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theoretical energy density of the lithium-oxygen batteries is due to the use of a pure lithium metal
anode and the fact that the cathode oxidant, oxygen, is stored externally since it can be readily obtained
from the surrounding air. Before the lithium-oxygen batteries can be realized as high performance,
commercially viable products, there are still many challenges to overcome, from designing their cathode
structure, to optimizing their electrolyte compositions and elucidating the complex chemical reactions
that occur during charge and discharge. The scientific obstacles that are related to the performance
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Energy density of the lithium-oxygen batteries open up an exciting opportunity for researchers from many different
Electrode structure backgrounds to utilize their unique knowledge and skills to bridge the knowledge gaps that exist in
Electrolyte current research projects. This article is a summary of the most significant limiting factors that affect the

performance of the lithium-oxygen batteries from the perspective of the authors. The article indicates
the relationships that form between various limiting factors and highlights the complex yet captivating
nature of the research within this field.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction as increasing quantities of carbon dioxide and other adverse gasses
are expelled into the atmosphere. While the mechanism of climate
Climate change and energy consumption share a direct rela- change is a challenge to decipher, it is evident that our demand for

tionship. The demand for energy is putting pressure on fossil fuel energy is leading to an energy crisis where increasing prices are a
reserves, which in return is having a negative impact on the climate direct result of declining fossil fuel reserves. Technology will pro-
gressively become a limiting factor in our utilization of fossil fuels

as unexcavated reserves become scarcer and the processes required
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Fig. 1. Current and developing energy storage technologies and the comparisons of
their respective theoretical energy densities.

the end of the century. Therefore, along with the growing concerns
for the climate, there has been substantial interest in renewable
energy sources such as wind and solar. However, these technologies
have arandom and variable energy output which makes them diffi-
culttomanage[1].Itis clear that the advancement of energy storage
technologies is required for the effective utilization of renewable
energy sources in future smart grids and power delivery systems.
This article focuses on the development of the lithium-oxygen bat-
tery which was first discovered by Littauer and Tsai at Lockheed [2]
in 1976. The project was abandoned in the late 80s due to the unde-
sirable reaction of lithium with water through the use of aqueous
electrolytes; however, Abraham et al. were the first to introduce a
successful secondary lithium-oxygen battery in the late 90s which
incorporated an organic electrolyte [3].

Fig. 1 shows a range of energy storage technologies available or
currently under development and compares their respective the-
oretical energy densities [4]. One of the most well-known energy
storage technologies is the lithium-ion battery (LIB), which is the
power source of choice in a wide variety of portable applications
such as laptops and cell phones [5]. The total sale of lithium-ion
batteries in 2007 was approximately 8 billion dollars [6]. The prof-
itability of lithium-ion batteries is due to their many qualities such
as higher voltage, higher energy density, and longer cycle life com-
pared with traditional rechargeable batteries such as lead acid and
nickel-cadmium (Ni-Cd) batteries [7]. However, the energy density
of lithium-ion batteries is limited by both the anode and cath-
ode because their specific capacities are restricted by the weight
of the active materials which are typically graphite (170mAhg-1)
for the anode and metal oxide such as LiCoO, (130mAhg-1) for
the cathode [8]. As a result, the energy density of lithium-ion bat-
teries is only between 75 and 160Whkg~! [9]. In recent years,
nano-structured carbon materials such as carbon nanotubes, car-
bon nanofibers and carbon nanocomposites have been used to
construct lithium-ion anodes [10]. The future challenges in the
development of lithium-ion batteries are to maintain their good
capacity retention, high rate capability and safe operation over
many cycles [11].

The most obscure energy storage technologies, due to the
numerous challenges faced by researchers, are the metal-air bat-
teries. Several metal-air batteries have been investigated due to
their promising energy densities such as iron-air, aluminum-air
and zinc-air batteries [12]. While iron-air batteries have a long
cycle life, they suffer from low voltage and specific energy com-
pared with other metal-air batteries [13]. Aluminum-air batteries
are desirable because aluminum is one of the Earth’s most abun-
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Fig. 2. Ragone plot comparing the practical energy and power densities of current
energy storage technologies with the lithium-air battery. The plot is based on data
from Refs. [26-28].

dant resources and these batteries have high specific energy;
however, they are limited by a low Coulombic efficiency [14].
Primary zinc-air batteries are commercially available, and have
been used for applications where high specific energy is impor-
tant and low discharge rates are acceptable, for example, in hearing
aids [15]. Zinc-air batteries offer higher energy densities com-
pared with conventional primary batteries as well as exhibiting a
flat discharge voltage, long shelf life, high safety, and low energy
cost [16]. However, the energy densities of zinc-air batteries
still cannot meet the requirements of many high-energy appli-
cations. Recently, there has been an increase in awareness of the
lithium-oxygen technology due to its extremely high energy den-
sity and this has resulted in an increase of intensive research
programs [17-19].

Lithium-oxygen batteries promise to far exceed the energy
densities of intercalation electrode-based energy storage technolo-
gies with some researchers predicting a 5-10-fold increase over
lithium-ion batteries [20]. The large theoretical energy density of
the lithium-oxygen battery is due to the fact that the cathode
oxidant, oxygen, is not stored in the electrode and can be read-
ily obtained from the surrounding environment. The stored energy
content of a battery can also be maximized by having a large chem-
ical potential difference between the electrodes and making the
mass of the reactant per exchange of electron as small as possible
[21]. Hence, the theoretical energy density of the lithium-oxygen
battery is also attributed to the low atomic mass of lithium metal at
the anode and its low electronegativity which means that electrons
are donated more readily producing positive ions [22]. Consider-
ing the atomic mass of lithium metal alone, the gravimetric energy
density of the lithium-oxygen battery with respect to the anode
is approximately 13,000 Wh kg1 [4], which is comparable to the
energy density of gasoline (13,200 Whkg~1)[23]. Another technol-
ogy, proton exchange membrane fuel cell (PEMFC), has even higher
theoretical energy density due to the much lower atomic mass of
hydrogen [4]. The PEMFC is an attractive power source for trans-
portation, distributed power, and portable power applications due
to its high-energy efficiency and environmental compatibility [24].
However, the implementation of the PEMFC technology is currently
limited by problems ranging from difficulties in hydrogen gener-
ation, storage, and transportation, to unsatisfactory performance
and high cost of current PEMFCs as a result of expensive catalysts
[25].

Fig. 2 is a Ragone plot which compares the practical power and
energy densities of current and developing energy-storage tech-
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Fig. 3. Schematic diagram of a lithium-oxygen battery showing reduction of oxygen
at the porous cathode and oxidation of lithium metal at the anode.

nologies and is based on the data stated in Refs. [26-28]. The
diagonal lines indicate the discharge times with low discharge
rates displayed at the top left corner of the Ragone plot. One
can see that at high discharge rates, lower energy densities are
obtained due to the increase in internal resistance that is typical
of high discharge rates. Fig. 2 shows the highly attractive energy
density of the lithium-air battery; however, the lithium-air bat-
tery still suffers from a relatively low power density as compared
to the internal combustion engine that uses gasoline. This is an
important area of research if the lithium-air battery is to be used
in applications such as the electric vehicle and consumer prod-
ucts.

In this article, Section 2 introduces the half cell reactions that
take place within a lithium-oxygen battery and describes the dis-
charging mechanism at the cathode in more detail. The bulk of the
article, Section 3, introduces the main limiting factors that affect
the performance of the lithium-oxygen batteries. The authors
would like to express the significance of the relationships that form
between various limiting factors and the importance of consider-
ing a broad range of aspects when developing new technologies.
Section 4 introduces some of the most important commercial ini-
tiatives that have been proposed by some of the leading companies
involved in the research and development of lithium-oxygen bat-
teries. Finally, Section 5 concludes the information provided in this
article and describes the ideal lithium-oxygen battery along with
potential research directions.

2. Electrochemical reactions of lithium-oxygen battery

The lithium-oxygen battery consists of a porous carbon cathode
designed to promote oxygen diffusion and reduction and a pure
lithium metal anode as shown in Fig. 3. The two electrodes are sep-
arated by a lithium-ion conducting electrolyte. During discharge,
lithium metal at the anode is oxidized to lithium ions and liberates
electrons as described by the following half cell reaction:

Li - Lit+e (1)

The electrons are transported via an external circuit to the
cathode. As the electrons flow through the external circuit, the dis-
sociated lithium ions flow through the electrolyte to the cathode
via the mechanism of an electrochemical potential gradient. At the
cathode, oxygen is reduced in either a two or four electron process

as described by the following half cell reactions [29-31]:

0, +2e~ 4+ 2Li* — L0, (3.10V) 2)

0, +4e” +4Li* - 2Li,0 (2.90V) (3)

The potentials stated after each half cell reactions are the standard
potentials associated with each reaction and these values can be
verified using the Nernst equation:

RT
_ 0 _
AE = AE F InQ (4)

where AE is the cell potential, AE? the standard cell potential, R the
universal gas constant, T the absolute temperature, n the number of
moles of electrons transferred in the cell reaction or half-reaction,
F the Faraday constant, and Q the reaction quotient.

Since the standard potentials of reactions (2) and (3) are close
to each other, it is highly probable for either lithium peroxide or
lithium oxide to be the most abundant reduction product after
discharge. This can be deduced by the fact that the operating poten-
tial of the lithium-oxygen battery (approximately 2.0-2.8 V) is also
close to the standard potentials of formation for the reduction prod-
ucts stated in reactions (2) and (3). This could be more evident
if a particular type of catalyst is used which has the capability
to favor one reaction over the other [32]. However, based on the
studies of Abraham [3] and Bruce [33] using Raman spectrome-
try, lithium peroxide in reaction (2) was identified as the most
abundant reduction product formed after discharge. Despite these
findings, the authors recommend incorporating the analysis of the
cathode before and after discharge to verify the most abundant
reduction product. This can be achieved by in situ X-ray diffrac-
tion analysis of the cathode during discharge using the Swagelok
configuration [34].

Alternative mechanisms have also been suggested in order to
further elucidate the chemical reactions that occur at the cathode
during discharge. For example, Laoire et al. [35] proposes a mech-
anism in which oxygen is reduced at the cathode to form lithium
superoxide as described by the following reaction:

0, +e” +Lit — L0, (3.0V) (5)

The mechanism states that, towards the end of the battery dis-
charge when the reduction products have progressively filled the
pores available for oxygen diffusion, the lithium superoxide fur-
ther reacts via another one electron reaction as indicated by the
following step:

LiO, +e~ +Lit — L0, (3.1V) (6)

Another mechanism has been stated by Hummelshgj et al. [36]
using density function theory (DFT) to describe the electrochemical
reactions at the cathode. The mechanism describes the growth of
lithium peroxide via the following reactions:

02 +e” +Li" +#— LiO} (7)
Li* +e™ +Li0} — L0, (8)

where * is a surface site on lithium peroxide where the growth
proceeds.

Mizuno et al. [37] have recently studied the electrochemical
stability of carbonate-based liquid electrolytes on electrodes. The
research describes the complicated cathode reactions that involve
an O, radical. Lithium alkylcarbonate (RO-(C=0)-OLi) and lithium
carbonate (Li;CO3) were formed after discharge which suggests
that the carbonate solvents highly influence the final discharge
product and creates speculation over the actual cathode reaction
mechanism.

These suggested mechanisms for oxygen reductions at the
cathode demonstrate the complexity and uncertainty of the elec-
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Fig. 4. Limiting factors that affect the overall performance of lithium-oxygen bat-
teries.

trochemical reactions; hence further investigations are required to
clarify the reactions that take place during discharge.

3. Limiting factors on performance

Lithium-oxygen batteries have extremely high energy density.
However, the theoretical energy density of lithium-oxygen bat-
teries cannot be fully achieved in practice. As with any energy
storage medium including gasoline, which stores energy between
carbon and hydrogen bonds, thermodynamics dictates that some
energy will be lost to the surroundings. Therefore, all energy devices
are never 100% efficient. With respect to the lithium-oxygen bat-
teries, the efficiency is limited by the components that make up
their overall structure. Each component has its own internal resis-
tance, whichis associated with the reduction in the electrochemical
reaction kinetics and restricts the charge-transfer mechanism.
Typically, a low internal resistance and efficient charge-transfer
mechanism correspond to good kinetics which could lead to high
performance of the energy storage cell. In a typical lithium-oxygen
battery, the electrons are confined inside the electrode material
while the oxygen is in both the gaseous and solution phases and
the lithium ions are contained in the electrolyte solution. Upon dis-
charging, the oxygen molecules accept electrons from the cathode
and combines with lithium ions to complete the half cell reaction.
In order to complete the combination, each reactant has to over-
come their respective boundaries which slow the reaction kinetics
and affect the overall performance of the battery.

Fig. 4 shows a flow chart which indicates the most important
limiting factors that affect the performance of the lithium-oxygen
batteries. Primary factors are situated at the center of the flow
chart and they indicate the important mechanisms that are associ-
ated with the overall performance of the lithium-oxygen batteries.
Secondary factors are situated at the left-hand-side of the flow
chart. These factors represent the physical components of typi-
cal lithium-oxygen batteries that need to be optimized in order
to increase the reaction kinetics. The following discusses how the
limiting factors affect the performance of lithium-oxygen batteries.

3.1. Overpotentials

The standard potential of the lithium-oxygen battery is deter-
mined by the active materials contained at the cathode and the
anode. It can be calculated from the free-energy data of each half
cell reaction or acquired experimentally. Alternatively, the stan-

Charge Overpotential

Voltage

Discharge Overpotential

Capacity

Fig. 5. Diagrammatic representation of a typical charge/discharge curve of the
lithium-oxygen battery. The open circuit voltage (OCV), standard potential (Ep) and
overpotentials are indicated in the chart.

dard potential of the lithium-oxygen battery can also be calculated
using the Nernst equation stated in Eq. (4). Since the electrode
reactions are suppressed by the limiting factors that affect the reac-
tion kinetics, the charging and discharging potentials deviate from
the standard potential and this can be explained in terms of over-
potentials. The overpotentials are the extra energy required, over
the energy stated by thermodynamics, to drive the reactions at a
specific current density. The overpotentials are dependent on the
reaction kinetics because a slow reaction with a small exchange
current density leads to a large overpotential while a fast reac-
tion with a large exchange current density corresponds to a smaller
overpotential. Fig. 5 shows a typical charge/discharge curve and the
overpotentials are positive on charging and negative on discharg-
ing. When a non-aqueous electrolyte is used, the sign conventions
of the overpotentials are related to the insoluble reduction prod-
ucts. Firstly, the overpotential is positive on charging due to the
extra energy required to reverse the reaction that occurs on dis-
charging. Secondly, on discharging the lithium peroxide increases
the internal resistance of the cell and reduces the reaction kinetics,
which is indicated by the negative overpotential. Finally, when the
reduction products have clogged the porous network of the cath-
ode, the reduction reaction will terminate and the rate at which the
reaction terminates determines whether a high or low capacity is
achieved. The asymmetry between the charging potential and the
discharging potential is due to the large potential difference that is
required to dissociate the lithium peroxide on charging.

The use of a catalyst in the electrochemical reactions has the
prospect of reducing the overpotentials closer to the standard
potential value and reducing the asymmetry that is observed in
the charge/discharge curve.

3.2. Catalysts

A reduction in asymmetry between the charge/discharge over-
potentials improves the round trip efficiency of the lithium-oxygen
battery as shown by Shao-Horn et al. [32] by incorporating a
platinum-gold/carbon (PtAu/C) bifunctional catalyst into the car-
bon cathode. The employment of a catalyst can enhance the charge
reaction by reducing the voltage required to dissociate the reduc-
tion products into lithium metal and oxygen. Fig. 6 as given
by Bruce et al. [38] compares typical charge/discharge curves of
lithium-oxygen batteries with and without manganese dioxide
catalysts. In this particular case, the introduction of the catalyst
improves the capacity from 850 to approximately 1000 mAhg~!
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Fig. 6. Charge/discharge curves (A) without and (B) with electrolytic manganese dioxide catalyst (EMD). Both (A) and (B) are composed of the same carbon material Super

S, and are charged/discharged at the same current density [36].

as well as lowering the charging potential by approximately 0.5V.
One could conclude from these results that the catalyst has facil-
itated the charge reaction by reducing the charge potential. It is
also possible that in aiding the electrochemical reactions, the cat-
alyst has assisted the discharge reaction kinetics resulting in an
increase in the specific capacity of the battery. Since the electron
moves towards the region of the highest potential, the large volt-
agesrequired to charge the lithium-oxygen battery may also lead to
oxidation of the electrolyte. This process degrades the electrolyte
solution which decreases the charge/discharge performance and
also decreases the life of the lithium-oxygen battery.

3.3. Diffusion and solubility

Diffusion is an important mechanism that is related to the reac-
tion kinetics of the battery. Firstly, at the cathode, oxygen enters
the porous electrode at the cathode-oxygen interface and diffuses
through the network of pores to combine with lithium ions dis-
solved in the electrolyte and electrons from the carbon electrode.
At the same time, it is also important for the lithium ions to diffuse
from the anodic side of the battery to the cathode, which occurs in
the form of an electrochemical potential gradient. The diffusion of
oxygen is related to the porosity of the carbon cathode because a
clear oxygen path is required to facilitate the transport of oxygen
through the cathode.

The solubility of oxygen also affects the kinetics of the battery
since it has to dissolve into the electrolyte at the cathode-oxygen
interface before it can diffuse through the porous network of
the cathode to combine with lithium ions and electrons. Oxy-
gen in solution is less mobile than oxygen in the gaseous phase,
which further decreases the reaction kinetics and affects the over-
all performance of the battery. However, it has been shown that
increasing the partial pressure of the oxygen enhances the diffusiv-
ity and concentration of oxygen in the cathode, which corresponds
to higher specific capacities [39,40].

Both diffusion and solubility are related to the porosity of the
cathode as well as the type and structure of the electrolyte-cathode
system that is utilized in the lithium-oxygen battery as discussed
below.

3.4. Electrolytes

There are four types of electrolyte systems that could be used in
lithium-oxygen batteries:

e aqueous electrolyte,

e non-aqueous electrolyte,

e mixed electrolyte system that incorporates an aqueous elec-
trolyte at the cathode and a non-aqueous electrolyte at the anode,
and

e solid state electrolyte that takes advantage of the properties of a
lithium-ion conducting polymer or ceramic.

Due to the reactivity between lithium and water, it is not prac-
tical for the lithium-oxygen battery to use directly an aqueous
electrolyte unless the anode can be protected from parasitic degra-
dation [41]. One solution to this issue is to form an entirely solid
state battery [42] or incorporate a mixed electrolyte system [43]
to avoid the undesirable reactions between the lithium anode
and an aqueous electrolyte. While there are studies with solid
state lithium-oxygen batteries and mixed electrolyte systems, the
largest proportion of the studies referenced in this article incor-
porate a non-aqueous electrolyte [3,20,29,33,44-49]. Fig. 7 shows
the comparisons between the cathode reactions in aqueous and
non-aqueous electrolytes [46].

Fig. 7A describes the gas-liquid-solid three-phase relationship
that occurs at the cathode when an aqueous electrolyte is used.
Oxygen, in the gaseous phase, combines with electrons from the
catalyst/carbon structure. In comparison to reactions (2) and (3),
the chemical reaction that describes the cathode reaction with an
aqueous system is shown below for alkaline solutions [50].

0O, +2H; +4e~ — 40H™ (9)

The product, OH™, is dissolved in the aqueous solution.

Fig. 7B shows the liquid-solid two-phase relationship that forms
when a non-aqueous electrolyte is used. The oxygen is in the
electrolyte solution and combines with electrons from the cat-
alyst/carbon structure and lithium ions from the electrolyte to
complete the reaction. The cathode reactions can be described
using reactions (2) and (3). The major difference between aque-
ous and non-aqueous electrolytes is that the reduction products in
the later system are not soluble in the electrolyte and they form
a thin deposit on the surface of the carbon cathode, as shown in
Fig. 7B. Therefore, the specific capacity of the lithium-oxygen bat-
tery is often normalized to the carbon cathode. The weight of carbon
is used in the calculations for specific capacity since the reduction
products on discharging fill the available pores for deposition.

The non-aqueous system is advantageous because it has been
proved that the lithium peroxide reduction product can be disso-
ciated into the original reagents of the oxygen reduction reaction.



R. Padbury, X. Zhang / Journal of Power Sources 196 (2011) 4436-4444 4441

(A) Gas Phase
Liquid Phase Solid Phase
(Electrolyte) (Catalyst/Carbon)

(B) Liquid Phase
(Electrolyte)

Li Oxides

Solid Phase
(Catalyst/Carbon)

Fig. 7. Diagrams to show the three and two phase systems in (A) aqueous electrolyte and (B) non-aqueous electrolyte, respectively.

This is aptly named the oxygen evolution reaction (OER) and sig-
nifies the recharge ability of the lithium-oxygen battery using
a non-aqueous electrolyte [51]. This has been verified by Bruce
et al. using in situ differential electrochemical mass spectrometry
(DEMS) to detect the evolution of oxygen during the charge pro-
cess and powder X-ray diffraction to verify the composition of the
cathode before and after charging [20].

Table 1 shows the variation in specific capacity with respect
to a series of common non-aqueous electrolytes [44]. The data
in Table 1 refer to the relationship between oxygen solubility,
electrolyte composition and the specific capacity of the battery.
The Bunsen solubility coefficient of oxygen for each electrolyte is
given by o along with conductivity o and electrolyte viscosityn.
The table indicates that as the solubility (indicated by «) of oxy-
gen in the electrolyte increases, the specific capacity of the battery
also increases due to a larger concentration of oxygen available for
the reduction reaction. The other parameters such as conductiv-
ity and viscosity have their own effect on the specific capacity of
the battery; for example, low viscosity and high conductivity of the
electrolyte ensure the access of lithium ion to the cathode. This
indicates the importance of selecting the best overall electrolyte
for the lithium-oxygen batteries.

3.5. Electrolyte filling of the cathode

It is also important to consider how the electrolyte filling of
the cathode affects the overall performance of the lithium-oxygen
battery [46]. Based on the electrolyte filling, the lithium-oxygen
battery cathodes can be classified as flooded, dry, and wetted cath-
odes (Fig. 8). Firstly, in a flooded cathode, the oxygen has to dissolve
into the electrolyte at the cathode-oxygen interface and as stated
previously, oxygen in solution is less mobile than oxygen in the
gaseous phase. Therefore, the kinetics of this system is slow due
to the rate determining step of oxygen dissolving into the elec-
trolyte. Since the reaction tends to take place where the oxygen
concentration is the greatest, one would expect that as the bat-
tery discharges more reduction products will form at the oxygen
side of the cathode. Contrary to this, if the cathode is insufficiently

Table 1

filled with electrolyte (i.e., dry cathode), oxygen can penetrate eas-
ier and deeper into the cathode. However, the lithium ions that are
in solution will only be present at the cathode-electrolyte inter-
face. Therefore, one would expect more reduction products to form
at the cathode-electrolyte interface. Finally, a wetted cathode is an
intermediate state of filling between the flooded cathode and dry
cathode. A wetted cathode maintains the oxygen diffusion length
through the cathode which increases the oxygen kinetics and cre-
ates a more uniform concentration of oxygen and lithium ions in
the cathode. This means that the optimal area of the cathode is
being used during the discharge reaction.

Fig. 9 as given by Kowaluk et al. [30] shows the steady-state
variation of oxygen concentration with electrode depth in a cathode
flooded with 1 mol dm~3 LiPFg in PC:DME (1:1). The curve is formed
from the diffusion equation:

—XxR
8640aD ) (10)

where D is the oxygen diffusion coefficient, o the Bunsen solubility
coefficient, and C the concentration of oxygen at any distance x
from the outer side of the cathode. Fig. 9 clearly shows a larger
concentration of oxygen at the cathode-oxygen interface, i.e., the
outer side of the cathode. As mentioned previously, this is where
the majority of the reduction products will deposit which limits the
specific capacity of the lithium-oxygen battery. Fig. 9 also shows
that the variation of oxygen concentration with electrode depth is
a strong function of current density.

C=aexp(

3.6. Structural importance of porosity and carbon content

The deposition of reduction products during discharge has a
direct relationship with the porosity of the electrode. As stated pre-
viously, the reduction products are not soluble in a non-aqueous
electrolyte, hence deposits are formed on the cathode surface and
they often block the pores available for oxygen diffusion. This ulti-
mately starves the discharge reaction, which in turn leads to a
lower specific capacity. It must also be stated that lithium perox-
ide is a poor electric conductor therefore, as the discharge reaction
progresses, the internal resistance increases as the transfer of the

Composition of various non-aqueous electrolytes utilized in lithium-oxygen batteries. Respective values for Bunsen solubility coefficient «, conductivity o and viscosity n

are compared with specific capacity at different current densities [44].

Electrolyte o (cm? 0, cm—3) o(mScm') n (cps) Specific capacity (mAg~1) at different current densities

(mAcm—2)

0.05 0.1 0.2 0.3
1M LiPFg PC:EC(1:1) 0.0482 6.5 7.73 519 512 224 160
1M LiPFg PC 0.0516 5.5 8.06 648 380 203 129
1M LiPFg PC:DME (1:1) 0.0722 13.2 2.59 1409 999 628 452
1M LiPFg PC:DMC (1:1) 0.0729 9.4 3.50 817 652 524 363
1M LiPFg PC:DEC (1:1) 0.0787 6.7 4.78 1881 1308 591 338
1M LiPFg PC:DME (1:2) 0.0998 159 1.98 1599 1095 678 518
0.5M LiPFg PC:DME (1:2) 0.1218 12.2 1.19 1650 1257 809 676
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Fig. 9. Variation of oxygen concentration as a function of cathode depth. The effect
of increasing current density is also shown [30].

electron from the carbon surface is prohibited by the lithium per-
oxide deposits.

Fig. 10 as given by Zheng et al. [18] is from a theoretical study
that modeled the effect of increasing porosity on the specific capac-
ity of a typical lithium-oxygen battery. It is seen that as the porosity
increases, the specific capacity of the battery increases. However,
Fig. 10 does not indicate the ideal pore size necessary to improve
the kinetics and capacity of the battery. Another work by Yang et al.
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Fig. 10. Effect of increasing porosity on the specific capacity of the lithium-oxygen
cell using a non-aqueous electrolyte [18].

(B) (C)

Fig. 8. Electrolyte filling in (A) flooded cathode, (B) dry cathode, and (C) wetted cathode.

[40] suggests that pores with diameters less than 10 nm are insuf-
ficient to sustain oxygen diffusion and accommodate the reduction
products during discharge.

A further important factor to consider is the relationship that
forms between the porosity and the carbon content of the cath-
ode. As the carbon content increases, the porosity of the cathode
decreases and leads to a decrease in oxygen diffusion length, which
in return reduces the reaction kinetics and results in a lower spe-
cific capacity [52]. However, it is important to optimize the carbon
content of the cathode to retain good electronic conductivity while
maintaining the oxygen diffusion length and volume available for
the deposition of the reduction products.

3.7. The relationship between surface area and porosity

The surface area of the carbon cathode is important for the per-
formance of lithium-oxygen batteries during the electrochemical
reaction. Typically, a larger surface area provides more surface to
uniformly disperse catalyst particles and more active sites to aid
the electrochemical reactions.

However, it has been shown in a previous study that larger
surface area carbons do not always correspond to larger specific
capacities [53]. This observable fact is summarized in Table 2 as
given by Yang et al. [40], which shows a variety of carbon materi-
als that can be used as the cathode material. The table shows that
the carbon material with the largest surface area, activated carbon
(AC), actually has one of the smallest overall capacities. This rein-
forces the importance of porosity and in particular, the size of the
pore diameter. Super P, for example, has one of the smallest sur-
face areas but it exhibits the largest pore diameter. A large pore
diameter corresponds to a larger volume available for good oxygen
diffusion and the necessary space to accommodate the deposition
of reduction products during discharge. The table shows that the
micro-pores possessed by the remaining carbon materials have an
adverse effect on the battery performance because they are not
sufficient to accommodate oxygen diffusion or the reduction prod-
ucts as indicated by the lower specific capacities. While the ideal
lithium-oxygen battery should have a good meso-pore network, a
large surface area is still necessary to disperse more catalyst par-
ticles and to increase the current density on discharge. Since the
cathode reactions take place on the surface of the carbon cathode,
a larger surface area corresponds to more area for reactions to take
place leading to higher electrochemical performance.

3.8. Operational conditions

It is important to control the operational conditions of the
lithium-oxygen batteries during discharge. The performance is
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Table 2

Examples of carbon materials that have been used in cathodes. Respective surface areas and pore diameters are stated along with the different capacities achieved with each

carbon material at a current density of 0.1 mA cm—3 [40].

Samples Super P XC-72 AC CNT Graphite
Specific capacity (mAhg1) 1736 762 414 583 560
Surface area (m2g1) 62 250 2100 40 6
Pore diameter (nm) 50 2 2 10 -

>
(]
&
= 0.5 0.2 0.1 0.05 mA cm?
S 1p
0 Il L L
0 500 1000 1500

Capacity / mAh g-1

Fig. 11. Variation of specific capacity with increase in current density [46].

sensitive to the magnitude of the current density and the depth
of discharge, which have significant effects on the overall spe-
cific capacity and capacity retention. It has been shown by
experiments that maintaining a low current density (typically
0.05-0.1 mAcm~3) improve the overall specific capacity of the
lithium-oxygen battery as shown in Fig. 11 [46]. However, in a
practical battery, high operational current density is desired to
achieve high power. Therefore, one key aim in the development
of high-performance lithium-oxygen batteries is to maximize the
electrode reaction kinetics so that higher current densities can be
withdrawn from the lithium-oxygen battery while maintaining a
large and stable specific capacity.

Fig. 12 shows the variation of cut-off voltage and specific
capacity with cycle number for three different charge/discharge
scenarios [54]. The first scenario as indicated by the curve (a) is a
deep discharge state where the lithium-oxygen battery is allowed
to completely discharge after charging for each successive cycle.
There is a dramatic decrease in specific capacity after the 3rd cycle
which is sustained throughout successive cycles. The second sce-
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Fig. 12. Cycle performance of the lithium-oxygen battery with (a) deep discharge,
(b) restricting capacity to 1000 mAhg-! with a current density of 0.1 mAcm~3, and
(c) limited discharge depth with higher voltage cut-offs [54].

nario, as indicated by curve (b), restricts the discharge capacity
to 1000mAhg-! at a current density of 0.1 mAcm~2. It can be
inferred from the curve that the discharge capacity and cut-off
voltage are sustained up to the 10th cycle. The last scenario is inter-
mediate between the first two and represents a limited discharge
depth which corresponds to a gradual decrease in cut-off voltage
and discharge capacity. As stated previously, during discharge the
reduction products deposit on the surface of the carbon cathode
which increases the internal resistance of the cathode and impedes
the cell kinetics. It is possible that after a large depth-of-discharge
the cathode does not fully recover during charging, i.e., the charge
voltage is not sufficient to decompose the lithium peroxide leading
to a dramatic decrease in specific capacity for successive cycles. On
the other hand, by controlling the depth-of-discharge it is possible
to recover the porosity during charging which maintains the oxy-
gendiffusion length and the specific capacity over successive cycles.
Fig. 12 demonstrates that depth-of-discharge is an important factor
that affects the specific capacity of lithium-oxygen batteries and is
a parameter that needs to be controlled in order to achieve high
overall performance.

4. Commercial initiatives

The number of applications that require high performance
energy storage technologies is constantly growing as the demand
for better performing consumer products and the need for greener
energy increase. Evolving applications include the consumer prod-
ucts industry, electric vehicles (EVs), hybrid electric vehicles
(HEVs), and the future storage of renewable energy. However, each
application has its own specific requirements. Batteries designed
for the consumer products industry need to be low cost, easily
available, light weight, and exhibit high gravimetric energy and
power densities. Battery requirements for EVs and HEVs include
high gravimetric and volumetric energy density for excellent driv-
ing range, high power density for good acceleration, large cycle life,
and low cost [55]. Due to its extremely high energy density, with
significant research and development, the lithium-oxygen battery
is a highly probable candidate as the future energy technology for
the above applications.

As mentioned previously, one of the significant drawbacks of
the lithium-oxygen batteries is that lithium reacts violently with
trace amounts of water limiting their potential application in nor-
mal atmospheric conditions. Polyplus, a California based company,
has developed and is testing a lithium-oxygen battery designed to
overcome this issue. The battery incorporates a protective ceramic
electrolyte at the anode made of LISICON [56]. Moreover, the
anode is sealed at the edges with an aluminum-polymer laminate.
Other related initiatives include IBM’s Battery 500 project with
the objective of powering a car to 500 miles in one single charge.
Recently, IBM announced plans to develop a commercially viable
lithium-air battery [57]. Excellatron Solid State LLC, is another
US based company developing lithium-air batteries for applica-
tions such as mobile phones, aircrafts, and the space industry. The
National Institute of Advanced Industrial Science and Technology
(AIST) of Japanis also a significant developer of lithium-oxygen bat-
teries and are aiming the technology at consumer products and the
military.
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5. Conclusion—the ideal lithium-air battery

In present studies it is important to control the current den-
sity and it has been shown by the experiments that maintaining
a low current density improve the overall specific capacity of the
lithium-oxygen battery as well as the capacity retention over a
large number of cycles. However, this is neither practical nor bene-
ficial for commercial applications. For the lithium-oxygen battery
to be a commercially viable product, with applications in portable
devices or electric vehicles, it must be able to cope with varying cur-
rent densities and depths of discharge. This is something that must
be addressed and the ultimate goal is to improve the performance
of lithium-oxygen batteries by reducing the limiting factors stated
in Section 4 so that greater current densities can be withdrawn
during discharge.

Most of the discussions in this article have been based on
lithium-oxygen batteries. These batteries were prepared in an
inert atmosphere and then electrochemical experiments were con-
ducted in a pure oxygen atmosphere after the batteries have been
sealed in an impermeable container. However, in practical applica-
tions, the end product will have to be able to cope with ambient
atmospheric conditions. Lithium-air battery research opens up
more challenges; for example, the development of hydrophobic
electrolytes and separators to protect the lithium metal anode from
reacting with water. The limiting factors discussed in Section 4 indi-
cate the important areas for future research and development in
order to produce a commercially viable lithium-air battery. Possi-
ble areas for future research include the development of:

e anodes that are stable or protected from moisture;

cathode structures that have improved and optimized
meso-porosity for facilitating high oxygen diffusivity while
maintaining high electrical conductivity;

electrolytes that have high oxygen solubility and diffusivity
along with good lithium-ion conductivity. The development of
hydrophobic electrolytes is also important for the development
of the lithium-air battery; and

catalysts that facilitate the oxygen evolution reaction and reduce
the over potentials on charging and discharging.

Although there are still many problems to overcome with the
research and development of lithium-oxygen batteries it is an
exciting and challenging field that encompasses the knowledge and
expertise of researchers from many different disciplines. The mul-
tidisciplinary nature of research in this field has the potential to
bridge the knowledge gaps in current research projects which will
enhance the development of this technology into a commercially
available product.
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