare. However, great progress has been
achieved by taking advantage of their good stability and catalytic
activity.[17>-200.380-385 Bryce et al. successfully used TiC-based
cathode to prepare nonaqueous Li-O, cells.l'””! Previous inves-
tigation have indicated that carbon can catalyze the decomposi-
tion of electrolyte during charge and discharge. Compared with
carbon-based cathodes, the application of TiC greatly reduced
side reactions at the electrolyte/cathode interface associated with
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electrode and electrolyte degradation. The detailed discussion
will be presented in the next section. In another research, Kwak
et al. reported the fabrication of molybdenum arbide nanoparti-
cles (Mo,C) dispersed on carbon nanotubes, which dramatically
increase the electical efficiency up to 88% with a cycle life more
than 100 cycles.’® While, Zhou et al. has prepared ordered
mesoporous TiC-C (OMTC) composites with large surface area
(746.6 m? g!) and used it as catalysts for Li-O, battery.**¥ The
ordered mesoporous structure facilitates the electrolyte immer-
sion and enhances Li* diffusion. TiC particles are homoge-
nously distributed among the carbon framework to enhance the
OER process and their intrinsic contact guarantees an efficient
electron transfer process. The Li-O, battery with the OMTC
electrode has a higher discharge plateau (ca. 60 mV) and a lower
charge plateau (ca. 200 mV) than that of the bare SP electrode.

Currently, the reported metal-air batteries based on transi-
tion metal nitrides all demonstrated relatively low capacity,
mainly due to the limited catalytic activity of catalysts. However,
the highly stability and conductivity indicate their potential use
as catalyst supports. Further optimization is needed to develop
the full potential of this kind of interesting material.

5.3. Carbonaceous Materials

From the above discussions, the scarcity and high cost of noble
metals is the major obstacle that hinders their large-scale develop-
ment in metal-air batteries. Based on this, lowering the loadings
of noble metal catalysts by exert their catalytic performance is a
feasible solution, as demonstrated in section 5.1. However, the
development of non-noble electrocatalysts is the ultimate goal to
resolve the obstacle of the scarcity and high cost of noble metals.
As one of the most affluent resource in the earth, carbonaceous
materials have received tremendous attention in electrocatalysis
owing to their favorable catalytic activity, high conductivity, large
surface area, good stability, low weight and low cost. They were
mainly investigated as metal-free oxygen catalysts or catalyst sup-
ports. Carbon materials can exist in a variety of forms with dif-
ferent physical, electrical and chemical properties. Carbon atoms
can be sp? or sp® hybridized, forming a graphite or diamond
structure, respectively. Carbon materials of sp® hybridized carbon
with tetrahedral bonding are featured with low electric con-
ductivity and compactness, which are unfavorable for catalytic
use. The sp? hybridized carbon materials such as graphite, gra-
phene, and carbon nanotubes exhibit high electric conductivity
which are suitable for electrode applications. During the past
few decades, oxygen catalytic activity of carbonaceous materials
was well studied in aqueous solutions. Studies in non-aqueous
metal-air batteries also demonstrate their potential applications.
In general, carbon-based oxygen catalysts can be divided into
nanostructured carbon, doped carbon, and metal/metal oxide-
nanocarbon hybrid materials on an electrocatalytic base. In this
section, carbonaceous catalysts are discussed accordingly.

5.3.1. Nanostructured Carbon

It should be noted that the catalytic performance of pristine
nanocarbon materials for ORR and OER in aqueous solutions
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is not competitive to that in the nonaqueous electrolytes as
they can provide enough catalytic activity for oxygen reactions.
Their application as both catalyst supports and ORR catalysts
is common in nonaqueous Li-air batteries. Benefitting from
the excellent electronic conductivity, good ORR activity, ease of
fabrication and low cost, the carbonaceous materials are widely
used as cathode materials in Li-O, batteries. So far, various
kinds of carbon materials, such as Super P, Ketjen black (KB)
(normally EC 600JD and EC300JD), Vulcan XC-72, CNT, gra-
phene etc. have been explored as cathode materials for Li-O,
batteries.?8*4 In a traditional method, these carbonaceous
powder is mixed with condcctive binder to produce cathodes.
For example, Kim reported the application of graphene flakes
as an air-cathode material for Li-O, battery.l**l While, Li et al.
reported the useage of graphene/graphene-tube nanocompos-
ites in Li-O, battery.*?”] And Xin et al., reported the graphene/
activated carbon composite material for oxygen electrodes in
Li-O, batteries.*®] Early in 2011, a hierarchically porous gra-
phene cathode, which was synthesized with a colloidal micro-
emulsion approach, was reported Xiao et al.l*®l Benefitting
from the unique bimodal porous structure of electrode which
consists of microporous channels facilitating rapid O, diffu-
sion and the highly connected nanoscale pores providing a high
density of reactive sites for Li-O, reactions, the Li-O, battery
based on this cathode exhibits a desirable performance at that
moment. In a similar case, Guo et al. synthesized an ordered
hierarchical mesoporous/macroporous carbon.1% Despite this
improved performance with the help of porous sttructures,
however, one common deficiency of these researches is the
application of polymer binder. Generally, these porous carbon
particles are closely aggregated by a binder in the cathode and
such a tight aggregation unavoidably results in a low O,-diffu-
sion rate and a limited space for Li,O, deposition, which con-
sequently leads to low utilization of the carbon particles and
leads further to a low capacity and low-rate capability of Li-O,
batteries. In response, the construction of a porous cathode in
an integrated manner holds great promise. As early as 2012,
Wang et al. reported the construction of a graphene oxide gel-
derived, free-standing, hierarchically porous carbon cathode in
Li-O, battery.1? In this research, free-standing, hierarchically
porous carbon (FHPC) derived from graphene oxide (GO) gel
in nickel foam without any additional binder is synthesized
by a facile and effective in situ sol-gel method. Encouragingly,
the Li-O, battery with this cathode exhibits a the capacity of
11060 mA h g™! at a current density of 0.2 mA cm™ and a high
capacity of 2020 mA h g™! at a current density of 2 mA cm2,
which is the best performance reported at that moment. This
excellent performance is attributed to the synergistic effect of
the loose packing of the carbon, the hierarchical porous struc-
ture, and the high electronic conductivity of the Ni foam. Later
on, Lim et al. has synthized a hierarchical-fibril CNT cathode
by orthogonally plying individual sheets of aligned multiwalled
nanotubes without any binder or solvent.*!’] Benefiting from
the faciltated mass transfer of all reactants and the sufficient
space for Li,O, storage, the Li-O, battery with this cathode
delivers capacities of =2100 and 1700 mAh g™! even at cur-
rent densities of 4000 and 5000 mA g~!, respectively, after
20 cycles. Of note is that, it is the highest rate performance
reported at that moment. Recently, Liu reported 3-D binder-
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free graphene foam as a cathode for Li-O, batteries.[*1*l In this
study, a binder-free oxygen electrode consisting of a 3-D gra-
phene structure on aluminum foam was directly used as the
oxygen electrode in Li-O, batteries, delivering a high capacity of
about 9 x 10* mA h g1 (based on the weight of graphene) at the
first full discharge using a current density of 100 MA ggphene -
This performance is attributed to the 3-D porous structure of
graphene foam providing both an abundance of available space
for the deposition of discharge products and a high density of
reactive sites for Li-O, reactions.

5.3.2. Doped Carbon

Pristine carbon materials have limited catalytic activity in
aqueous electrolytes. A widely illustrated solution to enhance
the catalytic activity is doping heteroatoms (such as N, B, S, and
P). This doping process is effective in increasing the amount
of structural defects at edge plane sites in the graphite carbon
network, which induces active sites for ORR. Such process can
be realized by heat treatment in a nitrogenous atmosphere,
hydrothermal method, chemical vapor deposition (CVD), and
so on. In particular, nitrogen has been proven as a very effec-
tive functional component or dopant to enhance ORR activity.
Nitrogen can exist in the graphite network in graphitic, pyridinic
and pyrrolic form. To develop metal-free carbon-based catalysts,
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many researcher have demonstrated several approaches to pro-
duce nitrogen-doped Carbon nanomaterials.*!>*1%1 As one of
the typical examples, Gong et al. reported that vertically aligned
nitrogen-doped carbon nanotubes (VA-NCNTS) can serve as
metal-free catalysts which stimulate a four-electron ORR in
alkaline solution (Figure 26a and b).**l The VA-NCNTs dem-
onstrated enhanced performance even outperform that of the
Pt/C counterparts in catalytic activity, long-term stability, and
tolerance to the crossover effect of CO poisoning (Figure 26c).
This significant performance and a four-electron pathway can
be attributed to the changes of nanostructure after the doping
process. As shown in Figure 26d and e, the incorporation of
electron-recepting nitrogen atoms in the conjugated nanotube
carbon plane produce a relatively high positive charge density
on adjacent carbon atoms, favoring parallel diatomic adsorp-
tion. N-CNTs derived from ethylenediamine precursor exhibited
high activity toward ORR in alkaline solution and were studied
as air cathode catalysts for zinc-air batteries.*!° Five different
nitrogen containing aromatic precursors by injection CVD were
prepared to produce N-CNT5.] Interestingly, it was found that
the N incorporation in the corresponding N-CNTs product was
dependent on the pre-existing C-N bond in the precursor, sug-
gesting a controllable strategy to regulate the content and state
of nitrogen. It also showed that over 60% carbon and nitrogen
atoms could convert to N-CNTs for all the precursors, indicating
the high efficiency and potential for scale-up of the injection

Figure 26. a) SEM image of the as-synthesized VA-NCNTs on a quartz substrate. b) TEM image of the electrochemically purified VANCNTs. c) RRDE
voltammograms for oxygen reduction in air saturated 0.1 M KOH at the Pt-C/GC (curve 1), VA-CCNT/GC (curve 2), and VA-NCNT (curve 3) electrodes.
d) Calculated charge density distribution for the NCNTs. e) Schematic representations of possible adsorption modes of an oxygen molecule at the
CCNTs (top) and NCNTs (bottom). The C atoms around the pyrrolic-like nitrogen could possess much higher positive charges than do the C atoms
around the pyridinic-like nitrogen. Reproduced with permission.[*'3l Copyright 2009, American Association for the Advancement of Science.
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CVD method. A one-step facile and method to produce gra-
phene nanosheets with heterogeneously doped nitrogen
atoms was reported by Chen and co-workers.*!8l The uniquely
large expansions and openings between the nanosheet layers
resulting from this synthesis method can facilitate the diffusion
of the electrolyte which lead to highly ORR activity. A Zn-air
battery based on the doped graphene sheets also demonstrated
comparable performance with that of the counterparts based on
Pt/C. Nitrogen-doped graphene nanosheets were also reported
to exhibit excellent performance in an aqueous Li-air battery
using acid electrolyte.l*%] The use of an acidic aqueous electro-
lyte in the air electrode side can increase the output voltage and
also avoid poisoning by carbon dioxide gas in air. Experimental
tests suggested that the presence of pyridine-type N with a large
proportion of edge sites in the N-doped GNSs played a positive
role in electrocatalysis for ORR under acidic conditions.

In addition to nitrogen, other elements such as B, P and S can
also lead to enhanced activity for doped carbon materials.[*20-423]
Jiang et al. has performed a first-principles study of graphene,
nitrogen-, boron-doped graphene, and codoped graphene as
the potential catalysts in nonaqueous lithium-oxygen (Li-O,)
batteries.*?% In addition, phosphorus-doped OMCs (P-OMCs)
were prepared by a simple metal-free nanocasting approach.*2!]
Interestingly, the activity of P-OMCs showed excellent ORR
electrocatalytic activity with only a small amount of P-doping
in alkaline solution. This great enhancement can be explained
by the defects in carbon framework introduced by P-doping
process which increased the electron delocalization due to the
good electron donating properties of P. The above research
demonstrates that carbon materials doped with elements with
larger (N) or smaller (P, B) electronegativity than carbon can
result in significant enhancement in ORR activity. It was also
reported that graphene doped with the elements of similar elec-
tronegativity with carbon (such as sulfur and selenium) can
also exhibit better catalytic activity.[**!

Inspired by the significant advance in catalytic activity for
ORR by doping process, co-doping has recently developed to
further enhance the activity.*?*31 It was found that after co-
doping process, carbon materials show even higher activity than
the corresponding single-atom-doped counterparts, which can
be explained by the synergistic co-doping effect. For example,
Qiao’s group firstly reported a one-step synthesis of N and S
dual-doped graphene (N-S-G).*?l The resulting N-S-G exhib-
ited excellent activity comparable to that of commercial Pt/C
and significant better performance than the solely doped gra-
phene with N and S. Experimental data and DFT calculations
revealed that the enhancement in catalytic activity was origi-
nated from the activation of C atoms brought by the redistribu-
tion of the spin and charge densities from the dual doping pro-
cess. Further, N-S-G catalyst with large mesopores by using col-
loidal silica nanoparticle templates was prepared. The catalyst
demonstrated long-term stability better than commercial Pt/C
catalyst owing to the mesoporous nanostructure whit favorable
ORR activity and mass transfer. This N-S-G shows great
promise as low-cost catalyst for metal-air batteries. It should
be noted that despite the significant enhancements in catalytic
performance after co-doping process, a fundamental issues
was raised concerning the distribution of doped heteroatoms
in carbon frameworks. For instance, when B and N coexist in
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sp? carbon, whether B and N are bonded together or located
separately can lead to very different electronic structures, which
result in distinct ORR activities. Zhao et al. reported that the
bonded case cannot increase the catalytic activity because of
the generation of chemically inert by-product hexagonal boron
nitride (h-BN), while the separated case can greatly improve the
ORR activity.*?’ This study demonstrated the crucial role of the
doping microstructure on ORR performance, which is of sig-
nificance in exploring advanced carbonaceous electrocatalysts.
Qiao's group also reported B and N dual-doped graphene by
using a two-step doping strategy to avoid the formation of inert
by-products.[*2°l Due to the synergistic effect of the well-defined
doping sites, the resultant B,N-doped graphene exhibited com-
parable ORR performance with commercial Pt/C. These studies
further opened up a variety of effective and low-cost approaches
to produce high performance carbonaceous electrocatalysts.

Given the excellent ORR performance of doped carbon mate-
rials in alkaline electrolytes, it was expected that those materials
can also provide catalytic advantage in nonaqueous systems.
Some researchers have demonstrated the doping strategy is
also effective in enhance the catalytic performance for carbon
materials, but the fundamental study of reaction mechanisms
is rare.*32%% Shu et al. reported nitrogen-doped onion-like
carbon as an efficient oxygen electrode for long-life Li-O, bat-
tery.3?] In another report, vertically aligned nitrogen-doped
coral-like carbon nanofiber (VA-NCCF) array supported by
stainless steel cloth was used as cathode for nonaqueous Li-O,
battery.[*33l As shown in Figure 27, the carbon fibers aligned
normal to the substrate showing a zigzag-like morphology with
many branches along the fiber axis, which provide high surface
area and large free space between fibers. The slightly tangled
Carbon fibers can also lead to good electric conductivities for
both the in-plane and through-thickness directions. When
applied as cathodes, this electrode design can not only facili-
tate electrolyte/reactant diffusion but also enhance electron
transportation through the shortest pathway along the verti-
cally aligned fiber length. As expected, the Li-O, battery based
on the VA-NCCF electrode exhibited significant performance. A
low overpotential of 0.3 V can be observed at the middle of the
charge and discharge plateaus at a current density of 100 mA/g,
and reasonably low overpotentials can still be observed at high
rates (Figure 27d). An excellent and stable cycling perfor-
mance was also obtained with 150 cycles at a specific capacity
of 1000 mAh/g and current density of 500 mA g'. As dem-
onstrated above, doped carbon nanomaterials show very prom-
ising performance in aqueous metal-air batteries. Although the
fundamental catalytic mechanisms are not clear in nonaqueous
systems, doped carbon catalysts also exhibited high catalytic
activity as an alternative for noble metals.

5.3.3. Metal Oxide-Carbon Hybrid Materials

As discussed above, pristine carbon materials have relatively
low activity in aqueous solutions, while noble metal catalysts
show excellent activity both aqueous and nonaqueous electro-
lytes. The combination of those two materials are shown effec-
tive in lowing the loadings of noble metals and have shown
significant performances in metal-air Dbatteries.[*9#4] For
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Figure 27. a) SEM image of a VA-NCCF array grown on a piece of Si wafer
by CVD. b) TEM image of an individual VA-NCCF. c) The sketch of Li,O,
grown on a coral-like carbon fiber. d) Rate performance of the VA-NCCF
electrode at current densities of 100, 600, and 1000 mA g~'. Reproduced
with permission.[*33 Copyright 2014, American Chemical Society.

example, Pt nanoparticles coated aligned MWNTs fabricated
from CNT forest with a hierarchical micro-nano-mesh and
well-ventilated structure were used as air cathodes for non-
aqueous Li-air batteries.**!l The well aligned pore structure
of the Pt-CNT fibrils not only facilitate facile accessibility of
Li ions and oxygen but also provide good electrode/electrolyte
interfaces which effectively expose catalysts to the discharge
products, thereby providing ideal conditions for the catalytic
reactions. The resulting Li-O, batteries exhibited significant low
overpotentials compared with the counterparts based on pris-
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tine CNT fibril electrode. In addition, remarkable cycling sta-
bility of over 100 full discharge/charge cycles was achieved at a
high current rate of 2 A g}, further highlighting the advantages
of this hierarchical Pt-CNT fibril air electrode. Tu et al. deco-
rates the Au nanoparticles on the cracked carbon submicrom-
eter tube arrays. The Li-O, battery with this cathode exhibits
desirable performances.**4 Recently, Amine’s group used an
atomic layer deposition (ALD) method to produce Pd coatings
on porous carbon support as an ORR catalyst.[**®] This method
can achieve highly uniform and conformal dispersed coatings
ranging from subnanometer to a few nanometers in thickness,
which is effective in lowing metal loadings while still retain the
same catalytic activity. After the ALD process, the nanoporous
of carbon support was well preserved, indicating a high sur-
face area Pd layer with large density of catalytic active sites was
obtained. The resulting nonaqueous Li-O, battery exhibited a
high discharge voltage and capacity mainly due to the superior
ORR activity of the catalyst. These studies have demonstrated
various promising and effective approaches to reduce the load-
ings of noble metal catalysts while remain their high activity.
However, the scarcity of noble metals is still a major obstacle
hindering their large-scale applications. Transition metal
oxides, on the other hand, show great potential applications as
non-noble catalysts for air cathodes as mentioned in the last
section. Nevertheless, their relative low electric conductivity
reduces their overall catalytic performance. A feasible solution
is to incorporate them with nanocarbon materials. The syner-
gistic effect of the high conductivity and effective diffusion of
reactants provided by the nanoc arbon support and the good
ORR and OER catalytic activity of metal oxides can lead to supe-
rior performance.

Apart from the activity of electrocatalysts, the overall perfor-
mance of air electrodes is mainly dependent on the structure
and properties of catalyst support.***~*1 For air electrodes,
carbon not only serves as a catalyst support and conductive
pathways, but also helps to stabilize the triphase boundary
and morphology which is essential to provide reaction sites
for ORR. Benefitting from the excellent electronic condctivity
and good catalytic activity, these metal oxides-carbon hybrid
materials are also widely applied in the Na-O, battery.[*>?-401]
Rosenberg and Hintennach reported the application of o-MnO,
nanowires for Na-air batteries, which presented a large initial
capacity of 2056 mAh g™! but suffered 59% decrease in capacity
after 2 cycles.>2l Chen and co-workers developed a porous
CaMnOj; microspheres, and tested it in Na-O, batteries.[*®" The
CaMnO;/C electrode delivered a huge capacity of 9560 mAh g~!
at a current density of 100 mA g}, which was nearly 2.5 times
of that of bare carbon black electrode. The Na-O, cell with
CaMnO;/C electrode maintained 80 cycles with a restricted
cut-off capacity of 1000 mAh g~'. This prolonged cycle life is
8 times longer than bare carbon black (around 10 cycles). On
the other hand, Zhang et al. combined Pt particles on graphene
nanosheets (GNSs) to fabricate nanostructured Pt@GNSs cata-
lyst for Na-O, batteries.l**! The discharge capacities of the cells
increased from 5413 to 7574 mAh g after introducing Pt. The
cell with Pt@GNSs catalyst was cycled for around10 cycles with
a cut-off capacity of 1000 mAh g™'.

In addition, some researchers have demonstrated that metal-
air batteries based on metal oxides-carbon hybrid catalysts
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exhibit favorable performance. Most of the demonstrations of
these hybrid catalysts in aqueous metal-air systems can find
their application in Zn-air batteries.[*92¢7 For example, novel
CoO/carbon nanotube hybrid oxygen reduction catalyst and
Ni-Fe-layered double hydroxide oxygen evolution catalyst were
synthesized as cathode for Zn-air batteries.*2 According
to Li et al., the resulting primary Zn-air battery showed high
discharge peak power density =265 mW cm™, current den-
sity =200 mA cm™ at 1 V and energy density 4700 Wh kg'.
Rechargeable Zn-air batteries in a tri-electrode configuration
exhibited an unprecedented small charge-discharge voltage
polarization of =0.70 V at 20 mA cm2, high reversibility and
stability over long charge and discharge cycles. As for zinc-air
battery, an efficient, durable and low cost catalyst is essential
for a high performance metal-air battery. In this aspect, a com-
posite bifunctional catalyst, Co3;O, mnanoparticles-decorated
carbon nanofibers (CNFs) is prepared.*®°] The particles-on-
fibers nanohybrid materials were derived from electrospun
metal-ion containing polymer fibers followed by thermal car-
bonization and a post annealing process in air at a moderate
temperature. Electrochemical studies suggest that the nano-
hybrid material effectively catalyzes oxygen reduction reaction
via an ideal 4-electron transfer process and outperforms Pt/C
in catalyzing oxygen evolution reactions. Accordingly, the pro-
totype ZnABs exhibit a low discharge-charge voltage gap (e.g.,
0.7V, discharge—charge at 2 mA cm™2) with higher stability and
longer cycle life compared to their counterparts constructed
using Pt/C in air-cathode. Importantly, the hybrid nanofiber
mat readily serves as an integrated air-cathode without the need
of any further modification. And such a design is expected
to provide guidance for future catalyst design. In addition to
the excellent performance in aqueous systems, these metal
oxide-carbon hybrid also exhibits favorable catalytic activity in
nonaqueous systems. Some researchers have demonstrated
improved performance of metal oxide-carbon hybrids, espe-
cially in nonaqueous Li-air battery systems.[*®3#%4 For example,
Zhang et al. have prepared a three-dimensional (3D) graphene-
Co30, electrode by a two-step method.*®l By growing the
Co30, on the graphene strucure that was initially deposited on
a Ni foam, a free-standing and binder-free monolithic electrode
was obtained. When applied in the Li-O, battery, this composite
structure exhibited enhanced performance with a specific
capacity of 2453 mA h g™! at 0.1 mA cm™ and 62 stable cycles
with 583 mA h g! (1000 mA h gepen ). The excellent elec-
trochemical performance is associated with the unique archi-
tecture and superior catalytic activity of the 3D electrode. In
additon, other kinds of materials including Co/CoO-graphene-
carbonized melamine foam,*”!l 3D nanoporous nitrogen-doped
graphene with encapsulated RuO, nanoparticles,*”}! RuO, nan-
oparticle-decorated buckypaper cathode,*””! carbon embedded
o-MnO, @graphene nanosheet composite,*8!] etc. have been
reported. To be specific, recently, Salehi et al. reported the prep-
aration of CNT-MnO, nanocomposite as a high rate cathode
catalyst for the rechargeable Li-O, batteries.**9 Simultane-
ously, the performances of a series of CNT-MnO, nanocompos-
ites containing different values of MnO, are also investigated.
According to the authors, the s ynthesized CNT-60% MnO,
compound had a capacity of about 4600 mA h/ga1 cathode at @
current density of 1000 mA/gotal cathode- 1€ battery fabricated
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using the optimum nanocatalyst revealed over-voltages equal to
0.20 V and 0.87 V for discharge and charge, respectively, having
a cycleability using the current density of 100 mA/giotal cathode-

It should be noted that the oxygen electrochemistry mecha-
nisms in nonaqueous aprotic systems is still inclusive. For
example, Nazar's group prepared Co;0,/rGO with Co;0,
nanocrystals covered all the surfaces of rGO to study the prop-
erties of Co;0, catalyst independently. The rGO acted only
as a conductive layer to support the high dispersion of Co3;0,
nanocrystals.*® Tt was found that the Li-O, batteries with
Co30,/rGO resulted in significant reduction of charge overpo-
tentials and improved cycling performance. The authors argued
that Co30,4/rGO acted as a promoter rather than a classic
electron-transfer catalyst. The better performance was attrib-
uted to the enhanced surface transport of Li,O, species, which
was achieved by reduced binding energy in the electrochemical
processes on discharge and charge. In another report, a first-
principles approach is used to study the interactions between
discharge products and 6-MnO, monolayers that serve as puta-
tive Li—air battery cathodes.*8®] The adsorption energies of Li,
0,, and Li,0, (xy = 1,2) on MnO, are calculated. On the basis
of an evaluation of the adsorption energies, it is found that the
MnO, monolayer prefers to react with Li atoms rather than
0O, molecules to initiate LiO, formation. The incipient LiO, is
expected to be strongly chemisorbed onto the MnO, layer. LiO,
can be subsequently converted to Li,O, and finally Li,O via a
sequence of lithiation or disproportionation reactions. Inspir-
ingly, this study is expected to provide guidance for future
research.

5.4. Metal-Nitrogen Complex

Another important class of non-noble metal electrocatalyst for
ORR is Carbon-supported transitional metal-based nitrogen-
containing materials (M-N,/C, with M represents Fe, Co, Ni,
Cu, Mn, etc., and x = 2 or 4, normally). Since the first report
on the ORR catalytic active of M-N, macrocycle chelates such as
cobalt phthalocyanines (Co-Pc) in 1964,1*87] M-N,/C materials
have received intensive investigation as promising candidates
to replace noble metal catalysts with high activity and stability
for fuel cell cathodes. Until now, a series of M-N,/C materials
have been developed, transition metal porphyrins and their
analogues have attracted particular attention.[*88-513]

The ORR activity of these materials is directly related to the
metal ion centers and encompassed ligands. During ORR, the
charge transfer from the metal ion centers to the O, m* orbital
was believed to lead to the overall weakening of O-O bond,
which consequently result in favorable ORR activity. Among
the transition metal ion centers listed above, Fe and Co are
mainly believed to display optimal overall ORR performance.
In addition, the well-defined structures of the macrocycles and
ligands can be facilely tailored by simple synthesis procedures,
which allow for the further control over the ORR performances.
For example, Chen's group synthesized iron phthalocyanine
(Fe-Pc) based catalysts (Figure 28), and reported that signifi-
cant improvements were observed for the Fe-SPc (as shown
in Figure 28b and d) with respect to a comparable activity and
better stability to that of commercial Pt/C catalyst in alkaline
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Figure 28. a) Atomic structure of (A) Fe-Pc and (B) Fe-SPc and the space
filling stacking model of (C) Fe-Pc (dre.re: 4.119 A) and (D) Fe-SPc (de.re:
6.945 A); side view, same scale. Reproduced with permission.[**l Copy-
right 2010, American Chemical Society.

solutions.*®%) The thioether groups were attached to the Pc
macrocycles which can act as supplementary electro-donating
sites to improve electron transfer. In addition, a high degree of
steric hindrance can be obtained by the incorporation of bulky
diphenyl thiophenol groups into the molecular structures,
maintaining the isolation of catalytic active sites. That is to say,
the incorporation of electron-donating functional groups along
with the isolated active sites give rise to the ORR performance
of the Fe-SPc. This work indicates that a careful design of
molecular structures can lead to favorable ORR performances.
Improved ORR activity was also observed after doping carbon
supported cobalt polypyrrole (Co-PPy/C) with p-toluenesulfonic
acid (TsOH).*% The Co-PPy-TsOH/C demonstrated much
higher current density and power density than Co-PPy/C when
applied as cathode catalyst for fuel cells. This can be mainly
attributed to the increase of N content after the doping process,
the slight change in C content and micropores also made small
contribution to the enhancement in ORR. Qiao et al. reported
that metal addition and metal loadings could also affect the
ORR activity of carbon supported Co-Pc in alkaline media.l**!
DFT calculations on the dioxygen-binding abilities of substi-
tuted Co and Fe phthalocyanine, and porphyrin systems was
investigated.*9? Results showed that the ability to bond diox-
ygen was determined by central metal ion, ligand and substitu-
ents. Generally speaking, the ORR activity of these materials
is related to their ionization potential and dioxygen-binding
ability. Higher ionization potential and larger dioxygen-binding
energy are associated with better ORR activity. From experi-
mental results and DFT calculations, Wang et al. indicated that
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higher ORR kinetics can be obtained with lower the O, adsorp-
tion energy.*’]

A primary nonaqueous Li-O, battery utilizing carbon sup-
ported dilithium phthalocyanine (Li,-Pc) was fabricated with
a high discharge capacity, indicating the good ORR activity
of Liy-Pc.* Recently, Goodenough and co-workers designed
a Li-O, battery utilizing organic-electrolyte-dissolved Fe-Pc
as a shuttle to transport (O,)” species and electrons between
cathode surface and L1i,0,.*! As shown in Figure 29, Li,0,
was observed to grow and decompose without direct contact
with carbon electrode when Fe-Pc catalyst was added. In dis-
tinct contrast, the Li,O, was coated on the electrode surface of
the Li-O, battery without Fe-Pc catalyst which would block the
electrocatalytic surface, leading to inferior capacity and round-
trip efficiency. Further, to prevent some possible side reaction
of the dissolved Fe-Pc with Li metal anode, a SEI layer was
proposed to block their direct contact. The synergy of a solid
catalyst and solution-phase shuttle catalyst demonstrated in
this work indicate a promising route to produce high capacity
and reversibility Li-O, cells. Wang’s group reported that metal-
organic framework (MOF) can also lead to enhanced perfor-
mance for nonaqueous Li-O, cells.[**l A mixed composite of
MOF and Super P carbon was applied as active cathode mate-
rials. The well-defined micropores lined with open metal sites
in MOF can effectively enhance oxygen binding while the
mesoporous Super P can facilitate electrolyte transportation
and deposition of discharge products. The resulting Li-O, bat-
tery demonstrated a higher capacity than that based on Super
P alone. Considering the diversity of MOFs and the facility
with respect to the variety of organic links and multi-metal
building units, MOFs present promising application in metal-
air batteries.

Metal-air batteries based on pyrolyzed metal macrocycle
complex were relatively less reported.”'*>7l Fe/N/C com-
posite derived from pyrolyzation of a mixture of ion acetate,
1,10-phenanthroline and high surface area carbon black was
firstly investigated as cathode catalyst for nonaqueous Li-O,
cells.P™ Figure 30a is the discharge/charge curves of two Li-O,
cells using -MnO,/XC-72 and Fe/N/C as cathode catalysts,
respectively. The discharge curve of Li-O, cells with Fe/N/C
showed a slight reduction in discharge overpotential, indicating
better ORR performance in promoting the formation of Li,0,
than the a-MnO,/XC-72 catalyst. More interestingly, compared
with the cell with o-MnO,/XC-72 catalyst, a significant low-
ered charge potential throughout the whole charging process
can be observed of that utilizing Fe/N/C composite, which can
be addressed by the enhanced OER activity. In addition, the
side-by-side comparison of GC signals after charge process in
Figure 30b show that only oxygen was released from the cell
with Fe/N/C catalyst, whereas CO, was also detected except for
O, from the cell with o-MnO,/XC-72 catalyst indicating electro-
lyte decomposition. This can be ascribed to the well dispersed
active sites throughout the conductive substrate with high sur-
face density. The high interfacial contact with Li,O, can provide
effective electron and mass transport, thus lowering the overpo-
tential during charge process. Chen’s group also demonstrated
that pyrolyzed nanofiber by electrospun a solution of polyacry-
lonitrile (PAN) and iron acetate can be applied as catalysts for
nonaqueous Li-O, battery.”] After pyrolysis, PAN formed into
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Figure 29. a—e) SEM images of the CF cathodes (with Fe-N/C) before discharge (a), after discharge (b, d) and after charge (c,e) with Fe-Pc catalyst
(d, e), and without Fe-Pc catalyst (b,c). f~h) XRD pattern of the CF cathode before discharge (f), after discharge (g), and after charge (h) with Fe-Pc

dissolved in the TEGDME electrolyte. Reproduced with permission.[4%3]

porous nitrogen-containing carbon fibers which can provide
excellent electron and mass transportation.

5.5. Conductive Polymers

Electrically conductive polymers (CPs), such as polyaniline
(PANI), polypyrrole (PPy), polythiophen (PTh), poly(3-methyl)
thiophen  (PMeT), and poly(3,4-ethylenedioxythiophene)
(PEDOT), present another alternative approach to replace noble
metals as cathode electrocatalysts in metal-air batteries.[518-520]
CPs usually display mixed metal and polymer like properties
and have attracted certain attention due to their low cost, high
electric conductivity, and distinct redox properties. Investi-
gation of CPs as electrode catalysts was already conducted in
their early stages, however, it was further hindered by their
low conductivity, and inferior efficiency.P2!>23 Recently, the
development of chemical polymerization, such as vapor phase
polymerization (VPP), have realized the fabrication of CPs with
high conductivity, improved stability, and controllable mor-
phology.P2*5281 A PEDOT electro-active layer was coated on a
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hydrophobic, porous membrane by VPP to prepare an three-
phase interface air cathode, as shown in Figure 31a.' A
Zn-air battery was then constructed based on the PEDOT air
cathode utilizing a alkaline electrolyte. The catalytic mechanism
of the PEDOT-based electrode was pointed out to involve a
redox cycling process, where ORR is occurred when the PEDOT
is in its reduced state. When O, is absorbed on the surface
of the PEDOT, it rapidly oxidizes the PEDOT to the oxidized
form where O, is reduced accordingly in this process. Owing
to the high conductivity and stability, the Zn-air battery based
on the PEDOT electrode exhibited a better performance with
an open-circuit voltage of 1.44V than the similar battery based
on the Pt/Goretex air electrode under the same testing condi-
tions. By using quantum-chemical modeling calculations con-
sistent with experimental results, it was reported that oxygen
can be reduced when the CPs are in the reducing state.’?!l
On the other hand, it was also argued that the electrocatalytic
activity of these polymers maybe attributed to the high electro-
chemically active nitrogen and sulfur content in their inherent
structure. Owing to the strong electron withdrawing ability,
nitrogen atoms with lone-pair electrons in conjugated n-bond
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structures, such as pyridinic-type nitrogen, are generally recog-
nized as ORR catalytic active sites in CN, materials.’2°532 A
recent study reported a new CP with high and stable ORR cata-
Iytic activity, poly(bis-2,6-diaminopyridinesulfoxide) (PDPS).1>%®!
The high content of nitrogen species (pyridinic and imine-
type) which acted as ORR-active sites resulted in the high ORR
activity of the PDPS.

A recent research reported that low cost and facile prepa-
ration of the water dispersed conducting PANI nanofibers
doped with phosphate ester were firstly used to fabricate
cathode for Li-O, battery.>33] Experimental test showed that
the PANI nanofibers can actively catalyze the discharge reac-
tion with good cycling stability. The Li-O, battery displayed
an initial capacity of 3260 mAh g™ at a current density of
0.05 mA cm~?, then degraded to 2320 mAh g during the
first three charge/discharge cycles, the discharge capacity kept
relatively stable in the subsequent 27 cycles, with 4% loss in
capacity. This approach present a low cost and facile possibility
to prepare high-capacity metal-air batteries. A nonaqueous Li-air
battery based on a PPy nanotube air electrode was reported by
Cui et al>* Owing to the high conductivity, stable chemical
and electrochemical property, and 3-dimensional porous struc-
ture of PPy, the air electrode based on hydrophilic PPy nano-
tubes showed a higher reversible capacity, better round-trip
efficiency, and improved cycling stability and rate performance
than that of the carbon black-supported air electrode. The
porous structure and hollow channels of the PPy nanotubes are
beneficial to establish the triphase interfaces and also facilitate
the O, diffusion and electrolyte distribution. In addition, the
excellent performance of the PPy nanotubes can also be attrib-
uted to the possible bifunctional catalytic activity, which can
commendably promote ORR and OER. The schematic illustra-
tion of the organic electrolyte and oxygen distribution and the
discharge/charge process of the PPy nanotube electrode are also
given in Figure 31b and c. At a current density of 0.1 mA cm™,
the discharge voltage of the Li-O, battery based on PPy nano-
tube cathode is 300 mV higher than that of the carbon black

(b)

Tubular PPy

Figure 31. a) Schematic representation of the PEDOT/Goretex air electrode. Reproduced with permission.’™ Copyright 2003, Elsevier. b) The organic
electrolyte and oxygen distributions on hydrophilic PPy nanotubes, and (c) the schematic discharge/charge process.l>3%
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based counterparts, while the charge voltage is lower than that
of carbon black by 600 mV.

In order to further improve the oxygen catalytic activity,
incorporating transition metal complexes into the CP matrixes
is also investigated by researchers to produce non-precious
oxygen catalysts.’*% The fine dispersion of electrocatalyst
particles within the matrixes of CP can allow homogeneous
distribution of catalytic active sites which will result in better
catalytic performance and stable performance within a wide
range of pH. Reports have indicated that those composites
may present a prospect to develop stable and efficient air
cathodes.’*>*1 1t was firstly reported in 2006 by Bashyam
and Zelenay with successful demonstration of a Co-PPy-C
composite with high and stable ORR electrocatalytic activity in
H,-0, fuel cells, where carbon-supported polypyrrole was used
to entrap cobalt to generate Co-N sites.>**] Experimental testing
suggested that the excellent performance was originated from
the CoN;, active sites formed by the strong interactions of Co
sites with polypyrrole matrix. In addition to PPy, the incorpo-
ration of cobalt or nickel into CPs, such as PANI and PMet,
were also investigated.”*>°*] This research suggested that the
Co-PPy-C composite exhibits the best ORR catalytic activity and
stability among all the composites listed above. Furthermore,
the effect of different doping anions on the catalytic activity of
these complexes was investigated;**’! copper manganese oxide
(Cuy 4Mn,; (O,) was introduced with PPy which displayed ORR
activity at low potentials.*®! Though no research was reported
utilizing this kind of composite catalyst, these studies still bring
up new possibilities to produce low-cost but high performance
electrocatalysts for metal-air batteries.

Owing to the high content of nitrogen and sulfur, CPs can
also be used as precursors to prepare M-N,/C catalysts through
high temperature pyrolysis, where CPs act as both carbon and
nitrogen/sulfur sources. Compared with the transition metal
immobilized CPs, it was reported that heat treatment of these
composites will lead to better ORR catalytic activity.’*"! This
enhancement in ORR activity can be attributed to the forma-
tion of pyrrolic and quaternary nitrogen during pyrolysis pro-
cess with a shift of the reaction mechanism from two-electron
dominant pathway to more efficient 4-electron dominant
pathway. Yuasa et al. also investigated the effect of heat treat-
ment temperature on the catalytic activity of Co-PPy-C.>” The
experimental results showed that a maximum in electrocatalytic
activity can be obtained at a pyrolysis temperature of 700 °C,
when ORR active sites Co-N, structures can be successfully
maintained by immobilizing cobalt ions with carbon based PPy.

In conclusion, the investigation of CPs as air cathode cata-
lysts or supporting materials can be split into three approaches:
(i) directly utilizing the CPs as cathode catalysts, which was
already reported by some researchers to fabricate rechargeable
metal-air batteries; (ii) incorporating transition metal complexes
into the CP matrixes; (iii) serving as precursors to prepare pyro-
lyzed M-N,/C catalysts. The latter two approaches have not yet
been applied in the preparation of metal-air batteries, but was
successful demonstrated in fuel cells with good catalytic activity
and stable performance. The similarities that fuel cells share
with metal-air batteries indicate new approaches to prepare
cathode catalysts. Currently, reports of the application of CPs
in metal-air batteries are relatively rare. These studies indicate
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that CPs could be good candidates as catalysts and supports in
reversible air cathodes, opening up a new path to develop high-
performance metal-air batteries.

6. Separators

For metal-air batteries and other battery systems, separators
have attracted less attention compared with the rest of cell com-
ponents, yet they still play an important role in determining cell
performance. Generally, for all battery systems, a separator basi-
cally function as a spacer to separate the anode and cathode,
preventing electrical short circuit. A separator should also be
electrically nonconductive, highly ionically conductive, good
mechanical and dimensional stability, good chemical stability
toward electrolyte corrosion, and easy configuration.”>! For
metal-air batteries, a separator should also satisfy the require-
ment of stable operation with reduced oxygen species and at
high potential during cycling and limited diffusion of oxygen
to prevent parasitic reaction with the anodes.'¥>1-557] In addi-
tion, the separator should also be highly porous and possess
good wettability to sustain electrolyte and ease anode dendrite
formation.

Unlike proton exchange membrane fuel cells that require
high-cost proton transferring membranes (e.g., Nafion), only
hydroxyl (aqueous) or metal ions (nonaqueous) are transferred
in metal-air batteries. Until now, separators for metal air bat-
teries are mostly microporous polyolefin membranes based on
polyethylene, polypropylene, polyvinyl alcohol, polyethylene
oxide and so on. A new Zn-air battery separator polysulfo-
nium-1, poly(methylsufonio-1,4-phenylenethio-1,4-phenylene
triflate) reported by Dewi et al. was found with high selectivity
in preventing self-discharge caused by cation permeation from
anode to cathode and increased the discharge capacity six times
greater than that using commercial available polypropylene
separators.>>3 Wu et al. reported that sulfonation treatment has
a positive effect on the enhancement of anionic conductivity
in alkaline electrolytes.’> A solid-state Zn-air battery based
on this separator exhibited a power density of 38 mW cm™
at 45 mA cm2, which is much higher than that based on the
untreated one (20 mW c¢cm~2 at 25 mA cm™2). A nanoporous
inorganic MCM-41 membrane with high surface area and pore
volume density was also reported as a separator for Zn-air
battery.’>] The hexagonally ordered, narrow pore structure
of MCM-41 membrane was found to exhibit good adsorption
and retention of electrolyte; the pores also served as effective
channels for ion transport. When employed as a separator, a
relative high power density of 32 mW c¢m™2 and volumetric
energy density of 300 Wh 17! were achieved of the Zn-air bat-
tery. Other nanoporous inorganic materials such as glass fiber
membrane can also be found in many reports in the Li-air
battery system, mainly owing to the excellent adsorption and
retention of nonaqueous aprotic electrolytes provided by its
porous structure, good ionic conductivity and low cost. As an
important battery component, separators have been relatively
studied in the fields of metal-air battery, especially the recently
popular Li-air battery system. More work should be dedicated
to this component to further improve overall performance of
metal-air battery.
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7. Anodes

Unlike the widely used lithium-ion bat-
teries that utilize Li-storage materials (e.g.,
graphite, metal oxides, etc.) as anodes,
metal-air batteries currently use metal
foils (e.g., Li, Na, Zn, Mg, Al, etc.) which
are also known as metal anodes. During
discharge, the metal anode is oxidized to
release electrons and metal cations (M)
and then reduced during charge. Among
all the metal anodes, lithium metal pos-
sesses an ultrahigh specific energy of up to
3860 mAh g and a low negative potential
of =3.04 V (vs standard hydrogen electrode,
SHE). For Li-air battery, the Li anode faces
two major problems, that is, the formation
of lithium dendrites and continuous growth
of solid electrolyte interface (SEI) with the
increase of cycle number. The former can
cause internal short-circuit which lead to serious safety prob-
lems, while the growth of SEI consumes the Li anode and
electrolyte which will cause low Coulombic efficiency and
eventually irreversible anode failure.”>®%5% One solution to this
is the adoption of a protective solid-state lithium ion conduc-
tive layer on the surface of Li anode such as LiPON, LATP,
and LAGP, as has been addressed in some reports.[°7-60-563]
Recently, Shui et al. found that only part of the lithium metal
can be recovered during cycling while lithium hydroxide con-
stantly accumulated on anode surface upon both discharge
and charge processes in a nonaqueous Li-O, battery using 1
M LiCF;SO;-TEGDME as electrolyte, which will lead to high
polarization and limited anode reversibility.** The forma-
tion of lithium hydroxide can be ascribed to the produced by
electrolyte decomposition during discharge and charge. We
note that the cell is tested in pure oxygen atmosphere, while
for practical application the operating atmosphere is air which
contains H,0 and may not be effectively blocked by the oxygen
elective membrane. The use of a protective layer can be effec-
tive in protecting the Li anode from corrosion especially with
the aqueous electrolyte and also the moisture in nonaqueous
electrolyte. However, it should be noted that the ionic conduc-
tivity of these protective layers is still unfavorable which con-
tributes to the polarization of a cell. Moreover, these protective
layers were also found to have poor mechanical and chemical
properties which may easily fracture and deteriorate during cell
operation. Walker et al. reported that the use of a 1 M LiNO;-
DMA electrolyte contributes to the formation of a stable SEI
on the Li anode surface.®! The authors first investigated the
stability of the solvent, DMA, the formation of soluble species
which are electroactive above 3.4 V was observed resulting from
the reaction of DMA with Li anode. On the contrary, these spe-
cies were not detected after the addition of 1 M LiNO;, which
can be attributed to the formation of a stable SEI on Li anode
and consequently inhabited the reaction with DMA. This phe-
nomenon can be explained by the inertness of the amide core
toward reduced oxygen species and the formation of a stable
and protective SEI in the presence of nitrate anions which
blocked the reaction of Li with DMA. Correspondingly, the
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Figure 32. Schematic illustration of the proposed self-healing electrostatic shield mechanism.
Reproduced with permission.%”l Copyright 2013, American Chemical Society.

Li-O, cell exhibited a stable cycling performance of over
80 cycles at 0.1 mA cm™2.

Another issue is the formation of lithium dendrites which
leads to potential safety hazards. Kang et al. have recently
reported that a anodized aluminium oxide (AAO) membrane
separator can be effective in suppress the surface roughening
of Li anode.’% The uniform ion transportation pathways
provided by the porous AAO separator was found to facili-
tate the homogenous plating/stripping of lithium, which lead
to a better anode reversibility. A novel mechanism to prevent
lithium dendrite formation was proposed by Zhang’s group.>®’!
The addition of a low concentration of some selected cations
(e.g., Rb*, or Cs*) whose reduction potential is below that of
Li* was found to form a positively charged electrostatic shield
around the initial lithium tip of the protuberances during
lithium deposition, as shown in Figure 32. This mechanism
can further force the lithium to deposit on adjacent regions and
thus prevent the formation of lithium dendrite. However, we
note that this method may not be applicable in Li-air battery
system due to the possible redox reaction of Rb* or Cs* with
O,, which can remove these cations from the electrolyte. Yet
this concept may be extended to a broader research to discover
a solution to the growth of lithium dendrite. Apart from the
above proposed methods, a lithiated silicon-carbon composite
anode to replace the commonly used Li metal anode was firstly
reported by Scrosati’'s group as a metal-free anode.l*® Based on
experimental data, the energy density of the reported Li,Si-O,
battery was estimated to 980 Wh kg™!, assuming the operating
discharge voltage is 2.4 V, which is more than two folds that of
a state-of-the-art Li-ion battery. The replacement of a Li metal
anode undoubtedly led to a compromise in the energy density
and discharge voltage, the volume change of Si associated with
lithiation and delithiation may also lead to limited cycle perfor-
mance, yet this attempt can be effective in enhancing battery
safety.

Other metal-air batteries such as Zn-air, Al-air, and Mg-air
battery that utilize aqueous alkaline electrolytes, the corrosion
of metal anode is the major cause accounting for the self-dis-
charge. To the slow corrosion rate of metal anodes, various
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approaches have been proposed such as increase the purities
of metal anodes, coating the anode surface, alloy with other
metals, or add additives in the electrolytes.’®->73] For example,
pure aluminium (99.999%), technical grade aluminium
(99.8%) and the alloys with indium and tin were investigated
as anodes for Al-air batteries using a NaCl-based electrolyte.l”%l
Experimental results showed that the Al-In alloy exhibited more
favorable electrochemical properties such as minimal negative
difference effect (NDE), hydrogen evolution rate, and a low
anodic polarization. It should also be noted that aluminium
can actively react with alkaline electrolyte, thus neutral electro-
lytes is commonly used to decrease heat generation. In addi-
tion to the modification of metal compositions to enhance the
corrosion resistance, the fabrication of a protection film on
the metal Li anode is also an effective strategy.”’!) As reported
by Qing et al., the stability of Li anode is protected effectively
with the help of protection film. The Li-O, battery with the pro-
tected lithium anode has exhibited superior cycle stability-more
than 100 stable cycles under a fixed capacity of 1000 mA h g™
at a current density of 300 mA g1, which is more than three
times that of the Li-O, battery with the pristine Li metal as
an anode (31 cycles). Simultaneously, it is well acknowledged
that the anode performance can be effectively enhanced by tai-
loring the morphology to increase the surface area.’’+>7¢ As
is the situation in Li-air battery, other metal-air batteries also
suffer from the dendrite formation during cycling, which lead
to safety hazards during operation.l’”7°78] Banik et al. reported
that the addition of polyethylene glycol in the electrolyte can
effectively suppress the formation of dendrite during the zinc
electrodeposition.

To briefly summarize, metal-air battery anodes are relatively
less investigated given that the performance enhancement of
air electrodes is a more critical issues at the current stage of
development of metal-air battery technologies. The challenges
facing the anodes are associated with the corrosion and irre-
versible recovery and dendrite formation with the increase of
cycle numbers. Further investigation is required to address
these problems to achieve better electrochemical and safety per-
formances for metal-air batteries.

8. Kinetics and Interfaces

The electrochemical performances of metal-air batteries are
correlated with the kinetics which manifests in rate capability,
energy density, round-trip efficiency, cycle life, overpotentials,
and so on. The above reviewed research efforts are almost
entirely associated with the enhancement of kinetics. For
instance, the kinetics of ORR and OER can be influenced by
dissolve and diffusion of oxygen, electrolyte viscosity, trans-
portation of electrolytes and metal cations throughout the
porous structure of air cathodes, catalytic activity of electrocata-
lysts, morphology and charge transport of discharge products,
etc.[12:62-6497-104107-132,352353,579-582] A5 reported by Read et al.,
the nature of electrolyte such as viscosity, oxygen solubility
and diffusion properties affect greatly on the discharge perfor-
mances.[1262-64 In addition, the electrolyte should possess good
wettability to guarantee favorable contact with the air cathode
while not over-flood the porous structure to sustain the essen-
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tial triphase interfaces for oxygen reduction. At the same time,
the air cathode structure should be well-designed to facilitate
fast transportation of oxygen and electrolyte. Furthermore, the
addition of electrocatalysts in the cathode nanostructure has
been proved effective in accelerating the proceedings of ORR
and OER processes. For nonaqueous Li-air and Na-air batteries,
the cathode structure should also accommodate the accumu-
lation of solid discharge products as well as maintaining the
continuous discharge process. A Li-air battery cathode struc-
ture design proposed by our group can serve as an efficient
solution to this requirement.['®! Moreover, the control over
the characteristics of the solid discharge products also plays
an important part in determining the electrochemical kinetics
which further influence discharge capacity, rate capability,
round-trip efficiencies, and so on. For example, Li,O, with a
layered structure, poor crystallinity, and metal-like properties
was found to facilitate the subsequent decomposition of Li,0,
at low potential on charge, which lead to relatively low energy
loss.*8192] Such structure might be resulted from the synergy
of fast ORR kinetics and catalytic preferential deposition of
Li,0,. This enhancement in OER process can be explained by
the favorable interface properties resulting from the close and
massive contact of Li,O, with catalytic active sites and highly
conductive cathode support that benefit the improvement of
OER kinetics and the metal-like nature which favors the charge
transport upon charging. Moreover, the lower the charge over-
potentials can prevent potential degradation of electrolyte and
carbon cathode, leading to more stable and prolonged cycling
performance. While on the contrary, the decomposition of the
more typical Li,O, structure (e.g., toroidal-like particles) with a
large particle size and small contact area with cathode surface
can lead to high charge overpotentials and low round-trip effi-
ciencies. Additionally, the introduction of soluble redox media-
tors which can serve as a medium for electron transportation at
the electrolyte-Li,O, interface was found to effectively catalyze
the decomposition of Li,0,.'8184 To briefly summarize, the
goal to enhance the electrochemical performances of metal-air
batteries depend largely on the improvement of kinetics and
interfaces which should be combined with the research efforts
on building more rational cathode structure with high catalytic
activity, utilization of better electrolytes that favor fast dissolve
and diffusion of oxygen, and construction of high-efficiency
interfaces to lower energy barriers during electrochemical
processes.

9. In situ Analyses of Discharged Product
Characterization

In light of the researches mentioned above, intensive efforts
have been devoted into improving the performances of metal-
air battery, such as the construction of powerful electrodes, the
selection of stable electrolyte and the application of effective
catalyst etc. However, the development of these metal-air bat-
teries, especially the aprotic Li-O, battery is restricted by many
difficulties such as the poor rate capacity, low round-trip effi-
ciency etc. To address these problems, the fundamental under-
standing of the oxygen reaction mechanisms during discharge
and charge should be deepened, so as to help identify effective
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strategies to improve the performance of Li-O, battery, such as
developing stable and reversible oxygen electrodes, application
of stable electrolyte etc. In this aspect, various kinds of in situ
analyses of discharged product characterization including in
situ surface enhanced Raman spectroscopy (SERS) technique,
FTIR, quantitative differential electrochemical mass spectrom-
etry (DEMS) and XRD have been carried out.’®-%] In detail,
Lu et al. has applied an in situ surface enhanced Raman spec-
troscopy (SERS) technique can gain significant insights into
the reaction intermediates and products of the Li-O, redox
chemistry.’®] And Read et al. has analyzed the decomposi-
tion process of the electrolyte with in situ FTIR technique.l>%¢!
In addition, in situ XRD technique was developed to provide
a simple and straightforward analytical method for simultane-
ously attaining chemical and quantified information on Li,0,
(discharge product) and byproducts.®® Benefitting from the
identification of discharge product, the real-time acquisition
of the Li,O, XRD pattern allowed us to estimate the increasing
and decreasing Li,O, peak-area change, thus revealing the rates
of formation and decomposition of solid-state Li,O, during dis-
charge and recharge, respectively. More recently, Wang et al.
has revealed the reaction mechanisms of Li-O, batteries using
environmental transmission electron microscopy.”®! In this
research, the authors have imaged the product morphology
evolution on a carbon nanotube (CNT) cathode of a working
solid state Li-O, nanobattery and correlate these features with
the electrochemical reaction at the electrode. They find that the
oxygen-reduction reaction (ORR) on CNTs initially produces
LiO,, which subsequently disproportionates into Li,O, and
0,. The release of O, creates a hollow nanostructure with Li,O
outer-shell and Li,O, inner-shell surfaces. Their findings show
that, in general, the way the released O, is accommodated is
linked to lithium-ion diffusion and electron-transport paths
across both spatial and temporal scales; in turn, this interplay
governs the morphology of the discharging/charging products
in Li-O, cells. In situ techniques provide a powerful approach
for exploring the fundamental nanoscale processes, which
impact the cell-level performance. Given the similarity in the
cell chemistry between Li-O, battery and Na-O, battery, these
techniques used in the Li-O, field can be applied in the Na-O,
field, thus being able to push the development of Na-O, bat-
tery. At the same time, the advance in analyzing the discharged
product with in situ technique will provide an improved under-
standing of the mechanisms of the ORR and OER in the metal-
air batteries.

10. Challenges and Outlook

Metal-air batteries possess a huge advantage over other battery
systems such as Li-ion, lead-acid, and Ni-HM batteries in that
they are able to provide much higher specific energies. The semi-
open structure can effectively reduce the battery weight, which
lead to a high gravimetric energy density. Li-air battery can pro-
vide the highest theoretical specific energy amongst all metal-
air batteries and also possesses some advantages over fuel cells
including easy configuration and low cost. Such high energy
output of metal-air batteries, if fully exploited, can serve as next-
generation high performance and environmental benign power
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sources for large-scale energy storage systems, mobile energy
fields and aerospace industry. Thanks to the rapid research
development on the preparation of nanomaterials and the cor-
responding characterization technology, metal-air batteries, espe-
cially Li-air battery have regained considerable research interests
as they hold a key to the future success of the global energy con-
sumption shift from fossil resources to renewable energies. To
this end, this review is dedicated to provide a comprehensive and
systematic summarization of the development and mechanism
understandings of this promising and popular research area.

To date, there have already been some commercial applica-
tions of metal-air batteries as high energy density, low-cost and
environmental benign power sources. For instance, Al-air bat-
teries have been applied to power marine navigation beacons;
Zn-air batteries are widely used in hearing-aids and can also
be found in some railway signal lamps. Moreover, various
attempts have been carried out explore their application in
PEVs to replace currently used lithium-ion batteries. Despite
the promising properties and some successful practical appli-
cations, metal-air batteries are still inferior in some aspects,
hindering their large-scale utilization. For example, commer-
cial metal-air batteries are currently deposable or mechanically
rechargeable, while commercial lithium-ion batteries can be
recharged at least for 1000 times in average. The semi-open
structure can effectively simplify the configuration and lower
cell weight and cost, yet such design can also lead to potential
electrolyte leakage under sever vibrations, extruding or decom-
pression conditions. An enclosed design can effectively solve
this issue but require an additional air-supply system, compli-
cating the battery configuration and thus losing the advantage
over lithium-ion batteries. The high recycle cost of disused cells
is also a challenge especially for compact metal-air batteries. In
addition, the CO, and H,0 in air can interfere the desired elec-
trochemical processes in metal-air batteries, whereas current
membrane technology cannot effectively block those unwanted
components while guarantee the fast penetration of O,. To sum
up, great potential and huge challenges coexist in this area.

For researchers, some basic issues should be overcame
before their large-scale application. Aqueous metal-air batteries
such as Zn-air, Al-air, and Mg-air battery mainly suffer from
poor rechargeability, sluggish kinetics, and anode degradation.
To this end, various ORR and OER electrocatalysts have been
investigated to enhance the rechargeability and kinetics alloying
or increase purity of anodes were also introduced to improve
their corrosion resistance. Nevertheless, it should be noted that
the concept of aqueous metal-air fuel cells have been proposed
for quite a long time, yet the practical application of these bat-
teries is incomparable to the worldwide commercial triumph of
lithium-ion batteries.

For nonaqueous metal-air batteries especially Li-air battery,
the challenges mainly lie in five aspects: (i) the lack of a fun-
damental understanding of the reaction mechanism associated
with the nature of electrocatalysts and electrochemical pro-
cesses of ORR and OER in nonaqueous aprotic electrolytes; (ii)
the instability of electrolytes and carbon-based cathodes can lead
to a series of parasitic reactions that largely reduce the cycling
performances and capacity; (iii) low-cost and high efficient
bifunctional electrocatalysts are required to increase kinetics
to lower the overpotentials during discharge and charge and
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improve rate capability and cycling performances such as Cou-
lombic and cycle efficiency and cycle life; (iv) rational structure
designs of the air cathodes are needed to achieve full utilization
of the porous nanostructure to increase specific capacity and
further enhance the electrochemical kinetics; (v) the irrevers-
ible recovery of anodes during cycling also decreases cycle life
and will lead to high polarization, furthermore, the formation
of highly reactive lithium and sodium dendrites is also a safety
issues that should be settled before commercialization.

To start with, a thorough understanding of the oxygen elec-
trochemistry and catalytic mechanism is the first and most
critical step toward the design of a high-performance Li-air bat-
tery. A combination of nanoscale modelling, theoretical and in
situ experimental analysis is believed to provide more insights
and deepen our mechanistic understanding of the oxygen
electrochemistry in nonaqueous metal-air battery systems. Sec-
ondly, the instability of electrolytes (including organic solvents
and salts) and carbon electrodes can cause the formation of
by-products which in turn accelerates the proceed of parasitic
reaction, leading to overwhelming degradation of electrolytes
and electrodes rather than the formation and decomposition
of expected discharge products, which ultimately decreases the
cycling performances of metal-air batteries. Thirdly, a highly
efficient electrocatalyst can remarkably increase the reaction
kinetics, thus enhance the overall battery performance. Of the
five classes of electrocatalysts discussed in section 5, noble metal
and their alloys and oxides exhibit excellent catalytic activity and
long-term stability, yet the high makes it impractical for their
large-scale application in metal-air batteries. Pt, for instance,
has been widely adopted as a benchmark to evaluate the perfor-
mance of electrocatalysts. Comparatively, other classes of cata-
lysts such as carbonaceous materials, transition metal oxides,
metal-nitrogen compounds, and conductive polymers are less
expensive but also have pros and cons. Nanostructured carbon
such as CNTs and graphene show good electric conductivity but
inferior catalytic activity. Doping with heteroatoms have been
proposed to enhance their activity. Transition metal oxides are
also widely investigated owing to their favorable and bifunc-
tional activity. Composing with highly conductive carbon mate-
rials can alleviate the drawback of low conductivity. The prop-
erties of metal-nitrogen compounds and their derived M-N,/C
can be easily tailored by controlling the metal centers and
organic ligands, yet the preparation is relatively complicated
and more investigation should be conducted no their utilization
in organic electrolytes. Further, one should note the instability
issue of carbon under high charge overpotentials when used in
nonaqueous Li-air batteries. Moreover, the search for catalysts
in organic electrolytes are initially adopted from the research
in aqueous electrolytes which have been carried out for dec-
ades, more work should be done to discover more efficient
electrocatalysts on the basis of a thorough understanding of the
mechanism in nonaqueous environments. Fourthly, a rational
cathode design will not only increase specific capacity through
better utilization of the porous structure but also enhance elec-
trochemistry kinetics by providing effective mass transporta-
tion pathways and exposing more catalytic active sites on opti-
mized triphase interfaces. To date, a series of feasible cathode
structure designs have been proposed, more improvements
are believed to be achieved with the rapid development of
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materials and chemistry science. Finally, the anode have been
rarely researched when numerous reports are concerning other
aspects, yet the anode performance can also be a limiting factor
of battery performance. The major problem facing the Li anode
is dendrite formation and irreversible cycling. Considering the
high activity of Li, the formation of dendrites may cause short
circuits which poses serious safety hazards. Li metal anode is
also found to gradually turn into LiOH as a result of a series
of parasitic reactions of electrolyte and Carbon cathode, which
in turn lead to high polarization and limited cycle number. It
can be concluded that the improvement in battery performance
require a systematic study on the fundamental mechanism and
all battery components.

Currently, flexible and on-chip micro power sources have
attracted considerable research and commercial interests in
that they can meet the energy demand in versatile situations,
which endows extensive applications in portable, wearable,
and implantable smart electronic devices. Extensive efforts
have been devoted to the research of suitable power sources,
mainly focusing on supercapacitors and lithium-ion batteries,
as reviewed by our group.P%! Metal-air batteries, on the other
hand, can provide ultra-high energy output, which we believe
can act as a promising candidate. The challenge here is the pre-
vention of leakage of liquid electrolytes and replacement of less
flexible mental anodes. Learning from the experience of the
research in flexible supercapacitors and lithium-ion batteries,
polymer electrolytes can be an effective solution to electrolyte
leakage from the semi-open structure. However, no effective
solution have been proposed so far to the replacement of metal
anodes while maintaining relative high energy output.

Of all the challenges stated above, the acquisition of an
insightful understanding on the mechanisms of oxygen elec-
trochemistry during cycling is of vital importance, on which
guidance we can develop more efficient and high performance
electrocatalysts and air cathodes, more stable electrolytes and
anodes. We believed that when fully developed, metal-air bat-
teries, especially Li-air batteries, can exceed most current bat-
tery technologies with ultra-high energy density but at a much
lower cost and less environmental compacts. It also believed
that metal-air batteries will play an important role in building a
petrol-independent and environmentally-friendly society.
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