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Metal-Air Batteries with High Energy Density: Li-Air

versus Zn-Air
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and Jaephil Cho*

In the past decade, there have been exciting developments in the field of
lithium ion batteries as energy storage devices, resulting in the application of
lithium ion batteries in areas ranging from small portable electric devices to
large power systems such as hybrid electric vehicles. However, the maximum
energy density of current lithium ion batteries having topatactic chemistry is
not sufficient to meet the demands of new markets in such areas as electric
vehicles. Therefore, new electrochemical systems with higher energy densi-
ties are being sought, and metal-air batteries with conversion chemistry are
considered a promising candidate. More recently, promising electrochemical
performance has driven much research interest in Li-air and Zn-air batteries.
This review provides an overview of the fundamentals and recent progress

in the area of Li-air and Zn-air batteries, with the aim of providing a better

characteristic of metal-air batteries is their
open cell structure, since these batteries
use oxygen gas accessed from the air as
their cathode material. The cell configura-
tion of conventional rechargeable batteries
is a closed system. There are several kinds
of metal-air batteries based on different
metal species; their reaction mechanisms
are variable, resulting in requests for dif-
ferent types of cell components. Typically,
metal-air batteries are divided into two
types according to their electrolytes. One is
a cell system using an aqueous electrolyte;
such a system is not sensitive to moisture.
The other is a water-sensitive system using
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understanding of the new electrochemical systems.

1. Introduction

Fluctuation of oil prices and the effects of global warming have
forced us to look for alternative energy storage and conversion
systems, such as the smart grid. In addition, portable electronic
equipment and devices have been developing at a rapid pace,
and this progress demands ever-increasing energy and power
density in power sources. Due to their energy density, which
is higher than that of previous power sources such as Ni-MH
batteries, lithium-ion batteries are being considered in the hope
of being able to meet these demands. However, the maximum
energy density of current lithium-ion batteries is limited owing
to electrode materials having intercalation chemistry, and
thus such batteries are not satisfactory for the practical appli-
cation of electric vehicles. Therefore, metal-air batteries have
attracted much attention as a possible alternative, because
their energy density is extremely high compared to that of
other rechargeable batteries, as shown in Figure 1. A notable

J.-S. Lee, S. T. Kim, Dr. R. Cao, Prof. N.-S. Choi, Prof. K. T. Lee,
Prof. ). Cho

Interdisciplinary School of Green Energy

Ulsan National Institute of Science and Technology (UNIST)
Ulsan, 689-798, Korea

E-mail: ktlee@unist.ac.kr; jpcho@unist.ac.kr

M. Liu

School of Materials Science and Engineering

Georgia Institute of Technology

771 Ferst Drive, N.W. Atlanta, GA 30332-0245

DOI: 10.1002/aenm.201000010

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

an electrolyte with aprotic solvents. This
system is degraded by moisture.

Among metal-air Dbatteries, metals
such as Ca, Al, Fe, Cd, and Zn are appropriate for the aqueous
system. Zinc-air batteries in particular have powerful potential
for use as alternative energy storage devices. Al can be more
easily corroded than Zn in alkaline solution, although Al-air
cells have a much greater energy density than zinc-air cells.l?!
Also, Zn has various advantages such as low cost, abundance,
low equilibrium potential, environmental benignity, a flat dis-
charge voltage, and a long shelflife.>* The most important
merit of alkaline zinc-air batteries, however, is that non-noble
metal catalysts can be used for the oxygen reduction reaction.
The theoretical specific energy density of Zn-air batteries is
1084 Wh-kg™.

In 1996, Abraham et al. introduced a rechargeable Li-air bat-
tery; it was composed of a Li* conductive organic polymer elec-
trolyte membrane, a Li metal anode, and a carbon composite
electrode.P! Li metal is explosively reactive with water, and thus
a non-aqueous electrolyte is required. Oxygen is reduced on
discharging to form Li,0, or Li,O. Then, the lithium oxides are
electrochemically decomposed to Li and O, on charging. The
specific energy density of Li-air batteries is 5200 Wh-kg™! when
the mass of oxygen is included. However, Li-air batteries did not
attract wide attention when they were introduced, although they
have much higher energy densities than those of conventional
Li-ion battery systems (about 200-250 Wh-kg™!). In 2006, Li-air
batteries were revisited by the Bruce group.l®! These researchers
showed promising electrochemical performance for practical
applications, and their work triggered new research into Li-air
batteries.

To cover all metal-air batteries would be beyond the scope of
this article. Zn-air and Li-air batteries have attracted the most
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Figure 1. Theoretical and practical energy densities of various types of
rechargeable battery.

attention, therefore this review provides an overview of selected
developments in the area of electrode and electrolyte mate-
rials for both Zn-air and Li-air batteries over the past decade,
and particularly in the past few years. Also, this article focuses
on major improvements in air cathodes, metal anodes, and
electrolytes.

2. Li—Air Batteries

2.1. Configuration: Non-aqueous vs. Aqueous vs. Hybrid vs.
All-Solid-State Electrolytes

There are four types of Li-air batteries, categorized according to
the species of electrolyte: Li salts-dissolved in

i) nonaqueous (aprotic) solvents

ii) aqueous solvents

iii) hybrid (non-aqueous/aqueous) solvents, and
iv) all solid-state electrolyte.

All four systems use Li metal and oxygen gas as anode and
cathode materials, respectively. However, their reaction mecha-
nisms differ according to the electrolyte used. (Figure 2)

The configuration of the non-aqueous electrolyte system is
similar to that of conventional Li-ion batteries. Conventional
Li-ion batteries use carbon or alloy materials as anodes, Li
metal oxides or phosphates as cathodes, and Li salt dissolved
in aprotic solvents as electrolytes. Li-air batteries use oxygen
gas as a cathode material and thus, porous carbon and catalyst
composites must be added as the Li,0, reservoir in the cathode.
Also, Li metal must be used as the anode, because anodes play
a role as the Li source in Li-air batteries. The critical difference
between the two systems is that an open system is required to
for Li-air batteries, because oxygen is obtained from the air.
This open system requires additional components such as air-
dehydration membranes./’]

As mentioned above, the non-aqueous electrolyte system was
first introduced by Abraham et al., and they suggested the fol-
lowing stepwise reaction mechanism.!
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2Li+ O; — Li,0, E°=3.10 V vs. Li/Li*

4Li+ O, — 2Li,0 E°=2.91 V vs. Li/Li*

Standard cell potentials, E°, were calculated using the
standard Gibbs free energy of formation. Then, the Bruce group
demonstrated that Li,0, is formed on charging and decomposes
according to the reaction, Li,O, — O, + 2Li* + 2e”, based on
ex situ powder X-ray diffraction and in situ mass spectroscopy,
as shown in Figure 3. Recently, Lu et al. revised the theo-
retical reversible potentials of the above equations, as shown
below. These values are derived from the published Gibbs free
energies.[1’!

2Li 4+ O; — Li0, E°=2.96 V vs. Li/Li"

4Li + O, — 2Li,0 E°=2.91V vs. Li/Li*

Recently, Laoire et al. carried out a fundamental study of the
influence of solvents on the oxygen reduction reaction (ORR) to
elucidate the reaction mechanism of the oxygen electrode.l':2]
Based on elelectrochemical analysis and XRD experiments, they
suggested the following O, reduction processes.

Li*+ e+ 0, — Li0,  E°= 3.0V vs. Li/Li*

2Li0; — Li,O + O, (chemical reaction)

Li*+ e + LiO, — Li,0, E°= 2.96 V vs.Li/Li"

2Li" + e™+ L, O, — 2Li,0 E°=2.91V vs. Li/Li*

The oxygen reduction reaction proceeds in a stepwise fashion
to form 0,7, 0,7, and O™ as products, and the first product of
the reduction of oxygen is lithium superoxide, LiO,, involving a
one electron process. These reactions are kinetically irreversible
or quasi-reversible electrochemical processes, resulting in high
polarization for the oxygen evolution reaction. Also, Laoire et al.
reported that solvents have significant influence on kinetics.
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Figure 2. Schematic cell configurations for the four types of Li-air battery.

High donation number solvents provide increased stability for
the complex [Li*(solvent),—O,7] due to the modulated Lewis
acidity of the hard acid. This suggests that the O,/O, reversible
couple may be seen in solvents with high donation numbers. In
solvents with low donation numbers, O, tends to decompose
or to undergo fast electrochemical reduction to O, this means
that O, may be fully reduced to O%". A reaction mechanism
similar to that of LiO, formation was also addressed based on
density functional theory calculations by Hummelshoj et al.[*3!
Recently, Mizuno et al. and Lu et al. pointed out that the high
reactivity of superoxide species induces the additional reaction
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Figure 3. Powder X-ray diffraction data for a Li,O,/Super S/EMD/PTFE
electrode before charging and after passage of sufficient charge to
decompose all the Li,O,. Reprinted with permission.[®l Copyright 2006,
American Chemical Society.
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mechanism.['*1% The superoxide species can be reacted with
aprotic solvents to form RO-(C = 0)-OLi (R = alkyl group).l'¢1]
Mizuno et al. suggested that this reaction is reversible based
on SAED (selected area electron diffraction), EDXS (energy
dispersive x-ray spectroscopy), and EELS (electron energy loss
spectroscopy) analysis on the discharge products, but the polar-
ization of its decomposition is higher than that of Li,0,.!* This
implies that an additional catalyst is required for the oxygen
reduction and evolution reactions, since previous catalysts were
designed to be effective for the direct formation and decompo-
sition of Li,0,.

In 2004, Polyplus Co. introduced a protective glass-ceramic
layer for Li metal (LiSICON, LiM,(PO,);); this layer enables Li
metal to remain stable in water.'® The layer is ionically conduc-
tive, and prevents vigorous reactions with water. Thus, Polyplus
essentially developed Li-air batteries using an aqueous elec-
trolyte.1) The aqueous electrolyte system is composed of the
protected Li metal anode, the aqueous electrolyte, and the air
cathode. The reaction mechanisms for aqueous Li-air batteries
are different from those for non-aqueous Li-air batteries.

4Li+ O, + 2H,0 = 4LiOH
4Li4+ 0, +4HT

(in a basic electrolyte)
= 4LiOH + 2H,0 + Li
(in an acidic electrolyte)
Polyplus also showed a hybrid version of an aqueous electro-
lyte, with Li anode//non-aqueous electrolyte/ionic conducting
glass-ceramic membrane/aqueous electrolyte//air cathode.

The hybrid electrolyte system was also introduced by the Zhou
group.221l They also used the hybrid electrolyte, 1 M LiClO, in

Adv. Energy Mater. 2011, 1, 34-50
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ethylene carbonate + dimethyl carbonate and 1 v KOH aqueous
solution, separated by a LISTCON (Liy Al Ti,_Si,P3 O15) film.

Various ionic conducting glass-ceramic protective double
layers have been introduced to improve the charge -ransfer reac-
tion of Li ions between Li metal and aqueous electrolytes.[*22°]
The Imanishi group reported that Liy, ALTi, SiP; O,
was stable in water, but is reactive with Li metal. However, a
glass-ceramic Li; PO, N, (LiPON) and a lithium-conducting
polymer electrolyte (PEOgLiTFSI) inhibited the direct reaction
of Li and LATP. Therefore, the Imanishi group used a double
layer of LiPON//LATP or PEOgLiTFSI//LATP for aqueous
Li-air batteries.

Recently, a totally solid-state Li-air battery was demonstrated
by Kumar et al.?%l The cell is composed of an Li metal anode,
an Li-ion conductive solid electrolyte membrane laminate fab-
ricated from glass-ceramic and polymer-ceramic materials, and
a solid-state composite air cathode prepared from high-surface-
area carbon and ionically conductive glass-ceramic powder. The
sample exhibited good thermal stability and rechargeability in
the range of 30-105 °C.

All of the above systems are considered to be promising,
and much attention has been attracted by all species of Li-air
batteries. However, many problems still need to be solved
and practical issues need to be addressed. In light of this, this
review will focus on Li-air batteries using a non-aqueous elec-
trolyte, as the non-aqueous electrolyte system seems to be fur-
ther advanced than the others.

2.2. Air Cathode

2.2.1. Electrode Architecture

The air cathode is composed of carbon, a catalyst, and a polymer
binder. The electrode architecture affects the electrochemical
performance, as it does in a hydrogen fuel cell, because the
reaction mechanisms of Li-air batteries and that of fuel cells
are similar. In the case of hydrogen fuel cells, H* protons move
through the electrolytes to meet oxide ions at the catalyst to
form water. In the case of Li-air batteries, Li* ions move through
the electrolytes and meet oxide ions at the air cathode surface
to form a Li,0, precipitate. The differences between Li-air bat-
teries and hydrogen fuel cells are: i) the reduction reaction of
oxygen can happen without catalysts in Li-air batteries, but
such non-catalyzed reactions are not possible for fuel cells;
ii) the reduced product of oxygen in Li-air batteries is
accumulated as a solid in the pores of the cathode electrode,
but the reduced product of oxygen in the fuel cells is not
accumulated because it forms water.

The pores of air cathodes in Li-air batteries become increas-
ingly blocked by Li,O, precipitates as the discharge proceeds.
This finding is supported by impedance analysis, as the pore
blocking causes an increase of cell resistance because oxygen
gas diffusion is not facilitated.?”?) The microstructure of
carbon materials is thus a critical factor that affects the electro-
chemical performance of Li-air batteries.

Cheng et al. and Xiao et al. investigated various carbon mate-
rials with different surface areas to determine their effect on
specific capacity.’®3! The specific capacity is proportional to
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the surface area, because the surface area of the carbon dictates
the number of the electrochemical active sites available to form
lithium oxides. This means that carbon with a higher surface
area is beneficial for obtaining higher specific capacity. How-
ever, higher surface area does not always mean better perform-
ance. The more important factor is pore size. When the pore
size is too small, such as with micropores, the entrance of the
pores is easily blocked, and the inner part of the pores cannot
then be utilized for their electrochemical active sites, resulting
in poor specific capacity. Yang et al. investigated various
carbon materials with different pore sizes and surface areas to
determine the effect of these factors on specific capacity.?? A
mesoporous mesocellular carbon foam delivered higher spe-
cific capacity due to its pore size (ca. 30 nm), which is larger
than that of other carbon materials even though the foam has a
smaller surface area. However, if the pore size is too large, the
volumetric energy density of the air electrode decreases, as sug-
gested by theoretical calculations.>3! Therefore, the pore size
should be optimized to exhibit better performance; there is a
trade-off between carbon surface area and pore size.

The thickness of the air electrodes plays another important
role in electrochemical performance. Zhang et al. reported that
thicker electrodes delivered lower specific capacity.*! This per-
formance is attributed to slow oxygen diffusion through elec-
trodes immersed in electrolytes. Scanning electron microscopy
(SEM) images of the surfaces of the air electrode of a fully dis-
charged cell showed that the voids on the air side were almost
fully filled by solid deposition; however, the voids on the sepa-
rator side were still wide open. Beattie et al. found that a higher
specific capacity is delivered as the loading amount of carbon is
decreased.™ The electrode delivered about 6000 mAhg™ when
1.9 mg of carbon was loaded on the circular nickel foam disk
(7/16 in. diameter). The mass-transfer limiting of oxygen diffu-
sion can also be explained by the mathematical diffusion-limited
model.B®37] This model predicts that the partial pressure of
oxygen affects the electrochemical performance. Oxygen diffu-
sion through the air electrode was considered to be facilitated
by increasing oxygen pressure. Read et al, Yang et al. and Tran
et al. showed that the specific capacity increased as the oxygen
pressure increased.}44% This phenomenon indicates that prac-
tical application of Li-air batteries will not be easy. Most studies
on Li-air batteries have been performed using pure oxygen gas,
and, therefore, oxygen pressure is 1 atm. However, the oxygen
partial pressure of air is about 0.2 atm, much lower than that of
pure oxygen gas.!

The effect of the electrode composition on the specific
capacity has also been addressed.®! Different ratios of carbon,
catalyst, and binder induce different porosities, wettablility of
electrolytes, and electrical contact of active materials, resulting
in variable electrochemical performance. In addition, the
optimum conditions for electrode composition are dependent
on the species of carbon, the catalyst, and the binder.

2.2.2. Catalyst

A few reports on catalysts for Li-air batteries have been pub-
lished. The Bruce group have investigated the effect of various
catalysts on electrochemical performance.*!! This group exam-
ined the use of Pt, LaygSry,MnO;, Fe,03, NiO, Fe;04, Co30,,
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CuO, and CoFe,0, bulk materials (1-5 um) as catalysts. The
oxygen reduction reaction (ORR) and oxygen evolution reac-
tion (OER) can take place even in the absence of a catalyst,
as reported. However, catalysts can facilitate both reactions,
although it is clear that the discharge voltage is little affected
by catalysts. For examples, the charge voltage, the discharge
capacity, and the capacity retention are substantially dependent
on the catalyst used. The OER occurs at around 4.8 V vs. Li/Li"
without a catalyst, which is lower than the redox potential of
electrolyte decomposition (5.1 V). When Co;04 was used as
a catalyst, the redox potential of OER was shifted to a signifi-
cantly lower voltage, ca. 4.0 V. The Fe,O; catalyst delivered the
highest capacity, and the Fe;0,, Co;0,, CuO, and CoFe,0, cata-
lysts exhibited more stable cycle performances.

This group also investigated various nanostructured manga-
nese oxide catalysts, such as -MnO,, f-MnO,, A-MnO,, elec-
trolytic manganese oxide (EMD), Mn,0; and Mn;0,.*4 Among
them, 0+MnO, nanowires showed the best electrochemical per-
formance, delivering about 3000 mAhg™ at a current density of
75 mAg~!, and showing a stable cycle performance for 10 cycles
(Figure 4). This group suggested that the improvement is due to
the crystal structure having 2 x 2 tunnels formed by edge- and
corner-sharing MnOg octahedra. Li;O can be incorporated within
the tunnels, with O?~ ions located at the tunnel centers and the
Li* ions coordinated between these central O~ ions and those
forming the walls of the tunnels. The ability to accommodate both
Li* and O?" within the tunnels suggests the possibility of incor-
porating Lit and O%". Such incorporation is not possible in other
manganese oxide materials. The redox potentials of ORR and
OER were 2.75 and 4.0 V vs. Li/Li*, respectively, when 0-MnO,
nanowires were used. The polarization of oxygen evolution reac-
tion (OER) was much higher than that of ORR, as the equilib-
rium redox potential is 2.9 V. This indicates that manganese oxide
catalysts are effective for ORR, but are less effective for OER.

Recently, the Shao-Horn group reported that ORR and OER
require different catalysts due to their different catalytic mecha-
nisms.' For example, Pt was more effective for OER and Au
was more effective for ORR. The redox potential of OER was
3.8 V vs. Li/Li* when Pt was used. The redox potential of ORR
was 2.7 V vs. Li/Li* when Au was used. The current density was
250 mAg . The polarization of ORR and OER was substan-
tially decreased by Au and Pt catalysts, respectively. However,
Pt and Au were not effective at decreasing the polarization of
ORR and OER, respectively. This result is contrary to the case
for the hydrogen ORR. It is known that Pt is more effective for
H-ORR than Au. Pt is known to be a good catalyst for the com-
plete reduction of O, to water, whereas Au has high selectivity
for H,0, due to its poor ability to break O-O bonds. Based on
theoretical calculations, Xu et al. explained why the intrinsic
catalytic reactivity of Pt (111) renders it less effective for Li-ORR
than Au(111). Periodic density functional theory (DFT) cal-
culations were performed in a generalized gradient approxi-
mation using the Vienna ab initio simulation package. These
researchers suggested that Pt (111) is expected to have a lower
reversible potential than Au (111) because Pt stabilizes O more
than it stabilizes lithium oxide species when compared to Au.

The Shao-Horn group further developed a catalyst for OER
and ORR in Li-air batteries, based on their previous studies.*
They introduced a bifunctional electrocatalyst, Pty sAugs (PtAu)
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Figure 4. a) Variation of discharge capacity with cycle number for several
porous electrodes containing manganese oxides as catalysts. b) Variation
of potential with state of charge for a porous electrode containing a-MnO,
nanowires. Reprinted with permission.[*!l Copyright 2007, Elsevier.

nanoparticles (Figure 5). PtAu nanoparticles (67 nm dia-
meter) were synthesized by reducing HAuCl, and H,PtCls in
oleylamine and then loaded onto Vulcan carbon to yield 40 wt%
PtAu/C. Interestingly, the PtAu catalyst exhibited ORR (ca. 2.7 V)
and OER (ca. 3.6 V) voltages comparable to those of Au (ca. 2.7 V)
and Pt (ca. 3.6 V) catalysts, respectively, when the current
density was 100 mAg™!. This indicates that surface Pt and Au
atoms on PtAu/C are responsible for ORR and OER kinetics,
respectively. Also, it is notable that the PtAu catalyst exhibited
lower OER voltages than metal oxide catalysts such as a-MnO,
and Co30,. The lowest OER potential we know of is 3.6 V for
pyrolyzed cobalt phthalocyanine supported on carbon.

2.3. Electrolyte

Read reported the influence of various electrolytes on elec-
trochemical performance in 2002.1*) He investigated LiPFj

Adv. Energy Mater. 2011, 1, 34-50
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suggested that the air electrode should not
be flooded by the liquid electrolyte so that
the air electrode has enough pores for the
fast oxygen gas diffusion to obtain good
rate capability. Therefore, the status of elec-
trolyte-filling plays an important role in the
specific capacity and rate capability, because
the empty pores have a trade-off between
the electrochemical active sites and oxygen
diffusion channels. In this regard, a hybrid

0 400 800 1200

Q[mAh/g_, 1

Figure 5. a) Li-O, cell discharge/charge profiles of carbon (black, 85 mA/gcabon) and PtAu/C
(red, 100 MA/gcarbon) in the third cycle at 0.04 mA/cm? electrode. b) Representative TEM image
(top right) and XRD data of PtAu/C. Reprinted with permission.l*4l Copyright 2010, American

Chemical Society.

salt dissolved in various solvents such as PC, A-BL, EC, DEC,
DMC, DME, THF, THP, and their combinations. PC, A-BL, EC,
DEC, DMC, DME, THF, and THP denote propylene carbonate,
A-butyrolactone, ethylene carbonate, diethyl carbonate, dime-
thyl carbonate, 1,2-dimethoxyethane, tetrahydrofuran, and
tetrahydropyran, respectively. He suggested that oxygen solu-
bility in the electrolyte was correlated to the discharge capacity.
Electrolytes with high oxygen solubility result in high discharge
capacity. The PC:DEC (1:1) solvent exhibited the highest dis-
charge capacity, 2120 mAhg™'. Read et al. considered not only
oxygen solubility but also electrolyte viscosity.*®! The discharge
capacity was increased by decreasing electrolyte viscosity. This
indicates that lower viscosity facilitates oxygen transport in the
electrolyte, resulting in improving ORR kinetics.

Recently, Xu et al. suggested that electrolyte polarity is a
more important factor in affecting the electrochemical per-
formance than the oxygen solubility in the electrolyte.*+#0l
Also, they addressed the fact that the effect of electrolyte vis-
cosity and conductivity on the performance is limited. The
oxygen diffusion rate through the open channels is several
orders of magnitude higher than that through the liquid elec-
trolyte. The open channels are strongly dependent on the
polarity of the electrolytes. The air electrodes are composed
of carbon materials, which have low polarity and hydrophobic
properties. Thus, an electrolyte based on ethers and glymes
can easily wet the carbon surface of the air electrode, because
these electrolytes have low polarity as well. The air electrode
is highly porous, and the pores are infiltrated by electrolytes.
In other words, the electrolyte may easily flood all the pores
inside the air electrode when the electrolyte has good wetting
properties for the carbon surface. This result is deduced from
the triphase model for oxygen reduction. The triphase model
shows that oxygen reduction in the air electrode occurs in the
triphase regions where the gas (oxygen), liquid (electrolyte),
and solid (carbon and catalyst) exist.

However, Zhang et al. also suggested that the oxygen reduc-
tion reaction occurs in two phase regions where liquid (electro-
lyte) and solid (catalyst/carbon) are present.*’] According to this
model, they insisted that the air electrode should be completely
wetted with the liquid electrolyte to supply the maximum reac-
tion area for a high specific capacity. Meanwhile, they also

Adv. Energy Mater. 2011, 1, 34-50
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air electrode is considered to form air-flow
channel by Xiao et al. The hybrid electrode is
composed of a conventional air electrode and
extremely hydrophobic CF,, which facilitates
the formation of air-flow channels in the
carbon matrix. It alleviates the pore blocking
problem caused by lithium oxide deposits.*®!

Hydrophobic ionic liquid electrolytes
have been considered promising for Li-air batteries. Cer-
tain ionic liquids such as 1-ethyl-3methylimidazolium
bis(trifluoromethylsulfonyl)amide (EMITFSI) are almost
immiscible in water.*”] This immiscibility is beneficial for
electrolytes of Li-air batteries. Moisture in the air can diffuse
to the Li metal anode through the conventional electrolyte,
resulting in chemical oxidation of Li metal on the anode sur-
face. That is why the hydrophobic membranes are added to
cover the air cathode, to inhibit water invasion in the electro-
lyte. Also, ionic liquids do not evaporate at room temperature
due to low vapor pressure. This property is also an appropriate
electrolyte for Li-air batteries. As Li-air batteries are an open
system, the carbonate solvents of conventional electrolytes can
be evaporated, resulting in a change in the concentration of the
electrolytes. Kuboki et al. investigated ionic liquid electrolytes
consisting of 1-alkyl-3-methyl imidazolium cation and per-
fluoroalkylsulfonyl imide anion.’% The resulting battery deliv-
ered 5360 mAhg!, and worked for 56 days in air. Also, Zhang
et al. examined the ionic liquid-silica-Poly(vinylidene fluo-
ride-co-hexafluoropropylene) (PVAE-HFP) polymer composite
electrolyte as a waterproof electrolyte. The ionic liquid was 1,2
-dimethyl-3-propylimidazolium bis(trifluoromethanesulfonyl)
imide (PMMITFSI).51

2.4. Li Metal Anode

2.4.1. Degradation

A lithium electrode is expected to achieve a high energy density
due to its having the most electropositivity (—3.04 V vs. standard
hydrogen electrode) and the lightest metal (equivalent weight =
6.94 gmol™?, specific gravity = 0.53 gcm™); it also has a high
specific capacity (3860 Ahkg™).52l However, the combination of
lithium metal and a liquid electrolyte solution is very problem-
atic for rechargeable batteries because of the high reactivity of
the active lithium metal with any relevant polar aprotic solvent
and/or salt anion in electrolyte solutions. Peled et al. suggested
that the surface reaction of lithium metal with electrolyte com-
ponents results in the formation of a mosaic structure of insol-
uble surface species and thus the solid electrolyte interphase
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(SEI) layer formed on lithium has a multilayer structure.l>*>
The morphology for lithium deposition is dendritic and very
porous, and the dendritic lithium can be cut and isolated from
the anode substrate during the discharge. This isolated lithium
causes a loss of anode materials and leads to a shorter cycle
life. Therefore, dendritic lithium formation and the electro-
chemical instability of a lithium metal electrode still remain
significant challenges that must be overcome to allow the oper-
ation of Li-air batteries. It should be noted that the surface of
the metallic lithium electrode is covered with a ‘native layer’
consisting of various lithium compounds such as LiOH, Li,0,
Li3N, or Li,CO;. These compounds are produced by the reac-
tion of metallic lithium with O,, H,O, CO,, or N,; the com-
pounds can be detected by X-ray photoelectron spectroscopy
(XPS).>>0 Tt is known that the inner and outer layer of a native
layer mainly consist of Li,O and LiOH/Li,COjs, respectively. In
contact with electrolytes, an SEI layer is spontaneously formed
by the reductive decomposition reactions of organic solvents,
salt, and impurities with a lithium electrode; these reactions
protect the lithium metal from further degradation.’’) During
the lithium stripping process, the lithium ion transfers from
the SEI layer to the electrolyte solution by passing through the
SEI. The kinetic energy needed to complete this process will
be quite different depending on the composition of the SEI
In other words, if the ionic resistance of the SEI is high, high
activation energy is required for a lithium ion to pass through
it. It is generally accepted that the SEI consists of two layers:
i) an inorganic phase based on lithium compounds such as
LiF, Li,CO;, etc., and ii) an organic phase composed of lithium
compounds with various hydrocarbon moieties from organic
solvents in the electrolyte.’® !l The structure of the SEI layer,
which acts as an interphase between the lithium electrode and
the electrolyte, changes to a more complex morphology with
the repeated cycling. The electrochemically stable SEI layer on

Li deposited undercath
the surface films
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the lithium electrode surface can diminish unexpected elec-
trochemical behaviors such as low cycling efficiency, gradual
capacity loss, and poor cycleability.62:63]

The SEI layer on the lithium electrode cannot properly
accommodate the dramatic morphological changes of the
lithium metal upon lithium deposition and dissolution due
to the non-uniformity of these processes under high cur-
rent density (Figure 6).° The SEI layer can be easily cracked
and broken during lithium deposition and dissolution. This
behavior results in a considerable loss of active lithium metal
and solution components due to the complex surface reactions
and eventually leads to degradation of the lithium electrode.
Moreover, the non-uniform current distribution of the lithium
electrode, which is closely linked to the heterogeneous com-
position of the native layer, leads to dendritic lithium forma-
tion, provoking an internal short circuit in Li-air batteries.[6>:%¢]
Furthermore, it is known that nonuniform current density
distribution can cause a sharp increase in local current den-
sity at the edge of a lithium anode. This produces an unusual
exothermic condition, and runs the risk of explosions under
any conditions of abuse. Therefore, it is extremely important
to control the lithium electrode-electrolyte interface to suc-
cessfully attain Li-air batteries with high energy density, good
cycling efficiency, and superior safety. The rate-determining
step for the charge-transfer reaction is associated with the
ionic transport properties through the SEI layer. Whatever
the nature and morphology of SEI layers, their presence
modulates the electrochemical performances of lithium elec-
trodes.%”] Actually, when pressure is applied to lithium elec-

trodes in solutions (e.g., by packing Li batteries with external
physical pressure, so that the separator between the lithium
anode and the cathode pressurizes the lithium surface),
phenomena such as dendritic lithium deposition can be
drastically exclude

d.168-70]

Volume changes, the
surface {ilms crack

The surface films accomodate The surface films are broken
the volume changes S.L.=surface layer dowa and are repaired by surface
reactions of Li with solution species
1 Jensiti hig! s

Figure 6. A description of the morphology and failure mechanisms of lithium electrodes during Li deposition and dissolution, and relevant AFM images
(Li electrodes in an EC-DMC/LiPFg solution). Reprinted with permission.[5 Copyright 2000, American Chemical Society.
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2.4.2. Surface Modification

Here we discuss intriguing work on the improvement of the
interfacial properties of lithium metal electrodes. It has been
reported that the modification of the lithium electrode surface
affects lithium dendrite formation and electrochemical per-
formance, including lithium cycling efficiency and cycleability.
Much effort has been exerted to improve the surface uniformity
of SEI layers and to form electrochemically stable SEI layers.
Several approaches have been pursued to improve the recharge-
ability and reliability of the metallic lithium electrode: i) the use
of liquid or polymer electrolytes that are less reactive toward
lithium electrodes;""71 ii) the protection of lithium electrodes
by adding surface active agents such as hydrocarbons and quar-
ternary ammonium salts;"87°! iii) the formation of Li,COs,
LiF, LiOH, or polysulfide by using CO,,7+80-80 HF [87-90
water trace,’*8191 and S22 iv) the formation of a stable
metal alloy (Lil) by incorporating Snl, or All3;P v) the use
of surfactants such as non-ionic polyether compounds;®
vi) uniform lithium deposition by means of pressure and tem-
perature;[7%9>%l vii) the removal of impurities from the interface
of lithium metal and electrolyte with an inorganic filler such as
silica, alumina, zeolite, or titanate,”’~'%% viii) the suppression
of lithium dendrites by the formation of an ultra-thin polymer
electrolyte layer based on plasma polymerization or UV irradia-
tion polymerization.[193-107]

The formation of a stable SEI layer on the lithium metal
surface can be promoted by adding agents such as CO,, HF,
or S, and, thus, the dendritic lithium formation can be
greatly suppressed. In the presence of CO, in electrolytes,
the inner layer of the SEI contains Li,CO; and produces a
smoother surface film on the lithium electrode.l'®®l Takehara
et al. reported that the lithium deposited on a nickel sub-
strate in HF-containing electrolytes had a hemispherical form
and dendritic lithium was not observed.”® This indicates that
the addition of a small amount of HF to the electrolyte alters
the composition of the SEI layer. They found that HF addi-
tion causes a smoothing of the Li metal surface, as a result of
coverage mainly with LiF.[’78%90.109110 1t should be noted that
the surface of as-received lithium foils is essentially composed
of LiF by acid-base reactions of HF with various basic lithium
compounds (Li,COj;, LiOH, Li,0) in a native layer.M%11 Tt is
believed that a dense and rigid LiF-based SEI layer leads to the
reduction of reactivity of lithium electrodes toward electrolytes
and inhibition of dendritic lithium formation.

Snl, and All; were also proposed as promising additives for
improving lithium rechargeability.® Both Sn and Al are known
to form lithium alloys. It is postulated that the thin layers of
the lithium alloys at the lithium electrode surface cause an
improvement of Coulombic efficiency during lithium deposi-
tion and dissolution. Also, when a polyether surfactant such
as poly(ethylene glycol)dimethyl ether (PEGDME) was used
as an additive, significant suppression of the inactivation of
the deposited lithium was reported.’ It was reported that the
adsorption and desorption process of the surfactants accompa-
nying lithium deposition-dissolution makes the current density
more uniform on the lithium surface.

The crucial effect of physical factors such as temperature and
pressure on the improvement of lithium cycling performance
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was investigated.’%%! The suppression of dendritic lithium
growth by using mechanical pressure was achieved. This is
because lithium was deposited densely and uniformly on the
lithium electrode surface under pressure and the isolation
of deposited lithium from the electrode during the lithium
stripping process was effectively reduced. In addition,
low-temperature conditions could improve the cycling effi-
ciency of lithium on the nickel substrate.

The addition of inorganic fillers such as SiO, or Al,053 could
enhance the interfacial stability of lithium electrodes due to their
ability to trap liquid impurities.”’”"192) Another approach for the
build-up of a desirable SEI layer has been to form an ultra-thin
plasma polymer layer on the lithium anode surface.!%! The
surface of the lithium electrodes was covered with an ultra-thin
and uniform solid polymer electrolyte layer that was prepared
via plasma polymerization of 1,1-difluoroethene. Covering the
lithium electrode surface with a solid polymer electrolyte can be
one of the most effective ways to inhibit the dendritic growth
of lithium and stabilize the lithium-electrolyte interface. In this
regard, the use of a polymer electrolyte is expected to be both less
reactive than the use of a liquid electrolyte and to accommodate
interfacial volume change upon repeated charge and discharge
processes. The low surface energy of the deposited plasma poly-
mers contributed to a suppression of the growth of dendrites.

The effect of the protective layer on the cycleability as well as
on the morphology and the composition of the SEI layers was
investigated.'>-1%] The formation of a semi-interpenetrating
network (IPN) structure protective layer on lithium metal
electrodes was attempted to make the lithium deposition
morphology less dendritic. The UV-curable formulation con-
sists of a curable monomer (1,6-hexanediol diacrylate), polymer
solution (Kynar 2801 dissolved in purified tetrahydrofuran),
liquid electrolyte (150 wt% EC/PC/1IM LiClO, based on cur-
able monomer), and photoinitiator (methyl benzoylformate,
2 wt% based on curable monomer) undergoing a fast cleavage
upon photolysis to generate free radicals. A curable mixed solu-
tion was directly coated on the lithium metal surface and after
drying it was irradiated with UV light for 2 min.l'%l Then, a
protective layer based on semi-IPN structure was formed on the
lithium electrode surface.

3. Zn-air Batteries

Zinc-air cells are composed of three parts; zinc metal as an anode,
an air electrode as the cathode, which is divided into a gas diffu-
sion layer and a catalytic active layer, and a separator, as shown in
Figure 7. Because the solubility of oxygen is very low at atmos-
pheric pressure, it is necessary to use oxygen in the gas phase, not
liquid.M"21131 Oxygen from the atmosphere diffuses into the porous
carbon electrode by difference in pressure of oxygen between
the outside and inside of the cell, and then the catalyst facilitates
the reduction of oxygen to hydroxyl ions in the alkaline electrolyte
with electrons generated from the oxidation of zinc metal as the
anode reaction. This is why we call this process a three-phase reac-
tion: catalyst (solid), electrolyte (liquid), and oxygen (gas). Note in
Figure 7 the red circle where this three phase reaction occurs. This
structure favors the gain of oxygen in zinc-air batteries. Generated
hydroxyl ions migrate from the air cathode to the zinc anode to
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| Catalytic active layer ]

Gas diffusion layer |

separator

Zn — ZIn2* + 2e-
Zn?* + 40H- — Zn(OH),~
Zn(OH),*~ =+ ZnO + H,O + 20H-

0, + 2H,0 + 4e- — 40H-
(Oxygen Reduction Reaction)

Figure 7. Working principle and each electrode reaction of zinc-air
battery. Note the red circle where three phase reaction (oxygen (gas),
catalysts (solid) and electrolyte (liquid)) occur in air cathode.

complete the cell reaction; this overall procedure during discharge
can be described as the following electrochemical reactions of
anode and cathode in alkaline solution, respectively.

Anode: Zn — Zn** + 2e”
Zn** + 40H™ — Zn(OH)2~
(E°=— 1@5V vs. NHE)
Zn(OH);~ — ZnO + H,0 + 20H"
Zn + 2H,0 — Zn(OH), + H, 1 M4
(also possible)
Cathode: 0, + 2H,0 + 4e” — 40H"
(E°= 0.4 V vs. NHE)

Overall reaction: 2Zn + O; — 2ZnO (E° =+ 1.65V)

From the above chemical equation, with the exception of
HER (which will be discussed later), the equilibrium potential

www.advenergymat.de

of the zinc-air cell should be 1.65 V, where E,, = E° (cathode)
— E° (anode). However, the practical working voltage of the zinc-
air cell is less than 1.65 V due to the internal loss of the cell
due to activation, and ohmic and concentration loss. In this
review, we will not discuss these kinds of electrochemical losses
in detail. However, it may be helpful to understand the elec-
trochemical behavior of zinc-air batteries through a schematic
polarization curve of each anode and cathode reaction.

Figure 8 is a schematic potential (v)-current (i) curve to
efficiently understand the major origin of potential loss in
zinc-air cells using oxygen. Note that the overpotential at the
zinc anode is relatively smaller than that at the air electrode;
also, the cathodic current occurs at the cathode, the air elec-
trode. Conversely the anodic current occurs at the anode, the
zinc electrode, in the discharge (red line). Of course, each cur-
rent direction is reversed upon charging (blue line). From the
polarization curve, it is possible to see that a large overpoten-
tial (the green line in Figure 8) is needed to generate hydroxyl
ions by oxygen reduction reaction (ORR). This is why the
working voltage of the actual zinc-air cell (E;, Figure 8, red
line) is much smaller than 1.65 V, the open-circuit potential
(OCV) (Eq, black line). Considering the reverse reaction (the
oxygen evolution reaction) (OER), a larger potential is needed
for charging (Figure 8, blue line). From the brief discussion
above, it can be seen that using the ORR has both positive
and negative effects on zinc-air cells. The positive point ena-
bles this cell to have large energy density because of the lack
of oxygen active material in the cell. We have already dis-
cussed this point. The negative point, conversely, forces the
zinc-air cell to have significant potential loss, which eventu-
ally causes a decrease in the power density of the cell. This
is why many studies have focused on how to minimize the
large overpotential in the cathode reaction by developing new
catalysts and modifying air electrode structures. Of course,
when it comes to a primary zinc-air cell, it is not necessary to
consider any problem in the zinc anode because the utilized
zinc metal can be replaced with fresh metal via mechanical
charging. However, for the purpose of developing an electri-
cally rechargeable zinc-air battery, it is also
important to study how to improve the
electrochemical behavior of the zinc anode.
Setting aside these two major drawbacks in
zinc-air cells, other problems could still be
obstacles in developing a secondary zinc-
air battery. In this review, we will deal with
selected efforts to overcome possible prob-
lems in zinc-air cells and also discuss how
to approach the development of a secondary

Figure 8. Schematic polarization curves of zinc-air cell. The equilibrium potential of the zinc-air
cell (black line) is 1.65 V, but the practical voltage (red line) in discharge is lower than 1.65 V
due to the sluggish ORR. A large potential is needed to charge zinc-air battery, higher than the

equilibrium potential (blue line).
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zinc-air battery.

3.1. Anode: Zinc Electrode

Zinc-air batteries use pure zinc metal as an
anode active material; oxidation of the zinc
occurs during discharge. This is why most
studies have focused on improving the air
electrode, not the zinc anode. Although
the zinc corrosion rate is slower than that
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Figure 9. Various morphology of zinc metal. a) zinc powder, b) zinc dendrite and c) zinc fiber.
Reprinted with permission.l"'®11% Copyright 2002,2006, Elsevier.

of aluminum in an alkaline solution, this corrosion process
generates hydrogen gas (hydrogen evolution reaction (HER)),
according to Zn + 2H,0 — Zn(OH), + H,T. Therefore, it is
more reasonable to consider the electrochemical behavior of
zinc metal in the alkaline electrolyte, not just the zinc metal
in the gas phase. Because this HER is not supposed to occur
during discharge, methods to retard the hydrogen evolution
reaction have been regarded as the most important research
area: it is hoped that it will be possible to consume zinc metal
completely during discharge, which will eventually increase the
capacity of the zinc-air battery.

As mentioned above, because zinc metal participates in the
anode reaction during discharge, the most practical method
of improving the performance of the zinc anode is to increase
the surface area of the zinc particles so that the zinc can react
with the alkaline electrolyte more efficiently. Accordingly, zinc
particles with large surface area, such as Zn/MnO, and Zn/
NiOOHP! are the best choices, and morphology control of zinc
metal, such as flakes!'™®! and ribbons!'® in alkaline zinc-MnO,
cells and dendrites™”1'8 and fibers!''” in zinc-air cells (see
Figure 9)) have been reported. Although it is not precisely an
example of a zinc-air cell, Minakshi et al. also showed that in
the alkaline electrolyte LiOH, a porous anode electrode com-
posed of zinc powder improves the rate capability and has a
higher capacity in alkaline Zn-MnO, cells than that of a zinc
planar electrode.['?] Recently, a study of porous electrodes with
various shaped zinc particles, not just planar zinc electrodes,
has also received attention.[12!]

Generally, when preparing a zinc anode with powder, mer-
cury has been added to the zinc anode to give better electrical
conductivity between the zinc particles and the current collec-
tors. However, removing the mercury in the zinc anode, nec-
essary due to environmental problems, has negative effects on
discharge performance, and results in leakage problems associ-
ated with hydrogen gas and shock resistance.l'’® These prob-
lems can be alleviated fairly well by introducing gelling agents
such as crosslinked carboxymethyl cellulose (CMC), starch graft
copolymers, cross linked polyacrylic acid polymer!!?? or organic
binders.'?3] Muller et al used cellulose as a gelling agent to
optimize and stabilize the porosity of the zinc electrode,l
and Othman et al. introduced hydroponics gels such as agar to
increase the capability of storing electrolyte.[2]

When a porous zinc anode reacts with an alkaline electrolyte,
the corrosion effect of the zinc metal can be another criterion
for stabilizing a zinc anode with large surface area. Hydrogen
evolution on the surface of the zinc anode deteriorates the
utilization efficiency of the zinc, resulting both in increased
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internal pressure in the cell and water elec-
trolysis. These side reactions eventually
decrease the cycle life of a zinc-air battery.[!2¢]
Two methods to overcome hydrogen evolu-
tion have been studied in zinc-air batteries.
One is to alloy the zinc with other metals
(Hg, Pb, and Cd) with high hydrogen evolu-
tion overvoltage.'?”128] However, these toxic
heavy metals cause another environmental
problem. As an alternative, Lee et al. reported
that alloying zinc metal with nickel and
indium with different weight percentages is
effective in shifting to more negative potentials for hydrogen
evolution.l'?8] Zhang et al. suggested that introducing metallic
bismuth to a pasted zinc electrode improved the discharge per-
formance because of the formation of an electronic conductive
material.'?’)

Another method of suppressing hydrogen evolution is to coat
the zinc metal with other materials; Cho et al. suggested that
the zinc surface coated with Li,0-2B,0; (lithium boron oxide,
LBO) could increase discharge capacity and decrease hydrogen
evolution. It is believed that the coating layer prevents the zinc
surface from facing the alkaline electrolyte directly, which ena-
bles the zinc to avoid side reactions in the cell.3% Zhu et al.
reported that neodymium conversion films have also been
applied to coat pristine zinc metal depending on the ultrasonic
impregnation method. Their work demonstrated a positive
effect on increasing corrosion resistance, in turn stablizing the
cycle behavior of the zinc electrode.3!] The other method is to
put additives into the electrolytes to stabilize the zinc anode.
Ein-Eli et al. introduced polyethylene glycol (PEG) and phos-
phate ester acid form (GAFAC RA600) as an organic corrosion
inhibiter. Their results showed that PEG had better inhibiting
properties than GAFAC RA600.'*21 Using anions of organic
acids,/'?l and phosphoric acid, tartaric acid, succinic acid, and
citric acid [1*3! exhibited positive effects on suppressing gas evo-
lution and dendrite formation to some extent.

Making an electrically rechargeable zinc-air battery is still
challenging. However, it still seems a worthwhile task to
develop a secondary cell for practical use in the market if we
consider the many advantages of a hypothetical zinc-air battery.
Although a proper bifunctional catalyst is required to charge a
zinc-air battery with lower electrical potential, it is also critical
to make reversible zinc anode. It is well known that zinc metal
undergoes shape changes such as the formation of dendrites in
the charge-discharge cycling process.? Let us revisit anode reac-
tion in discharge. Once a zinc-air battery starts to discharge, the
following anode reactions occur in the alkaline solution:

Zn — Zn* + 2e”
Zn* +40H™ — Zn(OH)*™
(E°= — 125 V vs. NHE)
Zn(OH)>~ — ZnO + H,0+ 20H"
Zinc metal is oxidized to release electrons and forms the

zinc(II) ion. Reaction (1) proceeds until the solubility of the
zincate ion, Zn(OH),*(aq), reaches a saturation point in
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the hydroxide electrolyte. After exceeding this point, zincate
ions are decomposed to ZnO, a white solid powder that acts
as an insulater. Because supersaturation of the zincate ion
in alkaline solution is time-dependent, it is very difficult to
make a rechargeable zinc-air battery.'** Therefore, under-
standing the chemistry of the zincate ion, Zn(OH),> (aq)
in alkaline solution is necessary in order to develop a sec-
ondary zinc electrode. There have been several fundamental
efforts to understand the behavior of the zincate ion in an
alkaline electrolytel>13>-138l and also to understand the elec-
trodeposition of the zincate ion.3%1%’] Dirkse suggested that
Zn(OH),>", Zn(OH);(H,0)~, Zn(OH),(H,0), or polynuclear
species may exist in supersaturated zincate solutions and
that the existence of these species depends on the availability
of OH™ and free H,0 molecules in the electrolyte.l'*”) Peng
studied the mechanism of zinc electroplating and suggested
that Zn(OH), became Zn(OH),q by gaining one electron and
then Zn(OH),q was reduced to Zn by gaining a second elec-
tron.'*1! Einerhand et al. used a rotating ring disk electrode
(RRDE) to determine the amount of hydrogen produced from
the electrodeposition of zinc in alkaline solution and showed
that hydrogen evolution increased with decreasing concentra-
tion of KOH and zincate.[*4]

3.2. Separator and Electrolyte

3.2.1. Separator

The function of the separator in a zinc-air battery is to trans-
port the hydroxyl ion, OH™, from the air electrode to the zinc
electrode.l The basic requirements of a proper separator are
stability in alkaline solution, appropriate pore size and porosity,
high ionic conductivity and electrical non-conductivity. Since
a zinc-air cell uses the migration of the hydroxyl ion, not the
proton, H*, 148 separators are made of polyethylene, polyvinyl
alcohol, polyolefin, and polypropylene.l'*-133] Porosity in the
separator, however, makes it possible for the zinc cations
to migrate from the anode to the cathode, which results in
decreased capacity in the cell. Kiros developed a novel method
to control the permeability of the zincate ion by introducing
an inorganic material, Mn(OH),, to the microporous mem-
brane.>Y Dewi et al. showed that cationic polysulfonium,
poly(methylsulfonio-1,4-phenylenethio-1,4-phenylene trifluor-
omethanesulfonate) could be effectively applied to prevent
the permeation of Zn?* from the anode to the cathode, as
shown in Figure 10, as compared to commercial separators
such as polypropylene.l'>3] Wu et al. suggested that sulfona-
tion of the microporous membrane could increase the high
anionic transport number to 0.89 in a 1M KOH alkaline solu-
tion. This separator demonstrated better performance than
the unsulfonated samples.>] Besides the basic requirements
mentioned above, others are needed for a viable secondary
zinc-air battery; the separator should be inert to oxidation, and
should remain stable during charge and discharge. Further, it
needs high absorption for electrolytes and a fine porous struc-
ture to sustain electrolytes in the pores and retard zinc den-
drite growth.[14
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Figure 10. Scheme of modified electrode using polysufonium. Reprinted
with permission.>3] Copyright 2003, Elsevier.

3.2.2. Electrolyte

The alkaline electrolytes used in zinc-air batteries are potassium
hydroxide, sodium hydroxide, and lithium hydroxide, all
basic except for neutral NH,CI. Among these, KOH has
been widely used in zinc-air cells because of its superior
ionic conductivity of K*(73.50 Q7' cm?/equiv) compared to
Na®(50.11 Q' cm?/equiv)l"*® In addition, ~30% KOH is usu-
ally used because it shows maximum ionic conductivity at this
concentration.®! To reduce the resistance of the electrolyte,
increasing the concentration of KOH can be a solution, but too
high a concentration of KOH can lead to increased viscosity in
the electrolyte. Besides this, high concentration of the electro-
lyte leads to the formation of ZnO, according to the reaction
(Zn(OH),# — ZnO + H,0 + 20H"), in turn increasing the
viscosity.[1*8]

Because a zinc-air battery is operated in an alkaline solu-
tion and is exposed to air, the electrolyte is very sensitive to
CO,, which can react with hydroxyl ions to form carbonates;
[17] concentration of the hydroxyl ion also decreases natu-
rally during this process. Therefore, the carbonation of the
alkaline electrolyte causes decreased cell capacity. Kim et al.
reported that the concentration of potassium carbonate in
the electrolyte caused a linear deterioration of cell capacity
and that pore size of the hydrophobic membrane mainly
affected the rate of carbon dioxide absorption.['>®! Drillet et al.
investigated the effect of CO, concentration in the air on the
lifetime of the bifunctional electrode in alkaline solution by
using solid adsorbents, including soda lime. In this study,
an LiOH and LiOH-Ca(OH), mixture was used to remove
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CO,. Further, they showed that increasing the concentration
of carbon dioxide in synthetic air to 10000 ppm resulted in
oxygen reducing electrodes rather than an oxygen evolving
electrodes. They suggested that the reduced lifetime of the air
electrode was due to carbonate precipitation inside the pores
of the electrode.>

Chen et al. used the technique of combining chemical absorp-
tion with Higee (high gravity) as a CO,-scrubber. They showed
that under the same experimental conditions, piperazine (PZ)
was more effective than 2-(2-aminoethylamino) ethanol (AEEA)
and monoethanolamine (MEA) in reducing the concentration
of CO, to a level below 20 ppm. /¢!

3.3. Cathode: Air Electrode

The concept of using oxygen in a zinc-air battery requires the
air electrode to have both proper catalysts for oxygen reduc-
tion reaction (ORR) and a highly porous structure. These
two requirements should be considered simultaneously for
designing an air electrode. As mentioned in the introduction,
catalysts are needed to alleviate the large activation energy for
ORR, but the structure of the air electrode is also an impor-
tant factor affecting the performance of the zinc-air cell. In
actual fact, the air electrode acts simply as a substrate where
ORR occurs. Considering the overall reaction of the zinc-air
battery (2Zn + O, — 2Zn0), the only consumed materials are
zinc metal and oxygen. Since oxygen is supplied endlessly from
the atmosphere, in principle, the air electrode itself can be used
repeatedly unless there is physical damage such as cracking in
the air cathode after discharge.

3.3.1. Structure of Air Electrode

The highly porous structure of air electrodes makes a diffu-
sion path for oxygen and functions as a substrate for catalysts.
Therefore, carbon materials such as activated carbon and
carbon nanotubes (CNT) can be used as substrates for the air
electrode. Typically, an air electrode consists of a gas diffusion
layer and a catalytic active layer and is prepared by laminating
these together with a metal grid as a current collector.'®! (see
Figure 7) The gas diffusion layer is composed of carbon mate-
rial and a hydrophobic binder such as polytetrafluoroethylene
(PTFE) as a wet-proofing agent. It is important to maintain
hydrophobicity, which makes gas diffusion layer permeable
to air but not water. The catalytic active layer consists of cata-
lysts, carbon materials, and the binder. It is in the catalytic
active layer that the oxygen reduction reaction (ORR) takes
place. From the above discussion, it is reasonable to assume
that types and amounts of each materiall!®?l and structure of
air electrodell®3-166] affect the performance of the air electrode.
Eom et al. reported that micropores (0.2 ~ 2 nm) of activated
carbon did not affect the performance of the cathode in zinc-
air batteries.['®”] By placing carbon particles in a sinter-locked
network of metal fibers, Zhu et al. developed a thin layer air
electrode (<0.15 nm) that is 30 ~ 75% thinner than the com-
mercial air electrode; they suggested that this structure makes
the three-phase reaction sites more efficient.''2l To make a
secondary zinc-air battery, developing a bifunctional catalyst
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is important. In addition to the catalyst itself, the oxidation
of the catalyst [1%] and the carbon substrate should also be
considered in air electrodes where the oxygen evolution reac-
tion (OER) takes place during charging, because the high sur-
face area of the carbon substrate is severely attacked by the
highly reactive oxygen generated from the OER.'*] Ross and
Sattler demonstrated that graphitized carbon led to a reduc-
tion of the corrosion rate under anodic conditions in alkaline
solutions.[1¢%

3.3.2. Catalysts

Although the oxygen reduction mechanism is very complex,
it is believed that there are two kinds of mechanism. One is a
direct four-electron pathway, in which oxygen directly reduces
to OH™; the other is a peroxide two-electron pathway, in which
oxygen indirectly reduces to OH~ via HO, .[13#17% Because the
two-electron process is more common in alkaline solutions,
proper catalysts are needed to facilitate the decomposition of
HO,™ into OH". It is well known that the kinetics of the oxygen
reduction reaction (ORR) are very sluggish and that overpo-
tential is required for the desired reaction. This phenomenon
conversely decreases power density and high rate discharge. On
the other hand, this problem is a commonly observed one in
batteries using oxygen as active material, such as other metal-
air cells and fuel cells. Therefore, many efforts to overcome this
problem have focused on finding proper catalysts to reduce the
oxygen reduction overpotential (see Figure 8).

Advances in computational catalysis have enabled us to
screen inactive catalysts and to predict which catalysts will
have more activity for ORR, which prediction helps save
time and costs in developing proper catalysts. D-band center
theory, suggested by Norskov, has played an important role
in studies of catalysts,”7%172l and a famous volcano plot
has been used to predict activity and selectivity of catalysts
for ORR when designing better fuel cells!'”3 as shown in
Figure 11. Based on this plot, many noble metal catalysts, both
alloy and faced-metal catalysts, have been studied to improve

0.0
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20F

-3 -2 -1 0 1 2 3 4
AEQ (eV)
Figure 11. Trends in oxygen reduction activity (defined in the text) plotted

as a function of the oxygen binding energy. Reprinted with permission.['73]
Copyright 2004, American Chemical Society.
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ORR activity.'7#181 Although noble metal catalysts such as
platinum have high activity for ORR, the cost of manufacturing
an air cathode increases dramatically when using such metals,
which impedes commercialization. And, because oxygen
reduction in alkaline solution is used as the cathode reaction
in the zinc-air system, it is not necessary to use a pure noble
metal catalyst.'>’] With an advantage in the alkaline system, it
is possible to use typical transition metal oxides such as per-
ovskite, pyrochlore and spinel, individual oxides, and their
mixtures for air cathodes.1°7:170182-184] Gorlin et al. reported
that Mn oxide thin film showed higher activity for both ORR
and OER, similar to that of noble metal catalysts: Pt, Ru, and
Ir.'%] Han et al. reported on the dependence of particle size
on the oxygen reduction reaction (ORR). Using cyclic voltam-
metry and a rotating disk electrode (RDE), they found that the
direct four electron pathways were preferred by larger Ag par-
ticles (174 nm), and that simultaneous four electron and per-
oxide two-electron pathways were preferred by finer Ag parti-
cles (4.1 nm).I'8] Recently, graphene has been used as an ORR
catalyst without metal. Qu et al. showed that nitrogen-doped
graphene (N-graphene) has much better activity than platinum
for ORR via the four electron pathway in alkaline solution; it
also has long-term operation stability."”] Figure 12 shows the
preliminary rotating disk electrode (RDE) results at 3200 rpm
for several samples including graphene oxide (GO) and MnOx
composite. Although the limiting current of this sample is
lower than that of commercial 20% Pt on carbon (E-tek), the
current of the GO-MnOx composite is higher than those of
commercial MnO,. Since the composite thickness decreases
to a very thin layer, we expect that battery performance may
improve significantly upon optimization.

3.4. Design of Zinc-air Batteries

There are three main types of zinc air batteries: primary,
secondary, and mechanically rechargeable cells.''* Primary

0-
—
E
= |
£ -
=
c 121 —— GO (Graphene oxide)
E ——MnO,
B
S -16 —— GO_MnOx
o 20% Pt on carbon

4.0 0.8 0.6 0.4 0.2 0.0 0.2 0.4
Potential (V) vs Hg/HgO

Figure 12. Rotating disk electrode experiments under 3200 rpm and

0.1 M KOH solution using GO (Graphene oxide), MnO,, GO and MnOx

composite, commercial 20% Pt on carbon (E-tek). Concentration of each
sample is 2 mg/mL and scan rate is 10 mv/s.
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zinc-air cells are designed for single use. Therefore, they cannot
be recharged electrically or mechanically. In other words, such
cells are controlled by only zinc and the electrolyte.l'' What
has been developed to overcome these limitations is a mechani-
cally rechargeable zinc-air battery. In principle, the lifetime of
such a cell depends on the air cathode, not on the anode or
the electrolyte, because the utilized zinc and electrolyte can
be replaced.188181 Another case is a combination of both a
mechanically and an electrically rechargeable approach, that
is, a slurry cell.'9192] Such a cell uses a zinc suspension in
an alkaline electrolyte. Besides the abovementioned charging
methods, Wen et al. suggested that the introduction of propanol
oxidation as a counter electrode reaction enhanced the electrical
energy utilization.[%]

For secondary zinc-air battery applications, in spite of some
recent advances,'**1%] commercialization is still difficult
because there are many problems, as mentioned in this article.
To realize such cells, the first approach is to develop a revers-
ible zinc anode with an understanding of the chemistry of the
zincate ion in alkaline electrolytes. Secondly, proper and stable
bifunctional catalysts for both ORR and OER are required.
These catalysts can decrease the overpotential in the cathode,
which will increase the Coulomb efficiency and also diminish
the damage to the air electrode during charging. In addition,
the air electrode should be further optimized to reduce resist-
ance. Thirdly, proper carbon dioxide management and separa-
tors should also be developed. It is necessary to consider these
obstacles simultaneously to develop commercial secondary
zinc-air batteries in the future.

4, Conclusions

There has been promising progress in the area of Zn-air and
Li-air batteries over the past decade. Promising electrochemical
performance, low cost, and high energy density are factors that
have driven research interest in these batteries. All components
of Zn-air batteries are stable towards moisture, and thus the
assembly of cells can be carried out under ambient air condi-
tions. Therefore, it is much easier to handle Zn-air cells com-
pared to Li-air batteries, because most components of Li-air
cells are unstable towards moisture. Li-air cells must be assem-
bled in an inert atmosphere. This implies that the manufac-
turing process of Zn-air batteries is simpler than that of Li-air
batteries. Zn-air batteries also have stronger price competitive-
ness than Li-air batteries, because Zn metal and the aqueous
electrolytes of Zn-air batteries are much cheaper than Li metal
and the non-aqueous electrolytes of Li-air batteries. In addition,
the technical level of Zn-air batteries is considered to be closer
to practical application. However, the reversibility of Li-air bat-
teries is better than that of Zn-air batteries, and the charging
ability is a critical obstacle for the practical application of
rechargeable Zn-air batteries. Also, the operating potential and
specific capacity of Li-air batteries is higher than those of Zn-air
batteries, resulting in much higher energy density, an irresist-
ible fascination of Li-air batteries.

Although there has been promising progress, many aspects
of Zn-air and Li-air batteries are not fully understood, and will
require additional investigation. In this review, the fundamentals
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and recent progress of work in the field of Li-air and Zn-air bat-
teries have been highlighted. The following main points were
addressed.

1. For Li-air batteries:

i) There are four types of Li-air batteries, based on the electro-
lyte used: 1) non-aqueous electrolyte, 2) aqueous electrolyte,
3) hybrid electrolyte, and 4) all-solid-state electrolyte.

ii

=

The electrode porosity affects the electrochemical perform-
ance of the air cathode. Oxygen diffusion is facilitated as the
porosity increases, resulting in an improvement of the kinet-
ics of the oxygen reduction reaction.

iii) Various catalysts have been investigated for the air cathode,
and polarization has been substantially decreased by these
catalysts. Each oxygen reduction reaction (ORR) and oxygen
evolution reaction (OER) exhibits different catalytic reaction
mechanisms, and thus a bifunctional catalyst is favorable to
decrease the resistances of both reactions.

iv) The polarity, viscosity, and oxygen solubility of electrolytes are
important factors affecting the electrochemical performance.
Also, hydrophobic ionic liquids are promising electrolytes be-
cause they are immiscible in water.

v) Dendrite formation of Li metal causes poor cycle perform-
ance, but it can be suppressed by the formation of a stable
SEI film on the surface of Li metal. The additives in electro-
lytes are effective at forming a stable SEI film.

2. For Zn-air batteries:

i) Zinc morphology can affect the electrochemical behavior of
Zn-air batteries because zinc particles with high surface area
can react efficiently with electrolytes. Also, the hydrogen evo-
lution reaction (HER) is possible in a zinc anode operated
in alkaline electrolyte, resulting in a decrease of the capacity
of Zn-air batteries. To overcome this problem, coating, alloy-
ing, and adding additives to the electrolyte have been applied
in this research area. To make a secondary battery, the most
important point is to understand the chemistry of the zincate
ion in alkaline solutions.

ii

=

The most critical problem in zinc-air batteries is still the
sluggish reaction of oxygen chemistry originating from high
overpotentials for both ORR and OER. Non-noble metal
catalysts including perovskite, pyrochlore, and spinel play
important roles in decreasing the overpotential in the air
cathode. The architecture of air electrodes is also an impor-
tant criterion affecting the overall performance of cathode
electrodes.

iii) The migration of zinc(Il) ions from anode to cathode can
take place, which causes a decrease in the capacity of zinc-
air batteries. Therefore, the pore size of the separator should
be optimized to improve electrochemical performance. Car-
bonation in alkaline solution also has a negative effect on the
lifetime of zinc-air cells. A CO, scrubber can be introduced to
solve this problem.
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