
© 2016 Imanishi. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you 

hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission 
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Reports in Electrochemistry

Reports in Electrochemistry 2016:6 15–29

Dovepress

submit your manuscript | www.dovepress.com

Dovepress 

Toward rechargeable lithium–oxygen batteries: 
recent advances

Nobuyuki Imanishi
Department of Chemistry, Mie 
University, Tsu, Mie, Japan

Correspondence: Nobuyuki Imanishi 
Department of Chemistry, Mie University, 
1577 Kurimamachiyacho, Tsu, Mie 
5148507, Japan 
Tel +81 59 231 9419 
Fax +81 59 231 9478 
Email imanishi@chem.mie-u.ac.jp

Abstract: This review summarizes research and development trends in lithium–oxygen (Li–O
2
) 

batteries. Development of a post–lithium-ion battery is highly expected to be a means to solve 

the global energy problem. The metal–oxygen cell, especially the Li–O
2
 cell, attracts attention, 

since it has much larger theoretical energy density than conventional battery systems. First, this 

review discusses the energy density that a battery should have from the viewpoint of power 

sources for electric vehicles. Then the fundamental features of various kinds of metal–oxygen 

batteries are explained and challenges faced by them are described. The remaining part of the 

review focuses on research subjects of the Li–O
2
 batteries. Early works which led to the pre-

sent lithium–oxygen cells are briefly presented. Then, systems using various electrolytes and 

their major issues are introduced. First, irreversible decomposition of the electrolyte and Li
2
O

2
 

deposition at oxygen cathode of an organic system are described. The effort that is directed 

toward the solution of dendritic growth of lithium metal anode is also introduced. Thereafter, 

new materials, mechanisms, and strategy that were reported recently are described with regard 

to each of the three electrolyte systems, respectively. These are expected to be breakthroughs to 

solve the serious problems, such as irreversible decomposition of electrolyte. In conclusion, the 

issues that should be solved with the direction of future development are mentioned.

Keywords: energy density, lithium anode, dendrite, peroxide, superoxide

Introduction to electrochemistry of batteries
A battery is a kind of device that transforms chemical energy into electrical one at 

high efficiency. The battery in which reverse energy transformation occurs is called 

a  secondary or storage battery. Batteries as electric power sources are characterized 

mainly by two aspects – energy density and output power. With respect to energy 

density, let us consider an example of a classical battery system called Daniell cell. 

The cell reaction is described by the following equation:

 Zn Cu Zn Cu+ →← ++ +2 2  (1)

Standard electrode potentials of zinc and copper are −0.76 V and +0.34 V, respec-

tively, with respect to the standard hydrogen electrode. When the activity of the ions in 

each electrolyte is unity, the potentials of these electrodes become equal to the standard 

electrode potentials. As a consequence, the cell electromotive force (emf) of Daniell 

cell can be given by the following equation:

 emfcell = + − − =0 34 0 76 1 10. ( . ) .  V  (2)
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F is Faraday’s constant: F=96485 C mol−1. The maxi-

mum electrical work when a given amount of electrons, 

n, travel through the circuit equals the Gibbs energy reac-

tion and depends on the emf (E) as shown in the following 

equation:

 ∆G nFE= −  (3)

Given that the emf is 1.10 V, Gibbs energy change for the 

reaction is calculated to be −214 kJ per mole of zinc metal 

or copper ion. The energy is almost in the order of kinetic 

energy of a car driving on a motor way.

As shown here, to increase the energy produced in a 

cell, selection of electrode materials with a large difference 

in their electrochemical potentials is necessary. The lowest 

electrochemical potential among common elements is shown 

for lithium and the highest for fluorine. In an electrochemical 

cell with lithium metal and fluorine gas electrodes, the emf 

will be 5.94 V under standard conditions, which is the largest 

among the combinations of common elements.

Note that the voltage is applied to the electrolyte and it 

should not exceed the decomposition voltage of the electro-

lyte that is called electrochemical window. Aqueous batteries 

using aqueous electrolytes such as dry batteries and Ni–MH 

batteries usually operate below 1.5 V, and hence the decompo-

sition voltage of water is 1.23 V. Lead–acid batteries deviate 

this rule, as they operate at a voltage of approximately 2 V. 

The decomposition reactions of the aqueous electrolyte on 

lead metal and lead oxide electrodes are slow enough to keep 

the system kinetically stable.

Some organic electrolytes show electrochemically 

stable and reversible behavior even on lithium metal. These 

electrolytes usually from carbonate-based solvent actually 

decompose on lithium metal but form a solid conductive 

film comprising kinds of decomposed substances. The film 

is called solid electrolyte interphase and isolates the elec-

trolyte from lithium metal to hinder further decomposition. 

The electrolytes also show good electrochemical stability 

at high potential above 4 V with respect to lithium metal. 

These findings resulted in the commercialization of three 

V-class lithium primary batteries in 1970s and lithium-ion 

battery (LIB) with four V-class transition metal layered 

oxides launched in 1991. Lithium metal batteries and LIBs 

are indispensable to the today’s energy-related areas and 

mobile applications, because they exhibit remarkably higher 

energy densities than conventional aqueous batteries owing 

to their high voltages.

Here, we have dealt with the energy density quantitatively 

in LIBs and have checked the availability for electric vehicle 

(EV) applications. Theoretical gravimetric energy density is 

calculated by the maximum electric work divided by the sum 

of weights of electrodes. W is total mass of n equivalent moles 

of positive and negative electrode materials.

 Gravimetric energy density = nFE

W
 (4)

At present, LIB typically consists of graphite negative 

electrode, aprotic organic electrolyte, and LiCoO
2
 positive 

electrode. Each electrode reaction and whole cell reaction 

are described as follows:

Negative electrode: xLi xe C Li Cx
+ −+ + →←

Positive electrode: yLi ye Li CoO LiCoOy
+ −

−+ + →←1 2 2

Cell reaction: 33 1 6 0 5 2 2Li Li CoO C LiCoO/ .C + →← +  (5)

The maximum capacity of graphite anode is 372 mA⋅h⋅g−1 

of graphite at x=1/6. On the other hand, 137 mA⋅h⋅g−1 of 

LiCoO
2
 at y=0.5 is the highest for the positive electrode. 

Given the cell emf is 3.8 V, the calculated gravimetric energy 

density will be 380 W⋅h⋅kg−1 of electrodes assuming that the 

materials do not react excess or less. A value of 380 W⋅h⋅kg−1 

exhibits a potential electrical energy that the battery has, and 

is not actually achievable due to presence of other battery 

components. Practical energy density taking weight of other 

components into consideration generally results in less than 

one-third of the theoretical value. LIBs for large-size appli-

cations tend to fall into this category. For the EV commer-

cialized by Nissan Motors Ltd. (Yokohama, Japan), Nissan 

LEAF EV, it is reported that with a fully charged battery the 

driving range is 228 km without air-conditioning and 130 

km with it, where the total car weight is 1,520 kg and the 

battery weight is around 240 kg. The specific energy den-

sity of LIBs used for Nissan LEAF is around 100 W⋅h⋅kg−1, 

which is approximately 30% of the calculated specific energy 

density of the LIB.

The calculated energy density of the gasoline is conside red 

to be approximately 13 kW⋅h⋅kg−1. And that for automotive 

applications is estimated to be 1,700 W⋅h⋅kg−1 using the reac-

tion heat of gasoline and tank-to-wheel efficiency of 12.6%, 

while the battery-to-wheel efficiency is approximately 90%.1 

This revealed that the calculated energy density of LIBs is only 

one-fifth of that of gasoline, and thus the driving range of the 

EVs with LIBs is much shorter than that of gasoline-powered 

cars. To develop EVs with a comparable driving range to 

gasoline-powered cars, the battery system with theoretical 

energy density higher than 1,700 W⋅h⋅kg−1 is necessary.
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LIBs have been extensively used for small mobile appli-

cations, because they show high discharge/charge reversi-

bility close to 100%. History of storage batteries starting 

from lead–acid batteries to LIBs is a transition of electrode 

reaction from dissolution/deposition to topochemical type. 

Topochemical reaction in LIBs performs small structural 

change and hence almost perfect reversibility. However, 

300 W⋅h⋅kg−1 is the possible limitation of gravimetric energy 

density in practical LIBs because of the weight of host matrix 

containing electrochemically inert atoms.

A primary lithium battery using a lithium metal anode 

commercialized in 1976 showed a theoretical energy den-

sity as high as 2,119 W⋅h⋅kg−1. This appeared to progress 

backward from topochemical to dissolution/deposition type; 

however, using lithium metal anode can overcome the current 

limitation of energy densities. The highest energy density is 

configured from lithium metal and fluorine gas, although 

such a battery has not been yet proposed. As a next choice to 

toxic fluorine, the group 16 elements have become a cathode 

candidate for a high-energy-density battery system.

Metal–oxygen batteries with  
non-lithium anodes
Energy densities of various combinations of element atoms 

as electrodes are listed in Table 1. As stated in the previous 

 section, 1,700 W⋅h⋅kg−1 is the target value that a storage 

 battery should achieve in order to drive 500 km per a full 

charge. Most of the metal–oxygen batteries meet this criterion 

regardless of anode metals and some are already commerciali-

zed as a primary battery. For example, zinc–oxygen battery 

has a lengthy commercial record as one for a hearing aid 

and magnesium–oxygen battery has been used as a seawater 

battery. These metal–oxygen batteries are not rechargeable 

in most cases, since either coulombic or energy efficiency is 

too low. The coulombic efficiency of zinc–oxygen batteries 

is only 30% and self-discharge ratio is approximately 25% 

in half a month. The energy efficiency of lead–acid batter-

ies is as high as 60%–70%, which results in lower energy 

efficiency of the battery-powered vehicles than that of the 

gasoline-powered ones. Because LIBs and nickel–metal 

hydride batteries have energy efficiencies higher than 85%, 

they are used to drive EVs. It becomes an important goal for 

the metal–air batteries to improve these efficiencies.

As for the zinc–air battery, the efforts for making charge 

possible have been undertaken in almost all metal–air 

batteries. Mechanical charging or installation of the third 

electrode specifically for charging have been examined to 

improve its low energy and coulombic efficiencies. A full-

sized transit bus employing rechargeable zinc–oxygen and 

nickel–cadmium hybrid battery system was demonstrated in 

the 1990s.2 This battery-powered bus was designed to drive a 

daily range of 150–250 km with  passengers on board and air-

conditioned. The zinc–oxygen battery in this system showed 

gravimetric energy densities of 200 W⋅h⋅kg−1 and volumetric 

energy density of 221 W⋅h⋅L−1. These features are comparable 

or still lower than those of current LIBs.

Magnesium is a divalent metal with 2,205 mA⋅h⋅g−1 and 

3,833 mA⋅h⋅cm−3 of specific capacities. The electrochemi-

cal potential in aqueous media is −2.37 V with respect to 

the standard hydrogen electrode. Aqueous magnesium–air 

batteries have a disadvantage of high anode corrosion and 

large polarization. Organic magnesium–oxygen batteries 

should exhibit the theoretical voltage around 2.3 V, which 

leads to 3,059 mW⋅h⋅g−1 of the gravimetric energy density 

including oxygen. Generation of insulating and stable MgO 

in discharge causes a remarkable decrease in capacity and 

high polarization by its insolubility. Shiga et al3 reported that 

additive 2,2,6,6-tetramethylpiperidine-oxyl (TEMPO)–anion 

complex enhanced the decomposition of MgO. This complex 

was capable of decomposing MgO at 60°C by chemical oxi-

dation of the oxide anions. Reduced form of TEMPO resulted 

after the decomposition was electrochemically oxidized by 

oxygen electrode and was regenerated to the complex, so that 

TEMPO–anion complex worked as a mediator for the cathode 

reaction. The discharge/charge performance of the organic 

magnesium–oxygen battery working at 60°C showed a dis-

charge capacity of 737 mA⋅h⋅g−1 in the first cycle, while the 

charge capacity was 460 mA⋅h⋅g−1, resulting in an improved 

coulombic efficiency of 62.4%.

Table 1 Theoretical gravimetric energy densities of various 
metal–oxygen batteries compared with those of lithium–fluorine, 
lithium–sulfur, conventional lithium-ion battery, and internal 
combustion engine

Anode Cathode OCV 
(V)

Energy density 
(W⋅h⋅kg−1)

References

Li F2 6.10 6,302 NA*
Al O2 2.70 4,258 Egan et al38

Mg O2 2.93 3,897 Abraham39

Li O2 2.96 3,458 (Li2O2) NA*
Na O2 2.33 1,605 (Na2O2) Hartmann et al7

Zn O2 1.65 1,086 Goldstein et al2

Li S 2.3 2,600 Ji et al40

C LiCoO2 3.8 381 NA*
ICE NA NA ∼1,700 Girshkumar et al1

Note: *These data values did not come from references, and were calculated by 
the author.
Abbreviations: ICE, internal combustion engine; NA, not applicable; OCv, open 
circuit voltage.
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Aluminum–oxygen batteries have theoretical energy 

densities of 7,778 W⋅h⋅kg−1 and 21,000 W⋅h⋅L−1 excluding 

oxygen. The gravimetric energy density is the second largest 

next to lithium–oxygen (Li–O
2
) batteries and the volumetric 

one is the largest. These features make this battery quite 

attractive, but the battery is principally not rechargeable due 

to the high chemical stability of Al
2
O

3
. Mechanical charging 

is one way to charge the battery, but energy corresponding 

to 15 kW⋅h⋅kg−1 is needed to regenerate aluminum metal 

from Al
2
O

3
,4 so it does not meet the criteria of energy con-

servation. The most important subject relevant to this issue 

is finding an aluminum-conducting electrolyte. 1-ethyl-3-

methylimidazolium chloride is proved a good ionic liquid to 

dissolve aluminum ions.5 LiCl is also added to form Li
2
O

2
 as 

a discharge product and to avoid precipitation of Al
2
O

3
. The 

concentration of LiCl determines the energy density of the 

battery. When 30% of LiCl can be dissolved, it is calculated 

to be 390 W⋅h⋅kg−1. Hybrid-type aluminum-oxygen batteries 

are also proposed to solve the issue of Al
2
O

3
 precipitation.6 

The battery is constructed from KOH/CH
3
OH as catholyte 

and KOH/H
2
O as anolyte. These electrolyte solutions are 

separated by anion exchange membrane and hydroxide 

anions migrate as a charge carrier between the electrodes. 

The electrode reactions are described as follows:

Anode: Al OH Al OH e+ →← +− − −4 34( )

 Cathode: O H O e OH2 22 4 4+ + →←− −  (6)

This hybrid aluminum–oxygen battery shows a high 

energy density of 2,081 W⋅h⋅kg−1 (or 5,819 W⋅h⋅L−1).

As seen here, it is the simplest technique to use an 

alkaline metal anode in order to achieve good reversibility. 

Here, sodium–oxygen battery is briefly described which is 

an analogous system of the Li–O
2
 battery, being the main 

topic of the review. Hartmann et al reported sodium–oxygen 

battery discharging/charging reversibly with sodium super-

oxide as the discharge product.7 According to their report, in 

ether-based electrolyte, NaO
2
 is exclusively formed during 

discharge process, while Na
2
O

2
 is the main discharge product 

in carbonate-based electrolyte. This remarkable difference 

is explained by the stability of ethers against nucleophilic 

attack by superoxide anion O
2

−. The discharge and charge 

voltage plateaus are observed at approximately 2.2 and 

2.4 V, respectively, which indicate quite low overvoltages. 

These electrochemical features are considered to be related 

to the one-electron oxygen–reduction process that may be 

kinetically favored. The coulombic efficiencies are still not 

high enough for practical applications, but sodium–oxygen 

battery provides interesting chemistry that may contribute to 

the realization of rechargeable metal–air batteries.

Li–O2 batteries: history and 
electrolyte
As seen in the previous section, the simplest technique to 

secure reversibility under the present circumstances is to 

use an alkaline metal anode. Therefore, the Li–O
2
 batteries 

which were extensively studied are described. The concept 

of primary Li–O
2
 batteries was proposed by Littauer and 

Tsai8,9 in 1970s, where alkaline aqueous solution was used. 

The battery was called lithium–water cell because water was 

the active material of the cathode that produced hydrogen 

during discharge. If dissolved oxygen or other oxidizing 

agent is present in aqueous electrolyte, it also serves as a 

cathode active material to complete the cell reaction. Another 

system, lithium–water–air cell, working on a similar mecha-

nism showed higher emf and decreased the electrolysis of 

water. Lithium metal in both systems reacts with the alkaline 

aqueous solution and in situ formed surface film on lithium 

metal retards the rapid corrosion. The lithium–water cells 

are capable of achieving high specific power density; a cur-

rent density of approximately 120 mA⋅cm−2 was achieved at 

a cell voltage of 2.0 V. The current efficiency increases with 

an increase in current density and the corrosion reaction can 

be virtually ignored when the lithium metal is anodically 

polarized by approximately 300 mV and beyond. However, 

at the open-circuit potential of 2.9–3.0 V, corrosion rate is 

relatively large, resulting in low energy conversion efficiency 

and little rechargeability.

The rechargeable lithium–air cell was reported by 

 Semkow and Sammells in 1987.10 The cell configuration was 

quite close to a solid oxide fuel cell with the fuel electrode 

substituted into lithium–alloy electrode.

Li
x
FeSi

2
 /LiF–LiCl–Li

2
O/ ZrO

2
/La

0.89
Sr

0.1
MnO

3
/ Pt, air

 Cell reaction: Li FeSi
x

O
x

Li O FeSix 2 2 2 24 2
+ →← +  (7)

The cell was operated between 600°C and 850°C which 

was largely dictated by O2− conductivity of the stabilized 

 zirconia. The cell emf is 2.06 and 2.25 V at 650°C and 

800°C, respectively. A current density of 200 mA⋅cm−2 could 

be applied under the cell polarization by∼1 V. A capacity of 

200 mA⋅h⋅cm−2 was successfully cycled at 20 mA·cm−2 and 

650°C. This system delivers a theoretical energy density of 
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4,266 W⋅h⋅kg−1, which was the highest among secondary 

batteries at that time.

A similar concept was reported by Batalov and Arkhipov 

in 1997;11 the cell adopted the idea of protected lithium 

electrode. Li/LiBe
2
O

3
/LiCl-Li

2
CO

3
 (1:1)/Li

0.1
NiO, O

2
 (or 

La
0.7

Sr
0.3

MnO
3
, O

2
).

LiBe
2
O

3
 is a solid lithium-conducting electrolyte. 

LiCl–Li
2
CO

3
 is a binary molten electrolyte. The cell oper-

ated at 580°C–600°C and showed a cell voltage of 2 V at 

100 mA⋅cm−2. The molten salt Li–O
2
 cell could operate at 

high current density, but the long-term cycling performances 

of this type of cell have not been reported.

In 1996, Abraham and Jang12 reported the first paper for 

a rechargeable Li–O
2
 cell operating at room temperature. 

They used a polyacrylonitrile-based gel-polymer electrolyte 

of LiPF
6
 plasticized with ethylene carbonate and propylene 

carbonate (PC). The electrical conductivity of approximately 

10−3 S⋅cm−1 at room temperature is comparable to that of non-

aqueous lithium-ion–conducting solutions with a separator. 

The initial open-circuit voltage of the Li–O
2
 cell was 2.85 V, 

suggesting that a reaction process involves reduction of oxy-

gen molecule. The analysis of the discharged carbon electrode 

using a Raman spectroscopy showed that the reaction product 

is mainly Li
2
O

2
. This result indicates that further two-electron 

reduction reaction beyond Li
2
O

2
 hardly occurred on carbon 

without catalyst. The cell capacity strongly depended on the 

thickness of the carbon cathode. When the thickness varied 

between 75 and 100 µm, 1,400–1,600 mA⋅h⋅g−1 carbon was 

obtained at 0.1 mA⋅cm−2 and room temperature. When cobalt-

catalyzed carbon cathode of 250 µm thickness was used, the 

cell was first discharged to yield a capacity of 580 mA⋅h⋅g−1, 

and in the following charge, a capacity of 630 mA⋅h⋅g−1 was 

obtained as shown in Figure 1. The same amount of capacity 

could be discharged in the second cycle and good reversibility 

was obtained between 1.5 and 4.0 V.

After the first report by Abraham and Jang, Read13,14 

studied the oxygen transport properties in various organic 

electrolytes under the concept that Li–O
2
 cell performance 

strongly depends on it. They revealed that the solubility of 

oxygen and viscosity of organic solvent have a critical effect 

on the discharge capacity of an oxygen reduction reaction 

(ORR) on carbon electrode. It was also pointed out that elec-

trolyte formulation has the largest influence on the nature of 

the deposit formed during discharge. Ether-based electrolytes 

perform good rate capability in the Li–O
2
 cell. The high 

capacities for ORR of 1,633 mA⋅h⋅g−1 at 0.5 mA⋅cm−2 and 

2,494 mA⋅h⋅g−1 at 0.05 mA⋅cm−2 were observed for a Super 

P  carbon black in a LiBr in 1,3-dioxolane-1,2 dimethoxy-

ethane electrolyte, which is several times higher than that of 

the cathode in LIBs.

The report in 2006 by Ogasawara et al15 demonstrated 

for the first time that repeated discharge/charge of 100 times 

is possible at high capacity for the nonaqueous Li–O
2
 cell 

that uses an electrolytic manganese dioxide (EMD) catalyst 

for the oxygen electrode. After this paper was published, 

research activities on the rechargeable Li–O
2
  batteries have 

significantly increased. Figure 2 shows the first discharge and 

charge performance and discharge capacities with cycles for 

the cell: Li/LiPF
6
 in PC/Super P carbon-electrolytic manga-

nese oxide/O
2
.

They concluded that the electrochemical reaction of 2Li+ +  

2e− + O
2
 = Li

2
O

2
 in a nonaqueous lithium battery with an O

2
 

cathode is reversible. The formation of Li
2
O

2
 was confirmed 

by an in situ differential mass spectrometry. The appropriate 

choice of catalyst enlarges reversible capacity and also reduces 

the charging voltage. Their results indicate that MnO
2
 cata-

lysts are particularly effective at promoting high capacities, 

especially the alpha-MnO
2
 polymorph in the nanomaterial 

form shows capacities as high as 3,000 mA⋅h⋅g−1 of carbon.

In Li–O
2
 batteries with organic liquid or gel electrolyte, 

performance of oxygen cathode has been a center of discus-

sions. However, in order to develop reliable Li–O
2
 batteries, 

irreversible reactions of lithium metal electrode such as with 

solvent, oxygen, and water, must be avoided by protecting 

lithium surface from these reactive substances. A composite 

lithium anode with a double-layer protection was preliminary 

addressed by Visco et al in 200416 who proposed rechargeable 

4.5
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2.5

2.0

0.5

0 100 200 300 400 500 600 700 800

Capacity per carbon weight (mA·h·g−1)

V
o

lt
ag

e 
(V

)

Figure 1 The first report of a rechargeable lithium–oxygen battery.
Notes: The cell configuration was Li/polyacrylonitrile-based polymer electrolyte/
oxygen. The cathode contained carbon black with catalyst and polymer electrolyte. 
The performance was recorded at room temperature in an atmosphere of oxygen. 
Reproduced by permission of The Electrochemical Society, from Abraham KM, 
Jang Z. Polymer electrolyte based rechargeable lithium oxygen battery. J Electrochem 
Soc. 1996;143:1–5. Copyright © 1996 The Electrochemical Society.12 
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aqueous lithium–air battery. This electrode concept adopts 

a water-stable NASICON-type lithium-conducting solid 

glass ceramic as a protective layer that covers and isolates 

the lithium metal from direct contact with the electrolytes. 

Aluminum-doped lithium titanium phosphates, Li
1+x

Al
x
Ti

2-

x
(PO

4
)

3
 (x≈0.3) (LATP), used for the glass ceramic are 

unstable to reduction by lithium metal. So a lithium-stable 

conductive interlayer is necessary to electrically connect 

lithium metal and the glass ceramic. As one example, they use 

thin layer of Cu
3
N which reacts with lithium metal to produce 

admixture of Li
3
N and Cu

3
N or Cu. The protected electrode 

is so stable that lithium metal can be cycled in aqueous cir-

cumstance, which enables development of aqueous Li–O
2
 

batteries and other lithium metal batteries. Conductivity 

and stability are key properties of the glass ceramics and the 

conductive interlayer to realize reversible lithium stripping/

deposition for a long life span at high current density.

In addition to nonaqueous and aqueous types, solid-state 

rechargeable Li–O
2
 batteries are also studied. Kumar and 

Kumar17 and Kumar et al18 used lithium aluminum germa-

nium phosphate glass ceramics, Li
1+x

Al
x
Ge

2-x
(PO

4
)

3
 (LAGP), 

which has the same NSAICON-type structure as lithium 

titanium phosphates. The electrical conductivity of LAGP 

was reported as high as 4.48×10−4 S · cm−1 at 23°C.19 This 

type of solid lithium-ion conductor is unstable in contact with 

a lithium metal, so that a polyethylene oxide–based polymer 

electrolyte was used as an interlayer between lithium metal 

and LAGP to avoid direct contact to lithium metal. Since the 

polymer electrolyte has low lithium-ion conductivity at room 

temperature, the cell was operated at a higher temperature. 

The area-specific capacity of the cell was 5.7 mA⋅h⋅cm−2 at 

0.1 mA⋅cm−2 and 95°C. The discharge product Li
2
O

2
 was 

presumed from the equilibrium open circuit voltage of 3.1 

V, although no further supporting evidence was given. The 

charge process showed gradually increasing voltage profile 

to the limit of 4.05 V. The charge and discharge columbic 

efficiency was quite high as nearly 100%, and the cell was 

subjected to 40 cycles at current densities ranging from 0.05 

to 0.25 mA⋅cm−2.

Hassoun et al20 have proposed a different type of solid-

state Li–O
2
 battery. The composite polymer electrolyte of 

poly(ethylene oxide)–LiCF
3
SO

3
 and nanosized ZrO

2
 powder 

were used as a solid electrolyte. Open circuit voltage of 3.2 

V was shown for the cell – Li/polymer electrolyte/Super P 

carbon black and O
2
. Pure oxygen gas was provided from 

rubber balloon connected to the cathode. Electrochemical 

analyses showed successive reduction from oxygen molecule 

through superoxide and peroxide to oxide anion, while it 

is verified that the reaction advances to opposite direction 

when charging. The discharged product was confirmed to be 

Li
2
O

2
 and LiOH by X-ray diffraction (XRD) analysis. The 

latter was considered to result from reaction of Li
2
O with 

residual water impurities. Discharge and charge proceeded at 

a constant voltage of 2.8 and 3.2 V, respectively, and a voltage 

gap of 400 mV was the smallest among the data found in the 

literature. This fact suggests that decomposition of lithium 

peroxide can be fast as its formation and the polarization at 

charge is held down.

Subjects and measures of Li–O2 
batteries
The theoretical energy density of nonaqueous-type Li–O

2
 

batteries is approximately 3,500 W⋅h⋅kg−1, when considering 

lithium and oxygen. This is approximately ten times that of 
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Figure 2 The first report in 2006 showing practical performance of the nonaqueous lithium–oxygen cell.
Notes: (A) The third discharge–charge cycle of the cell for a Li/PC-LiPF6/Super P carbon–EMD–PVDF cell at a rate of 50 mA· g−1. (B) variation of discharge capacity with 
cycle number. Rates are 70 and 100 mA⋅h⋅g−1 and capacities are per gram of carbon. Reproduced with permission from Ogasawara T, Debart A, Holtzapfel M, Novak P, 
Bruce PG. Rechargeable Li2O2 electrode for lithium batteries. J Am Chem Soc. 2006;128:1390–1393. Copyright © 2006, American Chemical Society.15

Abbreviations: EMD, electrolytic manganese dioxide; LiPF6, lithium hexafluorophosphate; PC, propylene carbonate; PVDF, polyvinylidene fluoride.
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LIBs. The battery has a simple structure consisting of lithium 

metal anode, nonaqueous electrolyte, and oxygen electrode, 

that is, carbon materials in most cases. The battery can utilize 

considerable part from the technologies of LIBs. The actual 

capacities or energy densities reported are usually much lower 

than the theoretical values. This is mainly due to the perfor-

mance of oxygen electrode and hence charging overvoltage 

is so large and capacity retention with cycling is quite low. 

Oxygen reduction and evolution reactions in nonaqueous 

solution must be understood to solve these issues. Laoire 

et al studied the stability of one-electron reduction form, 

superoxide anion, in various nonaqueous solvents with differ-

ent donor numbers (DNs).21 Since lithium cation is a strong 

Lewis acid, it forms more complexes with solvent molecules 

compared to O
2
−, which is a soft Lewis base. In high DN 

solvent as dimethylsulfoxide (DMSO), solvent-coordinated 

Li+ shows lower Lewis acidity than that in other solvents. 

Superoxide anion is stabilized in the solution, because it is a 

soft base and has an affinity toward the DMSO-solvated Li+. 

The ability to dissolve discharge product, O
2
− in this case, 

is an important feature of the electrolyte, while the solvent 

stability against these species with high nucleophilicity is 

also required at the same time.

In 2010, Mizuno et al22 studied the decomposition of 

organic electrolyte of Li(CF
3
SO

2
)

2
N (LiTFSI) in PC using 

transmission electron microscope with energy dispersive 

X-ray spectroscopy and Fourier transform infrared spec-

troscopy (FTIR) spectroscopy.22 Cycling performance of a 

Li–O
2
 cell with PC-based electrolyte is shown in Figure 3. 

Energy dispersive X-ray spectroscopy analysis for the dis-

charged product showed both signals of carbon and oxygen, 

implying the formation of carbonate. FTIR spectra of the 

discharged products indicated the formation of Li
2
CO

3
 and 

lithium alkyl carbonates RO–(C=O)–OLi (R=alkyl group). 

The responses of the ideal discharge product, Li
2
O

2
, were not 

clearly observed. Cyclic voltammogram studies of PC-based 

electrolyte with oxygen electrode proved that one-electron 

reductant, O
2
 radical (superoxide anion), occurred during 

discharge and was mostly consumed by attacking PC. In 

the following charge process, CO
2
 was found to be the main 

component in the evolved gas from gas chromatography - 

mass spectrometry measurement. These results suggested that 

a carbonate solvent was first decomposed by the superoxide 

anion, and then carbonate species such as RO–(C=O)–OLi 

and Li
2
CO

3
 were obtained in discharge and CO

2
 was obtained 

in charge. It is concluded that the voltage gap between 

discharge and charge is closely related with the side reac-

tion from the decomposed carbonate species. Mizuno et al 

continued to find a stable solvent against O
2
 radical by using 

molecular orbital calculation. The calculation showed that 

the electronic distribution in a solvent molecule and all the 

atoms in PP13TFSA except for H atom were charged to either 

zero or negative, resulting in the stabilization of O
2
 radical 

in the solvents.23

Thotiyl et al studied the stability of electrolytes on carbon 

cathodes.24 Combined with differential electrochemical mass 

spectrometry (DEMS) and FTIR, decomposition of carbons 

and electrolytes is analyzed as a function of oxygen electrode 

potential or capacity. DMSO and tetraglyme electrolytes 

were examined and compared. During discharge, carbon 

electrode is relatively stable and shows little decomposition. 

The decomposition extent depends on the hydrophobicity 

of the surface. The hydrophilic carbon is more unstable 

to form Li
2
CO

3
 and enhances more decomposition of the 

electrolyte. The electrolyte decomposition is the major side 

reaction during discharge in which Li
2
CO

3
 and lithium car-

boxylates are formed. During charge, both carbon electrode 

and electrolytes were decomposed to Li
2
CO

3
. While Li

2
CO

3
 

is oxidatively decomposed during charge, more Li
2
CO

3
 are 

formed by the decomposition. Consequently, Li
2
CO

3
 was 

accumulated in the oxygen electrode. DMSO showed bet-

ter stability than tetraglyme electrolyte with respect to the 

formation of Li
2
CO

3
 and lithium carboxylates. They found 

that the carbon decomposition only occurs above 3.5 V and 

with the presence of Li
2
O

2
. Li

2
O

2
 is not considered to cause 

the carbon decomposition, since pure chemical reaction 

between carbon and Li
2
O

2
 was not observed. They concluded 
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Figure 3 Cycling performance of a Li–O2 cell.
Notes: The cell configuration was Li/1 M LiTFSI in propylene carbonate/Super 
P catalyzed with α-MnO2, O2. The inset shows the first discharge–charge curves. 
Reproduced from Mizuno F, Nakanishi S, Kotani Y, Yokoishi S, Iba H. Rechargeable 
Li-air batteries with carbonate-based liquid electrolytes. Electrochemistry. 2010;78: 
403–405. Copyright © 2010, The Electrochemical Society of Japan.22

Abbreviations: Li–O2, lithium–oxygen; LiTFSI, Li(CF3SO2)2N.
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that its oxidized species, O
2

−, arising during charge may 

enhance the carbon decomposition.

One of the methods to alleviate the damage on the carbon 

materials is to reduce the charging overvoltage with a catalyst. 

Grimaud et al investigated double perovskites (Ln
0.5

Ba
0.5

)

CoO
3-δ (Ln=Pr, Sm, Gd, and Ho) as catalysts for the oxygen 

evolution reaction (OER) upon water oxidation in alkaline 

solution.25 The OER activities of these double perovskites 

are exceptionally high, since the electron filling of 3d state 

in an eg, symmetry of transition metal cations is close to 

unity as suggested in their previous work.26 (Pr
0.5

Ba
0.5

)CoO
3-δ 

exhibited the highest OER activity in the series and its origin 

was discussed with respect to the electronic structure. The 

cobalt oxidation state was found to increase with increas-

ing lanthanide ionic radius. The density functional theory 

computed O p-band center shifts closer to the Fermi level 

with increasing cobalt oxidation state. They pointed out 

that the moving of O p-band toward the Fermi level results 

in an increasing intrinsic OER activity. Moving too close 

to the Fermi level decreases the structural stability during 

OER. (Ln
0.5

Ba
0.5

)CoO
3–δ were found to be stable under OER 

potentials and cyclic voltammetry data of (Pr
0.5

Ba
0.5

)CoO
3-δ 

showed no significant changes in the 25 cycles. On the other 

hand, Ba
0.5

Sr
0.5

Co
0.8

Fe
0.2

O
3–δ with higher O p-band center 

readily becomes amorphous under OER conditions. They 

concluded that controlling a transition metal oxide having the 

O p-band close to the Fermi level is a promising strategy to 

create highly active oxide catalysts for OER of rechargeable 

metal–oxygen batteries.

In 2012, Peng et al27 reported an excellent cycle perfor-

mance for a Li–O
2
 cell composed of a DMSO-based electro-

lyte and a nanoporous gold (NPG) electrode, where NPG was 

used for the oxygen electrode to avoid the decomposition of 

carbon due to the reasons described previously.24 The cycle 

performances for the Li/0.1 M LiClO
4
 in DMSO/NPG/O

2
 cell 

are shown in Figure 4. Nearly 95% of the initial discharge 

capacity was retained after 100 cycles. On discharge, Li
2
O

2
 

was the main product together with a little amount of Li
2
CO

3
 

and HCO
2
Li observed in the FTIR spectra. The DEMS 

analysis of evolved gases showed that no CO
2
, SO

2
, or SO

3
 

by electrolyte decomposition was found. It is confirmed 

by FTIR and Raman analyses that the formed Li
2
O

2
 was 

removed on charging. DEMS data indicate that only O
2
 was 

the product on charge and electrolyte was not decomposed 

in the presence of Li
2
O

2
. They also investigated the effect of 

NPG by replacing it with carbon black (super P) electrode. On 

discharge, FTIR showed that the carbon electrode produced 

large amount of Li
2
CO

3
 and HCO

2
Li and their proportion is 

estimated to be approximately 15%. Hydrophilic carbon itself 

is unstable on discharge and the carbon possibly promotes 

electrolyte decomposition on discharge. NPG is not only 

stable but also provides higher rate performance for Li
2
O

2
 

decomposition on charging.

Tetraglyme glycol dimethyl ether [CH
3
O(CH

2
CH

2
O)

4
CH

3
] 

(TEGDME) is another candidate used as electrolyte in Li–O
2
 

batteries. Ether-based electrolytes compared to organic car-

bonates are more stable toward reduced O
2
 species. A Li–O

2
 

cell containing a lithium metal anode, an electrolyte of 1 M 

LiPF
6
 in TEGDME and a porous Super P carbon black cath-

ode was discharged to 2 V and charged to 4.6 V at 70 mA⋅g−1 

under 1 atm of O
2
.28 The XRD data demonstrated the presence 

of Li
2
O

2
 at the end of the first discharge. However, the FTIR 

spectra provided clear evidence of electrolyte decomposition. 

The 1H NMR study for the discharge products suggested the 

presence of HCOOD and CH
3
COOD. The mass spectroscopy 

analysis showed CO
2
 and H

2
O evolution during discharge. 

Laoire et al29 also examined the charge and discharge per-

formance of the Li/LiPF
6
 in TEGDME/carbon black, O

2
 

cell. The XRD pattern of the carbon electrode discharged at 

2.0 V showed the presence of Li
2
O

2
, but the rechargeability 

was poor. Cyclic ethers, such as 1,3-dioxolen and 2-methyl-

tetrahydrofuran, were in turn used to replace TEGDME in 

Li–O
2
 cells.28 The XRD data for the discharge products of 

the oxygen electrode with these electrolytes indicated the 

formation of Li
2
O

2
. However, the FTIR and NMR data 

demonstrated the presence of HCOOLi and CH
3
COOLi. In 

conclusion, electrolytes based on linear and cyclic ethers all 

exhibited electrolyte decomposition in Li–O
2
 cells.

Issues of lithium metal electrode are discussed next. 

Lithium metal is an ideal anode material because the potential 
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Figure 4 Charge–discharge curves for a Li–O2 cell with a 0.1 M LiClO4–DMSO 
electrolyte and a nanoporous gold cathode at a current density of 500 mA⋅g-1 (based 
on the mass of Au).
Notes: From Peng Z, Freunberger SA, Chen Y, Bruce PG. A reversible and high rate 
Li–O2 battery. Science. 2012;337:563–566. Copyright © 2012, American Association 
for the Advancement of Science. Reprinted with permission from AAAS.27

Abbreviations: DMSO, dimethylsulfoxide; LiClO4, lithium perchlorate; Li–O2, 
lithium–oxygen cell.
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is one of the lowest and the specific capacity is ten times that 

of graphite electrode. However, the practical use of lithium 

metal for reversible electrode has been a challenge due to 

the significantly low reversibility and high risk of flaming in 

organic solvents. Historically, a dissolution–deposition-type 

electrode was used in the first rechargeable battery, which 

was a lead–acid battery. Dissolution–deposition-type elec-

trode is intrinsically low in reversibility due to large volume 

change, but the theoretical capacity is potentially high when 

compared to topochemical-type electrode. Study of lithium 

metal electrode is a necessary step for going beyond the 

limit of LIBs.

Lithium electrode is known to have an issue of deposit-

ing in dendritic morphology. In addition to its tendency in 

crystal growth, there are many parameters that should be 

considered to explain the dendritic growth. The growth rate 

of the nuclei depends on lithium transport ability from the 

electrolyte, whereas the nature of solid electrolyte interphase 

formed on lithium surface determines the current distribution 

homogeneity. The choice of electrolyte, therefore, is critical to 

suppress dendrite formation. Qian et al30 reported 4 M lithium 

bis(fluorosulfonyl)imide (LiFSI) in 1,2-dimethoxyethane 

(DME) as the electrolyte. The concentration of LiFSI to 

DME is approximately 1:2.41 in molar ratio. A remarkable 

feature of this electrolyte is the stability against reduction at 

the potential of lithium metal. Small linear ethers as DME 

are more stable than conventional carbonate solvent. The 

highly concentrated electrolyte has less number of free DME 

molecules that are more reactive than the ones coordinating 

ions. The highly compact feature of the SEI layer prevents 

further corrosion of the lithium metal electrode. The large 

amount of lithium cations can deliver high current densities 

in more homogeneous manner. Owing to these benefits, 

the highly concentrated LiFSI in DME electrolytes show 

excellent performances at high current densities as indi-

cated in Figure 5. Lithium and copper cell could be cycled 

Figure 5 Discharge–charge cycle performances of lithium metal electrode in DME-based electrolytes.
Notes: Voltage profiles for the cell cycled in (A) 1 M LiFSI–DME, (B) 4 M LiFSI–DME, and (C) 4 M LiFSI–DME electrolyte with different current densities, and (D) current 
efficiencies of Li deposition/stripping in 4 M LiFSI–DME at different current densities. Reproduced from Qian J, Henderson WA, Xu W, Bhattacharya P, Engelhard M, 
Borodin O, Zhang JG. High rate and stable cycling of lithium metal anode. Nat Commun. 2015;6: Article number 6362.30 

Abbreviations: DME, dimethoxyethane; LiFSI, lithium bis(fluorosulfonyl)imide.
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at 4 mA⋅cm−2 for more than 1,000 cycles with an average 

coulombic efficiency of 98.4%.

Several researches have focused on electrolytic salts to 

produce flat electrodeposition of lithium without dendritic 

growth. It is reported that a single-ion lithium-conducting 

electrolyte can increase the lifetime of lithium metal anode 

compared to normal liquid electrolytes with mobile anions. 

Other researchers suggest a mechanically strong separa-

tor with uniform pores can stop the dendrites. Lu et al31 

reported lithium-substituted Nafion membrane can show 

synergies between interconnected nanopores and single-ion-

conductivity. The lithium transference number estimated is 

almost unity for the Nafion membrane soaked with ethylene 

carbonate–diethyl carbonate. This membrane electrolyte 

with two lithium electrodes facilitates stable lithium plating/

deposition for more than 300 hours at 0.32 mA⋅cm−2. It could 

be galvanostatically charged at 0.05 mA⋅cm−2 without short 

circuit for more than 2,000 hours, while liquid electrolyte 

with LiPF
6
 shows quick short circuit at around 50 hours which 

is no more than 1/40 time of the single-ion electrolyte. The 

authors concluded that single-ion conducting nanoporous 

polymer membrane shows good ability to suppress dendrites 

and promote smooth lithium deposition.

Fundamental study on lithium metal deposition is 

indispensable to control the morphology and suppress the 

dendritic growth. Sano et al32 investigated lithium deposition 

in room-temperature ionic liquids that are highly stable at 

the potential of lithium metal and minimized the effect of 

surface electro-decomposed film. They discussed lithium 

nucleation and growth as a function of current density 

and lithium-ion diffusion rate by changing viscosity of the 

applied ionic  liquids. According to their report, lithium 

nucleus decreased in size and more highly distributed with 

an increase in current density. This phenomenon is explained 

using the theory of thermodynamics. Formation free energy 

change of a lithium cluster can be expressed as a function 

of electrode overvoltage in lithium deposition reaction; and 

critical radius of the cluster is determined from a profile 

of the free energy change. When large current density is 

passed, higher overvoltage is applied and the critical radius 

becomes smaller. Therefore, in order to realize uniform 

deposits, relatively large overvoltage is needed at early 

stage of electrodeposition. In contrast, mass transfer plays a 

more important role in the process of nucleus growth. When 

lithium diffusion in electrolyte is slow and electrodeposi-

tion becomes diffusion-controlled, the nucleus grows in a 

dendritic morphology regardless of the number of nuclei. 

Their conclusion suggests that the current density should 

be maintained at not too large and too small to have moder-

ate overvoltage and avoid dendrites. Consequently, lithium 

anode performance is strongly affected by the properties of 

electrolytes and external conditions as temperature.

Recent advances and future 
prospects
Aqueous Li–O

2
 batteries are advantageous in that the oxygen 

electrode reaction inherently includes electrolyte decompo-

sition to form hydroxide anions. The system suffers none 

of the decomposed species that needs large polarization to 

be oxidized as seen in organic Li–O
2
 batteries. However, 

inclusion of water into the battery reaction as shown in the 

following equation significantly decreases the gravimetric 

energy density:

 4 6 42 2 2Li O H O LiOH H O+ + →← ⋅  (8)

Figure 6 The catalyst-free carbon black–polytetrafluoroethylene electrode was 
tested in 10 M LiCl and saturated LiOH aqueous electrolyte.
Notes: (A) Cycling performance of the Li–O2 cell up to 50 cycles and (B) the 
rate of capability of the Li–O2 cell. Reproduced from Matsui M, wada A, Matsuda Y, 
Yamamoto O, Takeda Y, Imanishi N. A novel aqueous lithium-oxygen cell based on the 
oxygen-peroxide redox couple. Chem Commun. 2015;51:3189–3192. Reproduced by 
permission of The Royal Society of Chemistry. Copyright © 2015, The Royal Society 
of Chemistry.33 

Abbreviation: Li–O2, lithium–oxygen cell.
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Management of water utilization is a critical issue to 

achieve stable electrochemical performance of the battery, and 

it is extremely difficult when the liquid amount must be mini-

mized. Aqueous electrolytes in Li–O
2
 have distinct merits and 

drawbacks simultaneously. Recently, Matsui et al33 reported a 

novel electrochemistry for the aqueous Li–O
2
  battery, which 

has the potential to solve these issues.33 It is based on the 

oxygen–peroxide couple using a catalyst-free carbon-based 

electrode. Figure 6 shows the cycling performance and rate 

capability of a Li–O
2
 cell with the catalyst-free carbon black–

polytetrafluoroethylene electrode and 10 M LiCl and saturated 

LiOH aqueous electrolyte. The XRD data for the discharge 

 products of the oxygen electrode matched the simulated 

 pattern of Li
2
O

2
. It was commonly believed that the reaction 

at the oxygen electrode is four-electron reduction of dioxygen 

to hydroxide anion, but the result implies that the reaction 

stops when two electrons are transferred. The four-electron 

transfer process consists of two two-electron steps, and the 

second step, irrespective of whether it is electrochemical or 

chemical, did not occur at a reasonable rate in this aqueous 

Li–O
2
 cell. Catalyst-free carbon-based electrodes are known to 

be good reversible electrodes for the oxygen–peroxide couple 

in alkaline solution.11 According to these data, the typical 

electrochemical reaction of the oxygen–peroxide couple in 

aqueous systems is as shown in the following equations:

 O H O e HO OH2 2 22+ + →← +− − −
 (9)

Then hydroperoxide anions react with lithium cations to 

form lithium peroxide.

 HO OH Li Li O H O2 2 2 22− − ++ + →← +  (10)

This reaction should occur depending on the concentra-

tions of the species and acidity/basicity of their solvation 

states by solvent molecules. The next question is why Li
2
O

2
 

was not hydrolyzed. Li
2
O

2
 should disproportionate in aque-

ous electrolyte into LiOH and O
2
. The electrolyte saturated 

with LiCl and LiOH gives very small number of free water 

molecules. Such circumstance with extremely low activity 

of water molecules is thought to result in specifically stabi-

lized Li
2
O

2
. These findings are quite interesting, since the 

issues originated from water participating in the reaction; for 

example, low gravimetric energy densities can be eliminated 

without sacrificing the advantages of the aqueous solution. 

Ensuring long-term stability of Li
2
O

2
 in the aqueous solution 

is of crucial significance to this new concept Li–O
2
 battery.

One of the critical issues in organic Li–O
2
 batteries 

is the solvent degradation by superoxide anion formed in 

the course of oxygen reduction. Another issue is the Li
2
O

2
 

precipitation on porous carbon oxygen electrode. Li
2
O

2
 not 

only enhances carbon decomposition during charge but also 

physically blocks the mass and electron transportation by 

covering the electrode surface. It is, therefore, a good target 

to find a solvent that can dissolve Li
2
O

2
 or LiO

2
 that shows 

stability to these oxide species. Khetan et al34 developed a 

thermodynamic model that can describe these two effects. 

Salt solubility is determined by a balance of binding energy 

between cations and anions and their solvation energies. If 

the solvent has high donor and acceptor numbers, LiO
2
 or 

Li
2
O

2
 tends to dissolve as a solvated lithium cations and O

2
− or 

O
2
2− anions. They analyzed the commonly used solvents such 

as DMSO, dimethylacetamide (DMA), dimethylformamide 

(DMF), N-methylpyrrolidone (NMP), DME and others 

in terms of their solvation ability and rate of nucleophilic 

attack based on their thermodynamic model. As shown in 

Figure 7, there exists an anticorrelation between these two 

functionalities. Solvents with high DNs have better solvation 

capabilities, as they are prone to oxidation during charging. 

It is concluded that good solvation ability and high stability 

against nucleophile are fundamental trade-off characters and 

finding an all-around solvent is not straightforward. Identify-

ing a right blend of solvents is one way to achieve these two 

requirements. Computations and model development are 

considered to greatly contribute to this work.

Associated with the earlier discussion, understanding the 

mechanism of formation of Li
2
O

2
 is also an important  subject. 

Aetukuri et al35 found that Li
2
O

2
 is generally deposited as thin 

conformal films on the cathode surface. However, after the 

addition of H
2
O, larger toroids and platelets are formed. The 

presence of H
2
O in the electrolyte changes the morphology 

of Li
2
O

2
 and increase the discharge capacity as H

2
O concen-

tration increases. They studied linear sweep voltammetry 

behavior of DME electrolyte containing different amount of 

H
2
O. Anhydrous DME sample shows only one peak, while 

the electrolyte with a certain amount of H
2
O shows an addi-

tional second peak. They attributed the first peak to surface 

electrochemical growth of Li
2
O

2
 and the second peak to the 

solution-mediated growth of Li
2
O

2
. The surface-adsorbed 

LiO
2
, formed initially in oxygen reduction process, can be 

dissolved in the presence solvent with a high donor number, 

DME, and solvent with a high acceptor number, H
2
O. Sol-

vated O
2
− ions again form LiO

2
 with solvated lithium-ions. 

These LiO
2
 disproportionate to form Li

2
O

2
 on a larger grow-

ing particle. This formation of Li
2
O

2
 in solution drastically 

increases the discharge capacity, but it stops when the H
2
O 

is finally consumed and converted to H
2
O

2
 and when it reacts 
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with Li anode. The present method is not directly applicable 

to a practical battery, but the concept suggests that appropri-

ate combination of solvents and additives can improve small 

discharge capacity due to insolubility of Li
2
O

2
.

Effect of water in organic electrolyte is also discussed by 

a group in the University of Cambridge. Liu et al36 reported 

a unique approach that the organic Li–O
2
 battery operated 

with large quantities of water and soluble redox mediator 

such as LiI.36 The battery was prepared from lithium metal 

anode, LiTFSI/DME electrolyte with LiI soaked in a glass 

fiber separator and reduced graphene oxide cathode. The 

first discharge and charge were observed at 2.75 and 2.95 V, 

respectively, as shown in Figure 8. The battery could be cycled 

2,000 times without capacity fading with a capacity limit of 

1,000 mA·h·g−1 carbon and at 0.02 mA·cm−2. Such performance 

with excellent energy efficiency has never been observed in a 

normal organic Li–O
2
 battery without the LiI additive. After 

discharge, the graphene oxide cathode in the battery with LiI 

was completely covered with LiOH particles that is confirmed a 

dominant phase by X-ray diffraction method. O
2
 is first reduced 

on the cathode surface to produce LiO
2
. LiO

2
 is considered to 

chemically transform to LiOH in the co-presence of H
2
O and 

LiI. The precipitated LiOH was fully removed after charge 

process. The role of LiI was deduced as follows. LiI brings the 

trace amount of water in the cell and converts LiO
2
 to LiOH. 

It also provides a chemical pathway to decompose LiOH into 

Li+, H
2
O, and O

2
. Since I− becomes an active material during 

charge process, the charge overvoltage remains very low. As a 

consequence, reversible formation and removal of LiOH lead 

to a highly efficient and rechargeable organic Li–O
2
 battery.

Lithium metal anode with solid electrolyte is expected to 

serve as a safer electrode system, since lithium dendrite can be 

blocked physically. Garnet-type Li
7
La

3
Zr

2
O

12
 electrolytes are 

stable in contact with lithium metal. In direct lamination with 

lithium metal sheet, the ceramic is required to have high sinter-

ing density, because lithium metal deposition may occur in the 

voids or pores that result in a short circuit of the cell. Recently, 

Suzuki et al37 prepared transparent Al
2
O

3
-doped Li

7
La

3
Zr

2
O

12
 

by hot isostatic pressing (HIP) and examined the lithium den-

drite formation. The relative densities of 1 wt % Al
2
O

3
-doped 

Figure 7 The rate of nucleophilic attack by superoxide anion is plotted against solvent’s ability to dissolve lithium superoxide.
Notes: Solvents in the blue region are unstable to the superoxide anion, but can easily dissolve LiO2. Solvents in the yellow region are relatively stable to nucleophilic attack, 
but less capable of dissolving LiO2. The green area is stable to nucleophilic attack, but it is harder to dissolve LiO2. The red area is unstable to nucleophilic attack and less 
capable of dissolving LiO2. Reprinted with permission from Khetan A, Luntz AC, Viswanathan V. Trade-offs in capacity and rechargeability in nonaqueous Li–O2 batteries: 
solution-driven growth versus nucleophilic stability. J Phys Chem Lett. 2015;6:1254–1259. Copyright © 2015, American Chemical Society.34

Abbreviation: DMA, dimethylacetamide; DME, dimethoxyethane; DMF, dimethylformamide; DMSO, dimethylsulfoxide; Li–O2, lithium–oxygen cell; NMP, 
N-methylpyrrolidone.
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Li
7
La

3
Zr

2
O

12
 with and without HIP treatment were 91.5% and 

99.1%, respectively. The change in the cell voltage with the 

polarization period at 0.5 mA⋅cm−2 and 25°C was observed for 

the Li/Li symmetrical cell. The cell with HIP-treated transpar-

ent solid electrolyte showed a gradual increase in the voltage, 

but no sudden voltage drop during the polarization. Previous 

studies on Nb-doped and Ta-doped Li
7
La

3
Zr

2
O

12
 with 92.8% 

and 96.7% of relative densities showed quick cell voltage drops 

in several hundreds of seconds. This result, therefore, suggests 

that the grain boundary-free solid electrolyte prevents lithium 

dendrite penetration through the electrolyte.

Conclusion
In this article, the works of the non aqueous and aqueous 

Li–O
2
 batteries are reviewed. In the former, since the report 

by Ogasawara et al,15 electrochemistry of oxygen electrode 

has been a main research target. Due to the efforts of 

researchers in this field, the oxygen reduction mechanism 

and critical role of electrolyte solvents and catalysts have 

become more obvious as described earlier. Finding a stable 

organic solvent is still underway, but these accumulated 

knowledge will surely lead to optimized electrolyte system. 

On the other hand, there are not much clear visions to solve 

severe side reaction of carbon materials during discharge and 

charge. These challenges are closely related to the efficient 

way of dealing with insoluble and insulating discharge prod-

uct. Redox mediator together with H
2
O as additive to organic 

electrolyte is one way to avoid these issues and improve 

rechargeability of cathode materials. As the protection of 

lithium becomes necessary, technical development including 

protected lithium electrode which maintains the stability of 

lithium anode will become an important theme.

Regarding lithium, the safety and long-term operation 

issues in addition to the lithium dendrite problems should 

be solved. Solvated ionic liquid, which is a highly concen-

trated glyme electrolyte, can reduce surface film formation 

on lithium metal – that is, improve coulombic efficiency and 

yield spherical electrodeposition. In order to secure safety 

by blocking dendrites physically, researches of solid electro-

lytes and separators also become important. Lithium metal 

performance in larger scale must be examined to understand 

clearly the kind of problem encountered in practical battery 

systems.

In aqueous system, the choice of battery material is 

wider. This is mostly because the reaction product of LiOH 

or Li
2
O

2
 is soluble in aqueous electrolyte. However, the 

Figure 8 Discharge/charge curves for Li–O2 batteries using LiTFSI/DME electrolyte with LiI additive at different capacity limits and current densities. 
Notes: The cell cycle rate is based on the mass of reduced graphene oxide; ie, 5 A/gc is equivalent to 0.1 mA∙cm–2. (A) Discharge/charge curves with capacity limit of 8000 
mA h/g-carbon; (B) 5000 mA h/g-carbon; (C) 8000 mA h/g-carbon; (D) as a function of rate. From Liu T, Leskes M, Yu w, et al. Cycling Li–O2 batteries via LiOH formation 
and decomposition. Science. 2015;350:530–533. Copyright © 2015, American Association for the Advancement of Science. Reprinted with permission from AAAS.36 
Abbreviations: A/gc; ampere per one gram of carbon; DME, dimethoxyethane; Li–O2, lithium–oxygen cell; LiI, lithium iodide; LiTFSI, Li(CF3SO2)2N.
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aqueous system could not reach a comparable specific energy  

density to the nonaqueous counterpart, because large amount 

of water must be contained as active material. The ceramic 

protective layer limits the output power and increases the 

weight of a cell.

These two Li–O
2
 batteries stand on a different basis. How-

ever, the goal that they aim at seems to be getting closer as 

symbolically shown in the use of water in organic electrolyte. 

Further research works and cooperation between both areas 

are important to achieve a practical Li–O
2
 battery.
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