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ABSTRACT 

Li th ium manifests a t ransient  passivation when it is anodically polarized 
to ~ --2.66 NHE in LiOH electrolytes. The durat ion of the passivation ranges 
from seconds to hours. The occurrence of the passivation is independent  of 
electrolyte concentration, flow velocity, anode-cathode contact pressure, and 
of the polarization technique used. The durat ion of the t ransient  is proport ional  
to electrolyte concentration, the more dilute the solution the shorter the time. 
The passivation is believed due to the formation of an insulating,  but  unstable  
aggregate of LifO which nucleates at active Li sites at the base of the pores 
in  the protective LiOH film. The recovery of the surface to the active state is 
due to the conversion of the Li20 to LiOH in  the presence of water  at the 
Li surface. 

The recent discovery of ways to electrochemically 
harness the l i th ium-wate r  reaction (1) has prompted 
basic studies of the electrochemical reactions of l i th ium 
in  aqueous electrolytes. Attempts  to minimize polariza- 
t ion effects and to a t ta in  high current  efficiency have 
been the subject of an ongoing program. Electrochemi- 
cal characteristics of the l i th ium-wate r  cell have been 
treated in a recent  paper  (2). 

The chemistry of the l i th ium-wate r  reaction is re la-  
t ively simple, but  the electrochemistry of the system is 
complex because (i) the reaction rate be tween l i th ium 
and water  is very fast and the major  port ion of the 
l i th ium electrode is always covered with thick oxide 
films 

Li + H20 ~ LiOH + 1/2 tI2 [1] 

and (ii) the hydrogen evolution at the metal  surface 
always creates pores wi thin  the film and this in t u rn  
complicates the electrochemical reaction 

Li + X -  ~--- LiX + e -  [2] 

where  X -  = anions in  the aqueous electrolyte. These 
s imultaneous processes result  in a porous electrode 
comprising randomly  formed and moving pores with 
active reaction sites existing only at the  ext remity  of 
the pores at the metal-f i lm interface. 

The anodic oxide film is of such a form that it per-  
mits the iner t  cathode s t ructure  to be pressed against  
it without  shorting. The oxide film acts, in  principle, 
as a bat tery  separator and serves as a conducting 
medium for the mass t ranspor t  of ionic species to and  
from the anode surface. Through control of the anode-  
cathode applied pressure, exceptionally reproducible  
anodic polarization curves can be obtained. 

In  the l i th ium-wate r  system, the ra te- l imi t ing  proc- 
ess is the oxidation of l i th ium rather  than the reduc-  
t ion of water  at the cathode. It  has been found that  
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under  anodic polarization, wi th in  certain ranges of 
hydroxyl  ion concentrat ion and "electrolyte flow, two 
types o f  passivation are manifested. First, t rans ient  
passivation is observed at a specific electrode potential.  
As is described in  this paper, it  is apparent ly  related 
to the formation of an in termedia te  oxide. Second, 
actual mechanical  passivation occurs and is presented 
in  Par t  II of this subject  title. Par t  III  deals with the 
influence of electrolyte flow velocity on the surface 
coverage of the l i th ium anode. 

Experimental 
A general  setup of the electrochemical cell is shown 

in Fig, 1. It was designed with the following require-  
ments:  rapid assembly, m i n i m u m  electrical contact re- 
sistance between anode holder and the l i th ium anode, 
precise control of anode-cathode contact pressures, a 

Fig. 1. General setup of the electrochemical cell 
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Demands for Li-ion batteries
Share
(’19)

CAGR 
(’09-’19)

Robot 17.6% 52.4%

Storage 18.5% 18.2%

EV 40.5% 79.8%

IT 23.3% 9.1%

Yunil HWANG, A. D. Little Korea, 
Korea, “Nano-enhanced Market 
Perspectives in Solar & Li-ion 

Battery”
OECD workshop on 

"Nanotechnology for sustainable 
energy options", 2010
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Primary energy 
resources consumption

Transportation

Industry

Residental and commercial

Electric power

Coal Nuclear Oil Natural gas Alternative

Coal
22%

Nuclear power
8%Oil

39%

Natural gas
23%

Renewable energy
7%

Coal
23%

Nuclear power
8%Oil

34%

Natural gas
22%

Renewable energy
13%

2008 Forecast for 2030
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Efficient turbo-diesel motor Motor wheel

Power 326 h.p.

Engine efficiency ~ 40 %

Tank-to-wheel efficiency:

Power 80 х 4 = 320 h.p.

Motor efficiency > 90 %

Battery-to-wheel efficiency:

< 20 % 90 %
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Figure 1. Driving range and battery weight for different cell-level specific
energy values. It is assumed the battery cells weigh 70% of the battery pack,
the Li/air cell has an 83% energy efficiency, the Li-on cells have a 93% energy
efficiency, and 300 Wh/mile are required from the battery. The range is given
at the beginning of a battery’s life and assumes 100% of the capacity can be
used; in practice not all the energy can be used, and the available energy falls
with increasing battery age. The US Department of Energy has a goal for an
EV battery of 200 kg.176

In nonaqueous Li/air batteries there are two principal electrode
reactions of interest: 2 Li + 1/2 O2 ↔ Li2O, [1]

and

2 Li + O2 ↔ Li2O2. [2]

In the absence of practical considerations the full reduction of O2
to Li2O is desired because of its higher specific energy and energy
density, but it appears that Li2O2 is a product that forms more readily
than Li2O.2–4 In addition, when Li2O2 is formed full cleavage of the
O-O bond may not be necessary, which is important from a kinetic
point of view.5, 6 These reactions will be discussed in more detail in
later sections.

Reactions involving Li and O2 in an aqueous medium depend on
the pH. In a basic aqueous environment O2 reduction includes H2O
as a reactant and results in the formation of LiOH:

2 Li + 1/2 O2 + H2O ↔ 2 LiOH. [3]

The product of this reaction is aqueous LiOH, which has a solu-
bility limit of about 5.25 M at standard temperature and pressure.7 If
LiOH exceeds its solubility limit it will precipitate out of the solution
as a monohydrate, LiOH · H2O, rather than LiOH.7 This is a critical
point for calculating the specific energy and energy density of aqueous
Li/air cells. We are presently unaware of any solvent system that leads
to the precipitation of LiOH rather than LiOH · H2O, although LiOH

may form as a film on the surface of Li metal.8 An example of the
reaction of Li with O2 in a mildly acidic environment is the formation
of LiCl:9

2 Li + 1/2 O2 + 2 NH4Cl ↔ 2 LiCl + 2 NH3 + H2O. [4]

Another example of a reaction in an acidic solution is the formation
of Li2SO4 from Li, O2, and H2SO4.9 Although acidic solutions have
the advantage that carbonates are not formed as in basic solutions (e.g.,
the formation of K2CO3 in KOH solutions), in the present review we
exclude from detailed consideration aqueous reactions involving Li
and O2 in acidic media because the examples known to the authors
have a lower specific energy than in basic media (e.g., reaction 4 has
a lower specific energy than reaction 3). Neutral solutions have also
been discussed, and we exclude them from consideration here for
the same reason.10 There may also be other chemical considerations
for a given reaction, such as the fact that in reaction 4 NH3 has a
high vapor pressure, limiting the reversibility of an open cell due to
evaporation. We also note that if the only criterion for a “Li/air” cell is
a reaction that includes Li and O2, there are additional reactions that
fall into this broad classification. However, in this review we focus
our attention on the reactions that have thus far received the most
attention, 1–3. We also exclude from consideration the somewhat
related reactions between Li and H2O (e.g., the “seawater battery”
developed by PolyPlus Inc.), because O2 is not a reactant and H2 gas
is evolved, significantly limiting the possibility of creating a secondary
system.

What, then, are the specific energy and energy density values for
the Li/air cells included in our analysis? We approach this question
by first looking at the active materials alone and then including the
components of a typical cell sandwich.

Energy estimates for the active materials alone.— Calculations
of the specific energy and energy density based on the weight of
the active materials alone provide a benchmark for values that can
be obtained by practical cells, although a practical cell should not
be expected to achieve more than about half of the energy per mass
or volume of the active materials alone. “Active materials” refers to
Li, O2, and H2O in the charged state, and Li2O, Li2O2, LiOH, and
LiOH · H2O in the discharged state. As mentioned above, to the best
of our knowledge LiOH · H2O and not LiOH will precipitate from an
aqueous solution, so its inclusion here is for the sake of comparison
only. In Table I we summarize the physical properties of the Li/air
active materials in the discharged state we consider in this review, as
well as a current and “next generation” Li-ion intercalation material
for comparison.11 Figure 2 shows specific energy and energy density
numbers based on active materials alone (i.e., excluding the mass or
volume of all cell components besides the active materials defined
above); in the charged state the weight of O2 is excluded. For the
LiMO2 material we assume a specific capacity of 275 mAh/g and
a density of 4.25 g/cm3, values appropriate for an advanced oxide
material.12 Energy calculations for an open system like Li/air are
different from those for other battery systems that are closed to the
external environment because the mass of the battery increases during

Table I. Physical properties of select Li/air and Li-ion materials positive-electrode active materials in the discharged state, as well as Li metal.13

Specific Capacity Uθ vs. Li Theoretical specific Theoretical energy
Active capacity Density density metal energy (vs. Li metal) density (vs. Li metal)
material (mAh/g) (g/cm3) (mAh/cm3) (V) (kWh/kg) (kWh/L)

Li2O 1794 2.01 3606 2.91 5.22 10.49
Li2O2 1168 2.31 2698 2.96 3.46 7.99
LiOH · H2O 639 1.51 965 3.45 2.20 3.33
LiOH 1119 1.46 1634 3.45 3.86 5.60
LiMO2, M = Mn, Ni, Co 275 4.25 1169 3.75 1.03 4.36
LiFePO4 170 3.6 612 3.42 0.58 2.09
Li metal 3861 0.534 2062 0.0

Downloaded 16 Jan 2012 to 209.221.240.193. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp

J. Christensen et. al. // J Electrochem Soc 159 (2012)

Total weight 1500 kg
Battery weight 300 kg
Energy storage 24 kWh
Range <150 km 

For 500 km range we need at least 70 - 80 kWh
Battery would weight about 900 kg ! 
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non-aqueous cathode O2 + nLi+ + ne-→ LiOx

or
aqueous cathode 0.5O2 + H2O + 2Li+ + 2e-→ 2LiOH

Li → Li+ + e-
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Estimations for energy per 
active components only
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Figure 2. (a) specific energy and (b) energy
density values based on active materials alone
for selected Li/air active materials, and an in-
sertion reaction for comparison.

the discharge process (assuming oxygen is not carried on board).
For that reason, the specific energy and energy density numbers are
shown in Figure 2 for both the fully charged and the fully discharged
states. As Figure 2a shows, a cell producing Li2O or Li2O2 has about
the same specific energy in the charged state, but in the discharged
state the Li2O2 cell has a lower energy per mass due to only one O2
molecule being consumed per 2 Li atoms, rather than 1/2 O2 in the
case of Li2O. The specific energy calculations for the LiOH · H2O and
LiOH systems in the charged state depend on the assumption about
where the H2O in the discharge product originates. In Figure 2a we
show one case in which the H2O is provided by an external source so
that only the weight of Li metal is included in the charged state, and
another case in which the H2O in the product is stored in the charged
cell along with the Li (e.g., in a water reservoir). The main assumption
for the LiOH and LiOH · H2O values is that of a single equilibrium
potential. In practice the cell potential will vary with the activity of
the reactants and products during the cycling process, but we use
only the standard cell potential here. Compared with a Li/LiMO2 cell,
all four Li/air discharge products have a significantly higher specific
energy.

While specific energy is important, energy density can be just as
important in automotive and other applications. Figure 2b shows the
energy density based on the active materials alone. The higher energy
density of the discharged cells than charged cells is partly a result of
the low density of Li metal (0.534 g/cm3). The figure shows that the
energy density of a discharged Li/LiMO2 cell is higher than that of an
aqueous Li/air cell, and within about a factor of two of a nonaqueous
Li/air cell. Thus, the advantages of Li/air cells from a specific energy
point of view are more dramatic than from an energy density point of
view because of the relatively low density of Li/air active materials
compared to metal oxide intercalation materials.

Energy estimates for practical cells.— Energy estimates based
on the weight and volume of active materials alone should be fol-
lowed with energy estimates for practical cells. Such estimates for
Li/air cells are uncertain due to the absence of well developed cell
designs. However, in this section we make assumptions about pos-
sible cell designs in order to arrive at initial estimates for practical
cells that can later be refined. We focus on an optimistic practical cell
design that will require additional materials development rather than
only looking at cell components that are available today. For example,
we assume that an ionically conductive lithium metal protection layer
with a thickness of 50 µm and density of 3.0 g/cm3 will be developed
that can be manufactured and used in practical cells.

Our assumptions are summarized in Table II. We assume the Li/air
charged cells have a significant volume fraction of gas in the positive
electrode (70%) while in the discharged state a small amount of gas
remains (5%). A gas phase provides volume into which the solid
active materials can be deposited and provides good transport of O2
into and out of the cell. We assume the cell contains 20% excess
Li relative to the capacity obtained by filling 65% of the positive

electrode volume with discharge product. While some authors have
suggested using a large excess of Li (100 to 300%), we consider
this impractical, as it implies the tolerance of a significant degree of
parasitic reactions, likely involving electrolyte decomposition, over
the lifetime of the battery. The products generated by such significant
parasitic reactions would likely impair cell performance well before
all of the excess Li was consumed. Assumptions about the source of
H2O for the aqueous Li/air cells are very important. If humidity from

Table II. Cell and tank properties for practical cell energy
calculations. Thickness values are at full charge while volume
fraction values are at the end of discharge. ε values indicate
volume fractions, LPSL = Lithium protection separator layer.
GDL = gas diffusion layer. CC = current collector. The practical
cell energies shown here are nominal, that is they do not include
the practical energy efficiency.

Property Value Units

Lpositive 200 µm
LLPSL 50 µm
LGDL, positive 50 µm
LCC, negative 5 µm
LCC, positive 7.5 µm
Amount of excess Li for all cells 20 %
εactive material, pos at the end

of discharge
0.65

εelectrolyte, pos, Li/air cells 0.20
εelectrolyte, pos, Li/LiMO2 cell 0.25
εgas phase, pos at the end of discharge 0.05
εinerts, pos (carbon) 0.10
εGDL, pos 70 %
Mass packing factor based

on charged cell w/o tank
80 %

Volume packing factor based
on charged cell w/o tank

70 %

ρLiOH (aq) elyte. (saturated) 1.105 g/cm3

ρLiPF6 in PC elyte. 1.2 g/cm3

ρinert (carbon) 2.2 g/cm3

ρLPSL 3.0 g/cm3

ρGDL, positive 1.8 g/cm3

ρCC, negative 8.9 g/cm3

ρCC, positive 2.7 g/cm3

Oxygen volume in tank 75 L
Battery pack energy from which

oxygen pressure is calculated
140 kWh

Tensile strength of tank
(Stainless steel)

460 MPa

Tank safety factor (additional wall
thickness beyond tensile strength)

50 %

Additional mass and volume above
that of the tank for tank components

20 %

Downloaded 16 Jan 2012 to 209.221.240.193. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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Figure 3. Practical (a) specific energy and
(b) energy density values for selected Li/air
active materials, and an insertion reaction
for comparison. The energy of soluble LiOH
in the electrolyte phase is excluded for the
LiOH · H2O and LiOH cases as it would lead
to an increase of less than 5% for this cell
design.

the external air can be used to supply some of the H2O required by
reaction 3 and the LiOH · H2O precipitate, that significantly reduces
the weight and volume basis in the charged state. However, adding
a system to capture water may add complexity and cost, and we
therefore use a design in our calculations that would either involve
filling a water reservoir (like filling current cars with fuel) or having a
water-impermeable membrane that completely prevents water ingress
and egress. Therefore, in our practical cell numbers for the charged
state we include the weight and volume of water present in LiOH
and LiOH · H2O. These assumptions can be revised as practical cell
designs are more fully developed.

Energy results for “practical” cell designs are shown in
Figure 3, with results for systems with and without an oxygen tank
shown. We exclude the energy content of soluble LiOH in the elec-
trolyte for the LiOH and LiOH · H2O energy calculations because, for
this cell design, including it will increase the energy values by less
than 5%, and it is unclear whether it is better to cycle with a saturated
electrolyte solution or have a lower concentration in the fully charged
stage. The theoretical amount of energy stored when cycling between
a 0 M and a saturated solution (5.25 M at 25◦C) of aqueous LiOH is
about 430 Wh/kg and 475 Wh/L. Although an oxygen tank is, strictly
speaking, not part of a Li/air cell, including its mass and volume in the
calculation underscores the potentially large disparity in the energy
density of closed vs. open systems. We assume the use of a stainless
steel oxygen tank in the shape of a 1.25 m-long cylinder with two
hemispherical ends.

First considering systems without an oxygen tank, Figure 3a shows
that a “practical” discharged Li2O2 Li/air cell may achieve a specific
energy more than twice that of a Li/LiMO2 cell, while a LiOH · H2O
cell may have a “practical” specific energy only slightly higher than
a Li/LiMO2 cell. In terms of energy density, Figure 3b shows that a
Li/LiMO2 cell has a modestly lower energy density than a Li2O or
Li2O2 cell, and a modestly higher value than a LiOH · H2O cell. The
major change that would allow the aqueous Li/air system to have a
significantly higher specific energy and energy density would be the
formation of pure LiOH rather than LiOH · H2O, which we also show
for the sake of comparison in Figure 3. For comparison with our “prac-
tical” numbers here, PolyPlus, a company focused on the development
of protected lithium metal electrodes, has claimed a practical specific
energy of almost 1.0 kWh/kg for their basic-electrolyte aqueous Li/air
cells.14 The numbers given in Figure 3a (0.70 kWh/kg for charged,
0.66 kWh/kg for discharged), are about 30% below the number given
by PolyPlus. A number of factors may contribute to this difference,
including our use of a 80% packing weight factor (they may have a
lower-weight packaging technique) and how much of the weight of
the water stored in the LiOH · H2O is included in their weight basis.
In particular, if they have a design that takes some water from the
external environment, that could significantly lower their weight ba-
sis for the charged cell. Another factor is our use of a relatively thin
200 µm positive electrode thickness; with a positive electrode 1 mm
in thickness and all else the same, the specific energy for our practical

cell design is also about 1.0 kWh/kg. Note that such a thick electrode
is more realistic for aqueous than nonaqueaous cells because of the
much higher conductivity of aqueous electrolyte solutions. Again, we
stress that the “practical” cell energy numbers presented here will
certainly be revised as more detailed designs are developed, and are
meant to represent optimistic estimates.

Figure 3 also shows the results of calculations including an oxygen
tank. We include these numbers because it is important to see how
Li/air cells compare with a Li/LiMO2 cell if the problems associated
with making an open system cannot be solved. For these calculations
the mass of the oxygen is included when the cell is charged, as it is
stored in the tank. We assume the oxygen in the tank has a specified
volume (75 L) and the tank is sized for a battery system that stores
140 kWh. Additional specifications are given in Table II. Figure 3
shows that the use of an oxygen tank results in a significant reduc-
tion in the specific energy and energy density. In terms of specific
energy, the Li2O and LiOH cells with a tank still have a higher value
than a Li/LiMO2 cell, but the Li2O2 cell and LiOH · H2O cells have
a slightly lower value than a Li/LiMO2 cell. In terms of energy den-
sity, if an oxygen tank is used the values for all the Li/air cells will
be lower than for a Li/LiMO2 cell. These calculations demonstrate
the importance of creating a Li/air battery system that is able to use
oxygen from the atmosphere rather than store it onboard, although the
tank results may be improved if a lighter weight tank material (e.g.,
carbon fiber) or a higher pressure (and thus a smaller tank volume)
could be used. Table III shows the pressure of a fully charged oxygen
tank for each Li/air active material, as well as the isothermal energy
of compression required to go from 1 bar to the final pressure. The
non-unity compressibility of oxygen was accounted for using the van
der Waals equation. Interestingly, the LiOH and LiOH · H2O active
materials require the smallest amount of oxygen because they react
4 electrons per mole of O2 (as does Li2O) and have a higher equilib-
rium potential than Li2O. Li2O2 requires significantly more oxygen,
and therefore a higher pressure and heavier tank, than the other ac-
tive materials because only 2 electrons per mole of O2 react. The
isothermal work of compression is relatively small in each of these
cases (<3% of the practical discharge energy) but isothermal compres-
sion is probably more practical if done electrochemically; however,

Table III. Details on the oxygen tank pressures and compression
energies that would enable a closed Li/oxygen battery system.

Isothermal compression
Fully charged work (kWh/kWh practical

Active material O2 pressure (bar) discharge energy)

Li2O 134 0.0108
Li2O2 275 0.0244
LiOH · H2O 114 0.0088
LiOH 114 0.0088

Downloaded 16 Jan 2012 to 209.221.240.193. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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Possible high-energy 
battery chemistries
• Rechargeable lithium-metal-intercalation 

positive electrode (up to 300 - 400 Wh/kg 
cell level)

• New generation of high-voltage lithium-ion 
(up to 300 - 400 Wh/kg cell level)

• Lithium-sulfur (up to 600 Wh/kg cell level)

• Lithium-air (up to 1 000 Wh/kg cell level)

+ FCs
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Key problems

 O2 + nLi+ + ne-→ LiOx

Side reactions:
Li2O2 + H2O → LiOH + O2

Li2O2 + CO2 (wet) → Li2CO3 + O2

Reaction reversibility

Proper oxygen, electron and Li+ 
transport in the electrode

Li → Li+ + e-

Side reactions:
Li + H2O → LiOH + H2

Li + O2 → Li2O

Huge volume changes
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principally on this configuration for the remainder of this
perspective.

Aprotic Li-Air Battery. A typical design for aprotic Li-air
batteries is shown in Figures 2 and 4. It is composed of a
metallic lithium anode, an electrolyte comprising a dissolved
lithium salt in an aprotic solvent, and a porous O2-breathing
cathode composed of large surface area carbon particles
and catalyst particles, both bound to a metal mesh using a
binder.

The chemistry proposed for the aprotic Li-air battery is as
follows.6 During the discharge of the cell, an oxidation reaction
occurs at the anode (Lif Liþþ e-). The electrons flow through
an external circuit and the lithium ions generated from this
reaction reduceoxygen to formLi2O2 (andpossibly Li2O) in the
cathode. The standard potential for the discharge reactionU0 is
given by the thermodynamics of the reaction as U0 = 2.96 V,
using the Nernst equation. At externally applied potentials

(U > U0), the reaction above is thought to be reversed, i.e.,
lithiummetal is plated out on the anode, andO2 is evolved (i.e.,
generated) at the cathode (Figure 4).The simplest net reaction

Figure 3. Schematic drawingof the lithiummetal-electrolyte inter-
face choices. Both the complicated natural SEI formed by reduction
of the electrolyte and anartificial SEI, e.g., Li-ion-conducting ceramic,
are shown as examples. Adapted from refs 14 and 15.

Figure 2. Fourdifferent architectures of Li-air batteries,which all assume the use of lithiummetal as the anode. The three liquid electrolyte
architectures are aprotic, aqueous, and amixed aprotic-aqueous system. In addition, a fully solid state architecture is also given. Principal
components are as labeled in the figure. Spontaneously occurring SEIs on the lithium anode are given as dashed lines, while artificial SEIs
are given as solid lines.

All four configurations will ulti-
mately have to solve the difficult
problem of developing a high

throughput air-breathing system
that passes O2 and keeps out
environmental contaminants.

G. Girishkumar et. al. // J Phys Chem Lett 1 (2010)
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Figure 18. Schematic showing the significant amount of volume change that occurs when Li metal cells are discharged. The cell on the left has a high-capacity
Li/air active material (Li2O2) while the cell on the right has a lower-capacity intercalation active material (LiMO2). LPSL = Lithium Protection Separator Layer.
CC = current collector. GDL = gas diffusion layer. The layer thicknesses are drawn in proprtion.

and nonwetting pores may enable high transport rates for both lithium
ions and oxygen to the reaction sites during discharge. We reiterate
that it is important to report directly the volume fraction of product
in the discharged electrode (or cell), or provide sufficient information
for the reader to do so. Reporting only the capacity in mAh/g carbon
is not enough to determine whether an experimental cell can actually
achieve a high capacity and energy. However, reporting the mAh/cm2

and the electrode thickness is sufficient.

Significant volume changes in Li/air cells need to be
accommodated.— In a Li/air cell both the Li metal electrode and
the positive electrode have materials that undergo significant volume
changes. In earlier sections we discussed the formation of new phases
in the positive electrode, and in the section on aqueous Li/air cells we
will discuss the formation of a solid LiOH · H2O phase. However, in
this section we focus on quantifying the magnitude of volume changes
for a cell with the parameters given in Table II, and then critically re-
viewing solutions that help manage those significant volume changes.
Volume changes in Li/air cells are particularly challenging because
the cell sandwich accumulates mass (oxygen) during discharge and
releases mass during charge. Note that it is important to distinguish
between electrodes that undergo significant volume change and a cell
that undergoes significant volume change. Balanced volume changes
at each electrode are possible if the density of the products and reac-
tants are matched, but this is not true for the active materials alone
in the case of Li/air cells. We consider the general topic of reversibly
accommodating major volume changes in solid systems to be a high-
impact area for research.
The high capacity of the cathode materials and the formation of new
phases make volume changes significant.—A cell with a Li metal
negative electrode undergoes significant changes in the thickness of
the cell sandwich during a cycle, provided a significant amount of
the Li metal is actually cycled. Volume changes are a feature of any
metal electrode in which cycling involves plating/striping, but are
particularly significant in the case of Li metal because the density of
Li metal is so low (0.534 g/cm3 at 25◦C). Remarkably, the density of
the Li (in mol Li/cm3, which is directly proportional to the capacity
density in mAh/cm3) stored in Li2O and Li2O2 is significantly higher
than in pure Li metal, as shown in Table I. Indeed, the Li/air cell is
an interesting case of a cell that increases in mass and decreases in
volume during discharge. In a Li metal cell with a positive electrode
that intercalates Li and has minor volume changes (<15% in many
positive-electrode intercalation materials), the Li metal is the only

region of the cell undergoing significant volume changes. However, in
a Li/air cell the discharge process involves the creation of a new phase
rather than the incorporation of Li atoms into a pre-existing phase.
The creation of a new phase in Li/air cells implies that electrolyte
displacement will occur unless the new phase displaces a gas phase.
Figure 18 shows a diagram of the volume changes in a Li2O2 and
a Li/LiMO2 cell for the cell specifications given in Table II; for the
Li2O2 cell it is assumed that the positive electrode begins with a
volume fraction of gas of 0.70 that is pushed out of the cell sandwich
during the discharge process by the Li2O2 that forms.

A more quantitative depiction of volume change is given in
Figure 19. The results in this figure depend strongly on assump-
tions about the initial components in the positive electrode, partic-
ularly on the quantity of electrolyte vs. gas phase in the charged
cell. As discussed above, for our “practical” nonaqueous Li/air cells
we assume the active materials that are produced displace a gas
phase rather than electrolyte, while in the aqueous cases we in-
clude an initial reservoir of H2O. The results in Figure 19 show
that the volume change is more significant for Li2O than Li2O2
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Figure 19. Plot showing the volume change of four Li/air cells and a Li/LiMO2
cell. LiOH has not been observed to precipitate and is included only for compar-
ison. Volume change is calculated as discharged volume / charged volume. The
LiOH · H2O case shows the volume change when an H2O reservoir is excluded
and included (it is assumed the H2O is stored outside the cell sandwich).
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4) Random exchange currents generated at every cycle, for each surface element, 
were renormalized to correspond to constant total current, and to simulate selected 
distributions: Uniform, Normal and Log-Normal. 

 
From these simulations, we have found that: 

1) The type of current distribution plays only a minor role at low or moderate lithium 
Depths of Discharge (DoD), and plays no role at DoDs approaching 100%. 

2) The uniformity of the current distribution (standard deviation of the current 
distribution) plays a major role in morphology development. 

3) At low to moderate lithium DoD, the lithium surface roughness a linear function 
of the square root of the number of cycles.  

4) Morphology limited Cycle life (N) was a function of the inverse square of Li DoD, 
or the number of mAh/area (Q) or thickness (Th) of stripped-plated lithium.   

5) At higher lithium DoD, roughness development and cycle life depended on the 
presence or absence of a current collector.  Cycle life was dramatically shorter 
without a current collector. 
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Figure 3. Monte-Carlo simulated surface roughness after first discharge.  Log-Normal 
current distribution with a standard deviation of 0.15. 
 
Without lithium protection or a current collector, typical cycling of real cells requires 
relatively low lithium DoD.  This delays accumulation of surface roughness, particularly 
if the thickness of stripped/plated lithium is low.  Experimental data, generated at 
relatively low thicknesses of plated-stripped lithium and excessive electrolyte volume, 
showed that actual cell cycle life was in agreement with the 1/Th2 dependence (Figure 4).  

 
By cycling only a thin layer of metallic lithium at low DoD it is possible to reach 
thousands of cycles.  However, this approach has substantial design drawbacks and 
would require the battery to carry substantial excess of lithium.   
 
According to Figure 3, the best way to avoid lithium morphology development without 
lithium excess, is to cycle lithium anodes at 100% DoD.  This approach requires a current 
collector and moving from a cathode capacity limited design to anode capacity limited 
designs.  Compared to cells cycled at moderate DoD, it was found that cycling at 100% 

ECS Transactions, 25 (35) 23-34 (2010)

27
www.esltbd.org address. Redistribution subject to ECS license or copyright; see 93.180.47.141Downloaded on 2012-08-27 to IP 

14



Dioxolane - “magic” solvent?

Po
te

nt
ia

l v
s. 

Li
, V

Q, μAh/cm2

1 M LiTFSI in

“lithium moss”
15



Lithium plating under 
pressure

R16 Journal of The Electrochemical Society, 159 (2) R1-R30 (2012)

Figure 20. Illustration of differences in SEI formation and evolution on the surfaces of (a) graphite and (b) metal (Li or Li-alloys). Reproduced from reference 85.

at the same electrochemical potential throughout, potential and, to a
lesser extent, concentration gradients in the electrolyte phase drive the
change in morphology. Previous Li dendrite growth modeling work
has shown that the moving front of a dendrite tends to accelerate during
cell charge due to the higher current density localized at the dendrite
tip relative to its base.95 Application of thermodynamic models has
shown that dendrite initiation (i.e., initial roughening of an almost
perfectly smooth surface) can be suppressed by applying mechanical
stress and selecting solid electrolytes with shear moduli on the order
of 10 GPa at room temperature.96, 97 The same models indicate that
surface tension at metal-fluid interfaces is insufficient to suppress
dendrite initiation.96, 97

Related to dendrite initiation and growth is development of the
Li morphology, which tends to increase the electrode surface area
with cycling and consumes solvent to generate fresh passivation
layers. Formation of high-surface-area mossy Li tends to occur dur-
ing low-rate deposition from a liquid electrolyte, especially if the salt
concentration is high.98 The high surface area combined with high
reactivity of Li and flammability of the organic solvent makes for a
very reactive and dangerous cell.

Sion Power has reported a diminishing grain size in its Li/S cells
without application of external pressure to the cell. This results in
a gradual increase in the volume of the anode as the cell is cycled.
Moderate pressures (∼10 bar) tend to mitigate this type of morphology
development (see Figure 21). Sion Power also proposed a strategy to
minimize the surface morphology changes in the Li anode, which
consists of ensuring complete stripping and re-plating of all lithium
on the rigid current collector in an anode-capacity-limited cell.62

Modeling needs in the area of morphology change include models
of grain nucleation and growth during Li deposition, which include
the influence of pressure; cell-level aging models that account for
solvent consumption at the anode; and cell-level electrochemome-

Figure 21. SEM images of Li foil anodes, cycled 50 times, (a) with and
(b) without application of 10 kg/m2 nonisotropic pressure. Reproduced from
reference 62.

chanical models that account for gradual swelling of the anode with
cycling.

Alloying Li with other elements such as Mg may help elevate
the surface energy and reduce morphology changes,99, 100 and more
studies are needed in this direction.
Shape change can occur due to nonuniform current densities.—Pro-
vided that Li dendrites and other forms of microscopic morphology
development can be suppressed, macroscopic changes in the shape of
the anode may occur due to nonuniform current density distribution
throughout the cell. When there is high resistance to electronic current
flow from the tab to the outermost edges of the current collector (e.g.,
if the current collector thickness is too small relative to its area), the
current density may be very nonuniform, with a higher current den-
sity near the tabs. Hence, Li will deposit and dissolve preferentially
near the tabs, as depicted conceptually in Figure 22. Application of
pressure may alleviate this problem.
Li-conducting solid electrolytes can provide chemical and mechanical
protection of Li metal.—Because of the enormous challenge involved
in stabilizing the Li surface chemically and mechanically through
the use of electrolyte additives, such that passivation remains in ef-
fect over hundreds to thousands of cycles, the preferred treatment for
rechargeable Li-based cells is the use of a solid-electrolyte membrane
that is mechanically robust and chemically stable against both elec-
trodes. Such a barrier removes several simultaneous constraints that
the liquid electrolyte otherwise must satisfy, but the requirements for
its properties are nonetheless multifaceted and challenging to obtain in
a single material. The barrier must be chemically stable with respect to
some or all of the following: the liquid electrolyte in the positive elec-
trode, electronic conductors and catalysts in the positive electrode,
the metallic Li negative electrode, reactive species such as oxygen
molecules and reaction intermediates, and (in aqueous cells) water.
Solid electrolytes must also have sufficient Li+ conductivity over the
operating temperature range of the cell, negligible electronic con-
ductivity, and high elastic modulus to prevent Li dendrite initiation.
In order to provide cheap, robust, lightweight protection, a method
must be developed to produce relatively thin (< 50 µm), pinhole-free
solid-electrolyte layers at a reasonable cost.
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Figure 22. Depiction of macroscopic Li redistribution in a cycled Li/air cell
at the end of charge.
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Figure 23. Ionic conductivities of several classes
of solid electrolytes (LLTO = (La,Li)TiO3; LAGP
= Li1+xAlxGe2−x(PO4)3; PVdF-HFP = poly
(vinylidene fluoride)-hexafluoropropylene; PEO
= polyethylene oxide). Reproduced from reference
103. Figure numbers refer to those in the original
paper.

Mechanical stability is another important aspect of Li-metal elec-
trode protection that influences the age and safety of the cell. The
two primary classes of Li solid electrolytes, inorganic ceramics and
solid organic polymers, have different mechanical properties. Ceram-
ics have high elastic moduli and are thus more suitable for rigid flat
cell designs. Polymers are softer and more flexible, but at the same
time less chemically and thermally stable, and also susceptible to
absorption and transport of liquids. Flexibility is an advantage due
to the high anode volume change, and in wound designs in which
changes in the separator curvature could cause fracturing of ceramic
membranes. At the same time, the lower shear moduli of polymers
are likely insufficient to prevent Li metal dendrite initiation,97 leading
to safety concerns due to possible electrical shorts. Elasticity may be
important in order to reduce fracture and tearing after multiple cycles
and to achieve wound cell designs.

A number of candidates that satisfy some of the requisite properties
for Li protection have been proposed.10, 82, 101–128 For extensive reviews
see references101–103 and references therein.

A variety of inorganic compounds (sulfides, oxides, phosphates)
in crystalline, polycrystalline or amorphous morphologies, as well
as solid dense polymer-based materials, have been investigated with
conductivities at room temperature ranging from 10−8 to 10−2 S/cm
(see Figure 23).10, 82, 101–128 Most inorganic crystalline and glass mate-
rials have lower conductivities than liquid electrolytes, by at least 1-2
orders of magnitude. It is worth mentioning that because Li motion
in solid state systems is a thermally activated Arrhenius-type process,
conductivity increases with temperature, sometimes by two orders of
magnitude or more over the range 0 to 200◦C. While operating a Li/air
cell at elevated temperature (>80◦C) may increase the rate capability
and capacity, this presents numerous engineering challenges at the
system level.

Li3N has high conductivity (∼10−3 S/cm at room temperature),
but is unstable at high potentials (>0.445 V vs. Li).101, 104 Li3P
has an order of magnitude lower conductivity, but is stable up to
2.2 V.101, 105 The Li analog to sodium β-alumina, Li2O·11Al2O3, has a
high room-temperature single-crystal conductivity of 3×10−3 S/cm,
but is extremely hygroscopic and challenging to prepare dry.101, 106

The so-called Li Super-Ionic CONductors (LiSICONs) are γII-
Li3PO4 type oxysalts101, 102 (e.g., Li14Zn(GeO4)4

107, 108) that contain
interstitial Li ions, but show a drop in conductivity over time at low
temperature because of Li trapping by the immobile sublattice via de-
fect complex formation.101, 109 Room temperature conductivities are
generally less than 10−4 S/cm.101 Bates and coworkers found that ra-

dio frequency magnetron sputtering of lithium silicates, phosphates,
or phosphosilicates resulted in N2 incorporation to form LiPON, an
amorphous analog to LiSICON.110 Thin-film batteries with Li anodes
and Lithium Phosphate OxyNitride (LiPON) separators have demon-
strated thousands of cycles.111, 112 However, mechanical stability suf-
ficient for long cycle life has not been established in a thick-electrode
cell design, and the low conductivity of LiPON (2×10−6 S/cm at
25◦C110) precludes the development of cells with thick LiPON mem-
branes.

Thio-LiSICON, the S analog to LiSICON (e.g., Li4GeS4
113), can

achieve high room-temperature conductivity and low activation en-
ergy (e.g., 2.2×10−3 S/cm and 20 kJ/mol for Li3.25Ge0.25P0.75S4

102).
Glass ceramics with structures related to thio-LiSICON exhibit even
better performance (3.2×10−3 S/cm, Ea = 12 kJ/mol for 70Li2S-
30P2S5

102, 114). For these systems glass ceramics have roughly an or-
der of magnitude higher conductivity at room temperature than their
amorphous counterparts (glasses), although there are several excep-
tions to this trend.103 Despite high conductivities (10−3 S/cm at room
temperature), ceramic films are not easy to fabricate and often have
poor chemical durability.115

Early work on the Li analog to NaSICON, LiM2(PO4)3, led to
discoveries of some materials with high conductivity, but poor chem-
ical stability against Li (M = Ti116, 117), and others with good sta-
bility, but poor conductivity (M = Ge118, 119). It was found that Al
substitution via solid state reactions resulted in NaSICON structures
(Li1+xAlxGe2−x(PO4)3, or LAGP) with 4 orders of magnitude higher
conductivity.120

Workers at Ohara found that by heat treating glasses they
formed glass ceramics including a NaSICON crystalline phase
(Li1+xAlxTi2−x(PO4)3, or LTAP), with a high conductivity up to
1.3×10−3 S/cm, depending on heat-treatment temperature.115, 121 Not
only is the material stable against Li metal, it is also stable in aque-
ous solutions, making it a suitable candidate for aqueous Li/air cells,
and was recently shown to be stable in acidic solutions.122 However,
this material tends to be difficult to manufacture with large area and
low thickness. The general composition of water-stable glass ceram-
ics produced by Ohara and used by PolyPlus in its aqueous Li/air
and Li/water cells is Li1+x(M,Al,Ga)x(Ge1-yTiy)2−x(PO4)3, where x<
= 0.8, 0< = y< = 1, and M is a member of the Lanthanide series;
and/or Li1+x+yQxTi2−xSiyP3−yO12, where 0 < x < = 0.4 and 0 < y <
= 0.6, Q = Al or Ga.10, 82, 121, 123

The garnet family of ceramics have lower conductivity than
NaSICON-type phosphates and perovskite-type oxides (8×10−4 S/cm
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Figure 1 | Lithium-ion conductivity of Li10GeP2S12. a, Impedance plots of the conductivity data from low to high temperatures and Arrhenius conductivity
plots of Li10GeP2S12. The plotted conductivity represents the sum of the grain boundary and bulk conductivities. Li10GeP2S12 exhibits an extremely high
ionic conductivity even at room temperature. b, Current–voltage curve of Li/Li10GeP2S12/Au cell. The decomposition potential of the new Li10GeP2S12
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Figure 2 | Crystal structure of Li10GeP2S12. a, The framework structure and lithium ions that participate in ionic conduction. b, Framework structure of
Li10GeP2S12. One-dimensional (1D) chains formed by LiS6 octahedra and (Ge0.5P0.5)S4 tetrahedra, which are connected by a common edge. These chains
are connected by a common corner with PS4 tetrahedra. c, Conduction pathways of lithium ions. Zigzag conduction pathways along the c axis are
indicated. Lithium ions in the LiS4 tetrahedra (16h site) and LiS4 tetrahedra (8f site) participate in ionic conduction. Thermal ellipsoids are drawn with a
30% probability. The anisotropic character of the thermal vibration of lithium ions in three tetrahedral sites gives rise to 1D conduction pathways.

2b sites. The 4d tetrahedral site is occupied by Ge and P ions
with occupancy parameters of 0.515(5) and 0.485(5), respectively.
The 2b tetrahedral site is occupied only by P with an occupancy
parameter of 1.00(15). The Ge/P ratio is then 4.06:1.94, which
is very close to the stoichiometric ratio of 2:1 and is consistent
with the composition determined by ICP analysis. There are three

lithium sites in the unit cell: 16h, 4d and 8f sites, with occupancy
parameters of 0.691(5), 1.000(8) and 0.643(5), respectively. The
number of lithium atoms in the unit cell is then calculated
to be 20.200. On the basis of the ICP and neutron diffraction
analyses, the composition of the new phase was determined
to be Li10GeP2S12.
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2b sites. The 4d tetrahedral site is occupied by Ge and P ions
with occupancy parameters of 0.515(5) and 0.485(5), respectively.
The 2b tetrahedral site is occupied only by P with an occupancy
parameter of 1.00(15). The Ge/P ratio is then 4.06:1.94, which
is very close to the stoichiometric ratio of 2:1 and is consistent
with the composition determined by ICP analysis. There are three

lithium sites in the unit cell: 16h, 4d and 8f sites, with occupancy
parameters of 0.691(5), 1.000(8) and 0.643(5), respectively. The
number of lithium atoms in the unit cell is then calculated
to be 20.200. On the basis of the ICP and neutron diffraction
analyses, the composition of the new phase was determined
to be Li10GeP2S12.
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Figure 3 | Thermal evolution of ionic conductivity of the new Li10GeP2S12 phase, together with those of other lithium solid electrolytes, organic liquid
electrolytes, polymer electrolytes, ionic liquids and gel electrolytes3–8,13–16,20,22. The new Li10GeP2S12 exhibits the highest lithium ionic conductivity
(12 m S cm�1 at 27 �C) of the solid lithium conducting membranes of inorganic, polymer or composite systems. Because organic electrolytes usually have
transport numbers below 0.5, inorganic lithium electrolytes have extremely high conductivities.

Figure 1 shows the conductivity measurement results for the
Li10GeP2S12 produced in the present study. The conductivity was
calculated from the impedance plots shown in Fig. 1a, which are
characteristic of pure ionic conductors; they consist of a semicircle
and a spike, which respectively correspond to contributions from
the bulk/grain boundary and the electrode. The conductivity was
obtained from the sum of the grain boundary and bulk resistances.
The conductivity of 12mS cm�1 at 27 �C is extremely high. To
the best of our knowledge, this is the highest ionic conductivity
reported for a lithium superionic conductor. It is comparable to or
higher than the conductivities of practical organic liquid electrolytes
used in lithium-ion batteries. The activation energies for ionic
conduction were calculated to be 24 kJmol�1 for the temperature
range of �110 to 110 �C, which are typical activation energies for
superionic conductors.

We evaluated the electrochemical stability from the cyclic
voltammogramof a Li/Li10GeP2S12/Au cell with a lithium reference
electrode at a scan rate of 1mV s�1 and a scan range of �0.5 to 5V
(Fig. 1b). Cathodic and anodic currents respectively corresponding
to lithium deposition (Li+ + e� ! Li) and dissolution (Li !
Li+ + e�) were observed near 0 V. No significant currents due to
electrolyte decomposition were detected in the scanned voltage
range. Crystalline materials with high ionic conductivities such
as Li3N and Li1/3�x

Li3xNbO3 have low electrochemical stabilities;
for example, Li3N (ref. 17) has a decomposition potential
of 0.44 V and La1/3�x

Li3xNbO3 perovskite18 has a reduction
potential of 1.7 V. The present Li10GeP2S12 has both a high ionic
conductivity and a high decomposition potential. The electronic
conductivity was measured by the Hebb–Wagner polarization
method19 using a (�)Li/Li10GeP2S12/Au(+) cell at 25 �C. The
total electronic conductivity (electron + hole) at the irreversible
Au–Li10GeP2S12 interface of the asymmetric cell was calculated to be
5.70⇥10�9 S cm�1 by linear fitting between 2.8 and 3.5 V.

The new superionic conductor Li10GeP2S12 has a three-
dimensional framework structure consisting of (Ge0.5P0.5)S4

tetrahedra, PS4 tetrahedra, LiS4 tetrahedra and LiS6 octahedra.
This framework structure has a one-dimensional (1D) lithium
conduction pathway along the c axis. Figure 2 shows the
crystal structure of Li10GeP2S12. The framework is composed of
(Ge0.5P0.5)S4 tetrahedra and LiS6 octahedra, which share a common
edge and form a 1D chain along the c axis. These 1D chains
are connected to one another through PS4 tetrahedra, which are
connected to LiS6 octahedra by a common corner (see Fig. 2b). The
1D conduction pathway is formed by LiS4 tetrahedra in the 16h and
8f sites, which share a common edge and form a 1D tetrahedron
chain. These chains are connected by common corners of the
LiS4 tetrahedra (Fig. 2c). Neutron diffraction analysis indicates
that the thermal vibration of lithium at the 16h and 8f sites is
highly anisotropic (Fig. 2c). The anisotropic thermal displacements
indicate that lithium is displaced from the 16h and 8f sites toward
interstitial positions between two 16h sites and between 16h and 8f
sites. This clearly indicates the existence of 1D conduction pathways
along the c axis. The occupancy parameters of 16h and 8f sites
(determined respectively to be 0.691(5) and 0.643(5)) indicate
partially occupied sites and show the average distribution of lithium
ions along the conduction pathway, which is a characteristic of
superionic conductors.

Figure 3 shows the thermal evolution of the ionic conductiv-
ity of the new Li10GeP2S12 phase together with those of other
electrolytes used in practical batteries. For example, the organic
liquid electrolyte ethylene carbonate (EC)–propylene carbonate
(PC) (50:50 vol.%) containing 1MLiPF6(ref. 16) has a conductivity
of 10�2 S cm�1 at room temperature. A gel electrolyte, such as
1M LiPF6/EC–PC (50:50 vol.%) + polyvinylidene difluoride–
hexafluoropropylene (10wt%; ref. 20), which is currently used
in practical lithium-ion batteries to enhance their safety, has a
slightly lower ionic conductivity than liquid electrolytes. Even at low
temperatures, Li10GeP2S12 has a very high conductivity (1mS cm�1

at �30 �C and 0.4mS cm�1 at �45 �C), which will enable practical
batteries to operate at low temperatures; this is one advantage of
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discharged state is shown for this limit. Assumptions are described in the text. cc = Current Collector.

and discharge reactions and/or extended capacity upon discharge of
the Li/air cells) are not yet clearly understood. In particular, if a
solid, insoluble product forms and remains at the reaction site the
catalyst may be quickly covered, such that the catalytic activity is re-
duced. Nevertheless, several reports on catalysis have been published.
Débart et al.34 have shown that a cell containing α-MnO2 as the catalyst
significantly increases the discharge capacity of the Li/air cell. The au-
thors suggested that the improvement in the capacity of the cell is due
to the presence of a tunneling structure that has the ability to accom-
modate in close proximity the Li+ and O2− ions, which in turn leads to
a subsequent incorporation of Li+ and O2−

2 into a compact film. Such
proximity and incorporation is not possible in other manganese ox-
ide materials. More recently, Lu et al.33, 142 incorporated bifunctional
catalysts into Li/air cells. By implementing a nano-structured PtAu/C
bifunctional catalyst into their cells, the authors were able to lower the
charge voltage and raise the discharge voltage, in order to obtain one
of the highest round-trip efficiencies of rechargeable Li/air batteries
reported to date. While there have been reports on catalysis, a recent
paper by McCloskey et al gives compelling evidence that catalysis
observed in carbonate systems only aids electrolyte decomposition,
while in DME no catalysis is observed for Au, Pt, or MnO2.177

Thus far, the ORR and OER kinetics have not been well char-
acterized for this system, although Xu and Shelton143 have recently
applied DFT methods to investigate the Li-based oxygen reduction
reaction (Li-ORR) on two different metallic surfaces, Au (111) and Pt
(111), and found that Au(111) is the most active surface for Li-ORR.
Their results also indicated that on both metallic surfaces, lithiation
significantly weakens the O–O bond and most likely will lead to the
formation of monoxides (LixO), which will tend to aggregate to form
cluster-like oxides. To the best of our knowledge, this is so far the only
study that has used theoretical approaches to understand the mech-
anistic details of the electrochemical reactivity of the Li/air cell on
metallic surfaces, suggesting the need of further reports on this topic.
Reducing the thickness of lithium-protection layers can significantly
improve rate capability.—Solid Li-ion conductors generally have Li-
ion conductivities at least an order of magnitude lower than liquid Li
electrolytes. One of the most attractive Li-protection layers, due to
its relatively high conductivity (>10−4 S/cm) and stability against a
variety of solvents, including water, is the class of glass ceramics from
Ohara.115, 121, 139, 140 Unfortunately, this material is brittle and difficult
to manufacture at thicknesses below 150 µm.

We used a 0D Matlab model to provide a rough estimate of the
separator materials design required to attain cell-level performance
targets. An optimization routine in Matlab (fmincon) was used to
compute the minimum ionic conductivity in the separator required
to obtain a cell-sandwich specific energy of 1250 Wh/kg at speci-

fied values of C rate and separator thickness.g The positive electrode
thickness and carbon loading were free to change in order to obtain
this optimum. Losses in the cell, which increased with C rate, were
included in the calculation of delivered specific energy (i.e., the dis-
charge energy was 1250 Wh/kg, while the nominal specific energy
was higher). To underscore the critical influence of the separator, only
ohmic losses were considered in the optimization. In a real cell, ki-
netic losses, and potentially mass-transfer limitations, would further
lower the delivered specific energy of the cell. The resulting discharge
efficiency for all optimized cell-sandwich designs was between 75
and 85%.

Figure 25 shows the conductivity of the separator required to
attain a cell-sandwich specific energy of 1250 Wh/kg at various C
rates in a Li/air cell with a solid-state separator. We assume that the
density and conductivity of the electrolyte in the positive electrode
are 1 g/mL and 0.01 S/cm, respectively, that the density of the
separator is 3 g/mL, and that the current collectors are Cu and Ni. An
anode/cathode capacity ratio of 1.2 was fixed for the optimization.

The results imply that decreasing the thickness of a low-
conductivity separator may be a more effective route to attaining
high practical specific energy at moderate C rates than increasing the
conductivity of a thick separator. For a 150-µm (100-µm) separator,
it is impossible to achieve the target practical specific energy at a
discharge rate above 0.4 C (0.7 C) with any cell design (i.e., the max-
imum falls below 1250 Wh/kg). Put simply, a thick separator, even
if highly conductive, requires correspondingly thick electrodes in or-
der to achieve high energy density, but thick electrodes imply a poor
power density. On the other hand cells with thin separators and thin
electrodes could achieve both high energy density and power density.
Outlook: Power density improvements require eliminating passiva-
tion in nonaqueous systems and reducing the thickness of lithium-
protection layers.—In nonaqueous systems, passivation phenomena
appear to be the most restrictive with regard to achieving high cur-
rent density. If passivation can be eliminated, poor solubility of O2 in
nonaqueous solvents may require new cell designs with continuous
gas, electrolyte, and electronically-conductive solid networks in order
to achieve even higher current density. Catalysts that promote facile
ORR and OER in nonaqueous systems may be required to improve
the voltage efficiency of nonaqueous Li/air cells.

In aqueous systems, the high thickness and low room-temperature
ionic conductivity of available water-stable Li-protection layers are
what limit the current density far below that of other metal-air sys-

g For a cell-sandwich specific energy of 1250 Wh/kg, an 80% cell packaging factor
implies a cell level specifc energy of 1000 Wh/kg. A further 43% increase in mass at
the pack level implies a system energy of 700 Wh/kg.
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and discharge reactions and/or extended capacity upon discharge of
the Li/air cells) are not yet clearly understood. In particular, if a
solid, insoluble product forms and remains at the reaction site the
catalyst may be quickly covered, such that the catalytic activity is re-
duced. Nevertheless, several reports on catalysis have been published.
Débart et al.34 have shown that a cell containing α-MnO2 as the catalyst
significantly increases the discharge capacity of the Li/air cell. The au-
thors suggested that the improvement in the capacity of the cell is due
to the presence of a tunneling structure that has the ability to accom-
modate in close proximity the Li+ and O2− ions, which in turn leads to
a subsequent incorporation of Li+ and O2−

2 into a compact film. Such
proximity and incorporation is not possible in other manganese ox-
ide materials. More recently, Lu et al.33, 142 incorporated bifunctional
catalysts into Li/air cells. By implementing a nano-structured PtAu/C
bifunctional catalyst into their cells, the authors were able to lower the
charge voltage and raise the discharge voltage, in order to obtain one
of the highest round-trip efficiencies of rechargeable Li/air batteries
reported to date. While there have been reports on catalysis, a recent
paper by McCloskey et al gives compelling evidence that catalysis
observed in carbonate systems only aids electrolyte decomposition,
while in DME no catalysis is observed for Au, Pt, or MnO2.177

Thus far, the ORR and OER kinetics have not been well char-
acterized for this system, although Xu and Shelton143 have recently
applied DFT methods to investigate the Li-based oxygen reduction
reaction (Li-ORR) on two different metallic surfaces, Au (111) and Pt
(111), and found that Au(111) is the most active surface for Li-ORR.
Their results also indicated that on both metallic surfaces, lithiation
significantly weakens the O–O bond and most likely will lead to the
formation of monoxides (LixO), which will tend to aggregate to form
cluster-like oxides. To the best of our knowledge, this is so far the only
study that has used theoretical approaches to understand the mech-
anistic details of the electrochemical reactivity of the Li/air cell on
metallic surfaces, suggesting the need of further reports on this topic.
Reducing the thickness of lithium-protection layers can significantly
improve rate capability.—Solid Li-ion conductors generally have Li-
ion conductivities at least an order of magnitude lower than liquid Li
electrolytes. One of the most attractive Li-protection layers, due to
its relatively high conductivity (>10−4 S/cm) and stability against a
variety of solvents, including water, is the class of glass ceramics from
Ohara.115, 121, 139, 140 Unfortunately, this material is brittle and difficult
to manufacture at thicknesses below 150 µm.

We used a 0D Matlab model to provide a rough estimate of the
separator materials design required to attain cell-level performance
targets. An optimization routine in Matlab (fmincon) was used to
compute the minimum ionic conductivity in the separator required
to obtain a cell-sandwich specific energy of 1250 Wh/kg at speci-

fied values of C rate and separator thickness.g The positive electrode
thickness and carbon loading were free to change in order to obtain
this optimum. Losses in the cell, which increased with C rate, were
included in the calculation of delivered specific energy (i.e., the dis-
charge energy was 1250 Wh/kg, while the nominal specific energy
was higher). To underscore the critical influence of the separator, only
ohmic losses were considered in the optimization. In a real cell, ki-
netic losses, and potentially mass-transfer limitations, would further
lower the delivered specific energy of the cell. The resulting discharge
efficiency for all optimized cell-sandwich designs was between 75
and 85%.

Figure 25 shows the conductivity of the separator required to
attain a cell-sandwich specific energy of 1250 Wh/kg at various C
rates in a Li/air cell with a solid-state separator. We assume that the
density and conductivity of the electrolyte in the positive electrode
are 1 g/mL and 0.01 S/cm, respectively, that the density of the
separator is 3 g/mL, and that the current collectors are Cu and Ni. An
anode/cathode capacity ratio of 1.2 was fixed for the optimization.

The results imply that decreasing the thickness of a low-
conductivity separator may be a more effective route to attaining
high practical specific energy at moderate C rates than increasing the
conductivity of a thick separator. For a 150-µm (100-µm) separator,
it is impossible to achieve the target practical specific energy at a
discharge rate above 0.4 C (0.7 C) with any cell design (i.e., the max-
imum falls below 1250 Wh/kg). Put simply, a thick separator, even
if highly conductive, requires correspondingly thick electrodes in or-
der to achieve high energy density, but thick electrodes imply a poor
power density. On the other hand cells with thin separators and thin
electrodes could achieve both high energy density and power density.
Outlook: Power density improvements require eliminating passiva-
tion in nonaqueous systems and reducing the thickness of lithium-
protection layers.—In nonaqueous systems, passivation phenomena
appear to be the most restrictive with regard to achieving high cur-
rent density. If passivation can be eliminated, poor solubility of O2 in
nonaqueous solvents may require new cell designs with continuous
gas, electrolyte, and electronically-conductive solid networks in order
to achieve even higher current density. Catalysts that promote facile
ORR and OER in nonaqueous systems may be required to improve
the voltage efficiency of nonaqueous Li/air cells.

In aqueous systems, the high thickness and low room-temperature
ionic conductivity of available water-stable Li-protection layers are
what limit the current density far below that of other metal-air sys-

g For a cell-sandwich specific energy of 1250 Wh/kg, an 80% cell packaging factor
implies a cell level specifc energy of 1000 Wh/kg. A further 43% increase in mass at
the pack level implies a system energy of 700 Wh/kg.
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First theoretical models

parameters should be carefully calibrated for each region !i.e., sepa-
rator, APL, and cathode electrolyte" to model the battery accurately.
Following what is usually done in the literature, we assumed that all
effective quantities can be written in terms of the porosity using
Bruggeman correlations as10

DLi,eff = !"Li−1DLi !5"

DO2,eff = !"O2−1DO2
!6"

#eff = !"# !7"
where DLi, DO2

, and # are the diffusion coefficients of the electro-
lyte and O2 and the electric conductivity of the electrolyte, respec-
tively. The constants "Li, "O2, and " are the Bruggeman coefficients
for electrolyte diffusion, O2 diffusion, and electrolyte conductivity,
respectively. The diffusional conductivity is considered as8

#D =
2RT#eff#t+ − 1$

F
%1 +

# f

# ln cLi
& !8"

where R = 8.314 J/mol K is the universal gas constant and T is the
absolute temperature. In our simulations, # f /# ln cLi is approxi-
mated to zero.

Besides Eq. 1-3 that are solved in all three regions !APL, sepa-
rator, and cathode", the following two equations are solved in the
cathode region to compute the potential of electrons #$$ and the
change in the local porosity !

$ · #%eff $ $$ + RC = 0 !9"

# !

# t
= − RC

MLi2O2

2F&Li2O2

!10"

where MLi2O2
and &Li2O2

are the molecular weight and the mass
density of Li2O2, respectively, and %eff is the effective conductivity
of electrons in the cathode, which is assumed to be

%eff = !"e% !11"
where "e is the Bruggeman coefficient for the electron conductivity
and % is the electron conductivity in the carbon electrode. The oxy-
gen mass consumption is given by

dmO2

dt
=

MO2

2F
I !12"

where MO2
is the molecular mass of O2 and Iapp is the total current

density at the cathode.
To establish the equation for the oxygen conversion rate #RC$,

one has to consider the geometry of the electrolyte/carbon interface
at the cathode because this interface represents the active region
where lithium oxidation takes place. One model that is often used in
the literature is to consider that the cathode contains a large number
of quasi-cylindrical open-ended pores, each of average pore radius
# r̄p$. Lithium peroxide deposits on the inner surface of the pores !see
Fig. 2" and, in this way, decreases the average pore radius in time. If
the shape of the pores is cylindrical, the porosity can be related to
the average pore radius by6

! = !0% r̄p

r̄p,0
&2

!13"

where !0 and r̄p,0 are the initial porosity and the average pore radius
!at t = 0", respectively. Using the same assumption about the shape
of the pores, the oxygen conversion rate can be approximated as

RC

= '2k!O2
cO2

r̄pcO2

ref ' !e#1−"$F/RT(c − e−"F/RT(c" if LC ) x ) L#cathode$

0 otherwise
(

!14"
where " = 0.5, k is a reaction rate constant, cO2

ref = 1 mol/L is a
normalization parameter, and (c is the overpotential at the cathode.
If we take into consideration the electrical resistivity of the Li2O2,
which is assumed to deposit uniformly on the inner surface of the
pores, the overpotential can be written as

(c = $Li − $ − Uc − *VLi2O2

= $Li − $ − Uc − RC&Li2O2
r̄p,0) !

!0
ln)!0

!
!15"

where *VLi2O2
is the voltage drop across Li2O2, &Li2O2

is the elec-
trical resistivity of Li2O2, and Uc is the equilibrium potential for
Reaction 1 at the cathode.

Equations 2-4, 9, 10, and 12 represent a system of partial differ-
ential equations that should be subject to boundary and initial con-
ditions and should be solved self-consistently to compute the
lithium-ion and oxygen concentrations, the electrostatic potentials,
and the porosity at each location inside the electrochemical cell as a
function of time. The initial conditions as well as the boundary
conditions for the one-dimensional cell simulated in this paper are
presented in the next two subsections.

Figure 1. !Color online" Li-air battery system showing the region that is
discretized and simulated.

Figure 2. !Color online" Modeling of the oxygen diffusion and Li2O2 for-
mation in the porous carbon cathode.

A1288 Journal of The Electrochemical Society, 157 !12" A1287-A1295 !2010"A1288
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maximum limit given by Eq. 27 because, for narrow cathodes, the
oxygen can diffuse completely throughout the whole cathode vol-
ume. The cell voltage decreases with decreasing thickness of the
cathode electrode. This is because in batteries with smaller cathode
thickness, there is less surface area available and the overpotential at
the cathode as expressed by Eq. 14 becomes higher. The SC in Fig.
4 and 5 as well as in other figures in this section is expressed in
mAh/gc, where the mass includes only the mass of the carbon in the
cathode.

The porosity as a function of the position inside the cell is rep-
resented in Fig. 6 for different states of discharge and at a discharge
current of 0.1 mA/cm2. Because the O2 diffusion coefficient is
much smaller than the Li diffusion coefficient, k = 1.64
! 10−5 A/cm2 has been deposited predominantly at the air side of
the cathode where the reaction rate is higher. This phenomenon de-
creases the total energy density of the cell and is regarded as one of
the main disadvantages of Li-air batteries. It is apparent from these
simulations that to improve the energy density of Li-air batteries,

one should either increase the diffusion coefficient of O2 to make it
comparable to that of Li ions or increase the reaction rate at the left
side of the cathode !near the separator" to efficiently fill in the pores
of the cathode with Li2O2.

The dependence of the reaction rate as a function of the position
inside the cell is represented in Fig. 7 for different states of dis-
charge. While the battery discharges, the reaction rate decreases
deep inside the cathode and increases at the surface of the cathode.
This effect can be explained again based on the fact that the pores
!channels" that provide oxygen to the cell are pinching off at the
surface of the cell, thus decreasing the overall oxygen concentration
deep inside the cathode. At the same time, the reaction rate is
slightly higher at the surface of the cathode to conserve the total
value of the current going through the battery, which is equal to
!"C".

Figures 8 and 9 present the dependence of oxygen and lithium
concentrations, respectively, as a function of position at different
states of discharge and for different discharge currents. As expected,
the oxygen concentration is maximum at the air side of the cathode
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Figure 4. !Color online" Cell voltage as a function of the SC for different
discharge currents.
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Li-air batteries have attracted much attention recently because of
their relatively high theoretical energy densities compared to other
batteries. The high theoretical energy density of Li-air batteries
makes these batteries suitable for applications requiring light power
sources such as portable electronic devices, unmanned aerial ve-
hicles, or any other equipment where air is present. Despite their
high maximum energy density,1-3 present Li-air batteries typically
achieve only a fraction of the maximum theoretical energy density.
In this paper, we developed a physics-based model based on a drift-
diffusion approach to simulate Li-air batteries with a nonaqueous
electrolyte and to propose battery structures with an improved en-
ergy density.

Li-air batteries with a nonaqueous electrolyte are usually com-
posed of a Li metallic anode, a solid separator, and a porous carbon
cathode filled with organic electrolyte !see Fig. 1". External air is
allowed to penetrate the pores of the cathode, diffuse through the
electrolyte, and react with the Li ions according to the reaction

2Li+ + O2 + 2e− → Li2O2 !1"

The Li2O2 reaction product is insoluble in the electrolyte and depos-
its on the solid surface of the cathode, as shown in Fig. 2. As noted
by Read et al.,4 the formation of lithium peroxide, which fills in the
channels and interrupts the flow of O2 in the cathode, constitutes the
main reason for the relatively short life of present Li-air batteries.
Also, the relatively low value of the diffusion coefficient of O2 in
the electrolyte significantly reduces the power density of these bat-
teries. It was concluded by several authors that to enhance the power
density of Li-air batteries, one needs to increase either the O2 diffu-
sivity and concentration in the electrolyte or the gaseous oxygen
partial pressure.5,6 Although some of these approaches are appropri-
ate to enhance the power density of Li-air batteries, they are not
always very efficient in increasing the energy density of these bat-
teries.

Lithium oxide #Li2O$ can also be formed at the cathode as a
result of the Li oxidation. This formation can also be taken into
consideration in our modeling by carefully calibrating the param-
eters of the models used !e.g., molecular mass, mass density, etc.".
However, the simulations presented in this paper assume that lithium
peroxide is the main reaction product at the cathode.

The paper is structured as follows. In the first section, we sum-
marize the model that we used for the simulation of Li-air batteries.
This model is similar to already existing models for Li-ion

batteries;7-9 however, it also takes into consideration the oxygen
diffusion and reaction rate at the cathode. The formation of Li2O2 at
the cathode is modeled similarly to the one developed by Sandhu et
al.6 In the second section, we present the numerical algorithm and
sample simulation results. Then, we discuss about possible ap-
proaches to improve the specific capacity !SC" of the cathode elec-
trode and the energy density of Li-air batteries, after which we con-
clude.

Model Development

Basic equations.— The mathematical description of Li-air bat-
teries should include accurate models for the lithium-ion and oxygen
diffusion inside the cell, the electron conductivity of the carbon
cathode, the Li2O2 formation and deposition at the cathode, the po-
rosity change inside the cathode, and rate equations for Reaction 1
and the Li-ion formation #Li → Li+ + e−$. In this work, we used the
theory of concentrated solutions10 to model the Li+ and oxygen dif-
fusion and drift in the anode protective layer !APL", separator, and
cathode electrolyte. We also assumed a binary monovalent electro-
lyte and no convection. The electrostatic potential of Li ions #!Li$ is
assumed to satisfy the following drift-diffusion equation

% · #"eff % !Li + "D % ln cLi$ − RC = 0 !2"
where "eff is the effective electric conductivity of the electrolyte, "D
is the diffusional conductivity, cLi is the concentration of the lithium
electrolyte !which is equal to the concentration of Li+", and RC is the
oxygen conversion rate, which is equal to zero in the APL and
separator and is positive in the cathode. The concentration of Li+

satisfies10

& ##cLi$
& t

= % · #DLi,eff % cLi$ −
1 − t+

F
RC −

ILi · % t+

F
!3"

where # is the porosity, DLi,eff is the effective electrolyte diffusion
coefficient, t+ is the transference number, F = 96,487 C/mol is
Faraday’s constant, and ILi = −"eff % !Li − "D % ln cLi is the
electrolyte density current. The oxygen concentration satisfies the
following diffusion equation

& ##cO2
$

& t
= % · #DO2,eff % cO2

$ −
RC

2F
!4"

where DO2,eff is the effective diffusion constant of the oxygen.
"eff, "D, DLi,eff, t+, and DO2,eff in the above equations are

material-dependent parameters that usually depend on the tortuosity
!through porosity" and on the Li+ and oxygen concentrations. Thesez E-mail: zheng@eng.fsu.edu
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Li-air batteries have attracted much attention recently because of
their relatively high theoretical energy densities compared to other
batteries. The high theoretical energy density of Li-air batteries
makes these batteries suitable for applications requiring light power
sources such as portable electronic devices, unmanned aerial ve-
hicles, or any other equipment where air is present. Despite their
high maximum energy density,1-3 present Li-air batteries typically
achieve only a fraction of the maximum theoretical energy density.
In this paper, we developed a physics-based model based on a drift-
diffusion approach to simulate Li-air batteries with a nonaqueous
electrolyte and to propose battery structures with an improved en-
ergy density.

Li-air batteries with a nonaqueous electrolyte are usually com-
posed of a Li metallic anode, a solid separator, and a porous carbon
cathode filled with organic electrolyte !see Fig. 1". External air is
allowed to penetrate the pores of the cathode, diffuse through the
electrolyte, and react with the Li ions according to the reaction

2Li+ + O2 + 2e− → Li2O2 !1"

The Li2O2 reaction product is insoluble in the electrolyte and depos-
its on the solid surface of the cathode, as shown in Fig. 2. As noted
by Read et al.,4 the formation of lithium peroxide, which fills in the
channels and interrupts the flow of O2 in the cathode, constitutes the
main reason for the relatively short life of present Li-air batteries.
Also, the relatively low value of the diffusion coefficient of O2 in
the electrolyte significantly reduces the power density of these bat-
teries. It was concluded by several authors that to enhance the power
density of Li-air batteries, one needs to increase either the O2 diffu-
sivity and concentration in the electrolyte or the gaseous oxygen
partial pressure.5,6 Although some of these approaches are appropri-
ate to enhance the power density of Li-air batteries, they are not
always very efficient in increasing the energy density of these bat-
teries.

Lithium oxide #Li2O$ can also be formed at the cathode as a
result of the Li oxidation. This formation can also be taken into
consideration in our modeling by carefully calibrating the param-
eters of the models used !e.g., molecular mass, mass density, etc.".
However, the simulations presented in this paper assume that lithium
peroxide is the main reaction product at the cathode.

The paper is structured as follows. In the first section, we sum-
marize the model that we used for the simulation of Li-air batteries.
This model is similar to already existing models for Li-ion

batteries;7-9 however, it also takes into consideration the oxygen
diffusion and reaction rate at the cathode. The formation of Li2O2 at
the cathode is modeled similarly to the one developed by Sandhu et
al.6 In the second section, we present the numerical algorithm and
sample simulation results. Then, we discuss about possible ap-
proaches to improve the specific capacity !SC" of the cathode elec-
trode and the energy density of Li-air batteries, after which we con-
clude.

Model Development

Basic equations.— The mathematical description of Li-air bat-
teries should include accurate models for the lithium-ion and oxygen
diffusion inside the cell, the electron conductivity of the carbon
cathode, the Li2O2 formation and deposition at the cathode, the po-
rosity change inside the cathode, and rate equations for Reaction 1
and the Li-ion formation #Li → Li+ + e−$. In this work, we used the
theory of concentrated solutions10 to model the Li+ and oxygen dif-
fusion and drift in the anode protective layer !APL", separator, and
cathode electrolyte. We also assumed a binary monovalent electro-
lyte and no convection. The electrostatic potential of Li ions #!Li$ is
assumed to satisfy the following drift-diffusion equation

% · #"eff % !Li + "D % ln cLi$ − RC = 0 !2"
where "eff is the effective electric conductivity of the electrolyte, "D
is the diffusional conductivity, cLi is the concentration of the lithium
electrolyte !which is equal to the concentration of Li+", and RC is the
oxygen conversion rate, which is equal to zero in the APL and
separator and is positive in the cathode. The concentration of Li+

satisfies10
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= % · #DLi,eff % cLi$ −
1 − t+
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where # is the porosity, DLi,eff is the effective electrolyte diffusion
coefficient, t+ is the transference number, F = 96,487 C/mol is
Faraday’s constant, and ILi = −"eff % !Li − "D % ln cLi is the
electrolyte density current. The oxygen concentration satisfies the
following diffusion equation
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where DO2,eff is the effective diffusion constant of the oxygen.
"eff, "D, DLi,eff, t+, and DO2,eff in the above equations are
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Li-air batteries have attracted much attention recently because of
their relatively high theoretical energy densities compared to other
batteries. The high theoretical energy density of Li-air batteries
makes these batteries suitable for applications requiring light power
sources such as portable electronic devices, unmanned aerial ve-
hicles, or any other equipment where air is present. Despite their
high maximum energy density,1-3 present Li-air batteries typically
achieve only a fraction of the maximum theoretical energy density.
In this paper, we developed a physics-based model based on a drift-
diffusion approach to simulate Li-air batteries with a nonaqueous
electrolyte and to propose battery structures with an improved en-
ergy density.

Li-air batteries with a nonaqueous electrolyte are usually com-
posed of a Li metallic anode, a solid separator, and a porous carbon
cathode filled with organic electrolyte !see Fig. 1". External air is
allowed to penetrate the pores of the cathode, diffuse through the
electrolyte, and react with the Li ions according to the reaction

2Li+ + O2 + 2e− → Li2O2 !1"

The Li2O2 reaction product is insoluble in the electrolyte and depos-
its on the solid surface of the cathode, as shown in Fig. 2. As noted
by Read et al.,4 the formation of lithium peroxide, which fills in the
channels and interrupts the flow of O2 in the cathode, constitutes the
main reason for the relatively short life of present Li-air batteries.
Also, the relatively low value of the diffusion coefficient of O2 in
the electrolyte significantly reduces the power density of these bat-
teries. It was concluded by several authors that to enhance the power
density of Li-air batteries, one needs to increase either the O2 diffu-
sivity and concentration in the electrolyte or the gaseous oxygen
partial pressure.5,6 Although some of these approaches are appropri-
ate to enhance the power density of Li-air batteries, they are not
always very efficient in increasing the energy density of these bat-
teries.

Lithium oxide #Li2O$ can also be formed at the cathode as a
result of the Li oxidation. This formation can also be taken into
consideration in our modeling by carefully calibrating the param-
eters of the models used !e.g., molecular mass, mass density, etc.".
However, the simulations presented in this paper assume that lithium
peroxide is the main reaction product at the cathode.

The paper is structured as follows. In the first section, we sum-
marize the model that we used for the simulation of Li-air batteries.
This model is similar to already existing models for Li-ion

batteries;7-9 however, it also takes into consideration the oxygen
diffusion and reaction rate at the cathode. The formation of Li2O2 at
the cathode is modeled similarly to the one developed by Sandhu et
al.6 In the second section, we present the numerical algorithm and
sample simulation results. Then, we discuss about possible ap-
proaches to improve the specific capacity !SC" of the cathode elec-
trode and the energy density of Li-air batteries, after which we con-
clude.

Model Development

Basic equations.— The mathematical description of Li-air bat-
teries should include accurate models for the lithium-ion and oxygen
diffusion inside the cell, the electron conductivity of the carbon
cathode, the Li2O2 formation and deposition at the cathode, the po-
rosity change inside the cathode, and rate equations for Reaction 1
and the Li-ion formation #Li → Li+ + e−$. In this work, we used the
theory of concentrated solutions10 to model the Li+ and oxygen dif-
fusion and drift in the anode protective layer !APL", separator, and
cathode electrolyte. We also assumed a binary monovalent electro-
lyte and no convection. The electrostatic potential of Li ions #!Li$ is
assumed to satisfy the following drift-diffusion equation

% · #"eff % !Li + "D % ln cLi$ − RC = 0 !2"
where "eff is the effective electric conductivity of the electrolyte, "D
is the diffusional conductivity, cLi is the concentration of the lithium
electrolyte !which is equal to the concentration of Li+", and RC is the
oxygen conversion rate, which is equal to zero in the APL and
separator and is positive in the cathode. The concentration of Li+

satisfies10
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= % · #DLi,eff % cLi$ −
1 − t+
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ILi · % t+
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where # is the porosity, DLi,eff is the effective electrolyte diffusion
coefficient, t+ is the transference number, F = 96,487 C/mol is
Faraday’s constant, and ILi = −"eff % !Li − "D % ln cLi is the
electrolyte density current. The oxygen concentration satisfies the
following diffusion equation
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where DO2,eff is the effective diffusion constant of the oxygen.
"eff, "D, DLi,eff, t+, and DO2,eff in the above equations are
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coefficient !k". This coefficient is assumed constant inside the cath-
ode; the increase in the value of k models the addition of a uni-
formly distributed catalyst in the cathode. There is an increase in the
power density of the cell for the values of k up to #2
! 10−6 A/cm2 due to the reducing overpotential of the cathode
electrode, after which the power density saturates. To observe a
significant increase in the energy density and SC of the battery, one
has to increase the reaction rate to much higher values !larger than
#2 ! 10−4 A/cm2".

Catalysts with nonuniform distribution.— Because of the rela-
tively low diffusion coefficient of O2, Li2O2 deposits mostly at the
edge of the cathode and interrupts the flow of the O2 inside the cell.
For the reaction product to deposit more or less uniformly through-
out the cathode, one needs to increase the reaction rate deep inside
the cathode region and close to the cathode–separator interface. One
way to achieve this is to use a catalyst with a nonuniform distribu-
tion inside the cathode. To model the effect of the catalyst, we as-
sume that the reaction rate coefficient !k" in Eq. 14 depends expo-
nentially on the location in the cathode according to the following
equation

k!x" = k0$ kmax

k0
%!L−x"/!L−LC"

&28'

where k0 is the value of the reaction rate coefficient at the edge of
the cathode !i.e., x = L"; kmax is the value of the reaction rate coef-
ficient at the cathode–separator interface; L is the length of the cell;
and LC is the coordinate of the cathode–separator interface !see Fig.
1". According to Eq. 28, the reaction rate coefficient increases ex-
ponentially from the edge of the cell to the cathode–separator inter-
face, where it has the maximum value of kmax. Figure 15 presents
the cell voltage as a function of the SC for different values of kmax
ranging from k0 = 1.7 ! 10−8 to 4.8 ! 10−6 A/cm2. Figure 16 pre-
sents the energy density, power density, and SC of the battery as a
function of the maximum value of kmax.

It is important now to compare the characteristics of the Li-air
batteries with a uniform to a nonuniform catalyst. The energy den-
sity, power density, and SC for a battery filled uniformly with a
catalyst so that the reaction rate coefficient !k" is constant and equal
to 5 ! 10−5 A/cm2 are 2060 Wh/kg, 7.27 W/kg, and 667 mAh/g,
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Figure 12. !Color online" Energy density, power density, and SC as a func-
tion of the diffusion coefficient of O2 in the electrolyte.
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coefficient !k". This coefficient is assumed constant inside the cath-
ode; the increase in the value of k models the addition of a uni-
formly distributed catalyst in the cathode. There is an increase in the
power density of the cell for the values of k up to #2
! 10−6 A/cm2 due to the reducing overpotential of the cathode
electrode, after which the power density saturates. To observe a
significant increase in the energy density and SC of the battery, one
has to increase the reaction rate to much higher values !larger than
#2 ! 10−4 A/cm2".

Catalysts with nonuniform distribution.— Because of the rela-
tively low diffusion coefficient of O2, Li2O2 deposits mostly at the
edge of the cathode and interrupts the flow of the O2 inside the cell.
For the reaction product to deposit more or less uniformly through-
out the cathode, one needs to increase the reaction rate deep inside
the cathode region and close to the cathode–separator interface. One
way to achieve this is to use a catalyst with a nonuniform distribu-
tion inside the cathode. To model the effect of the catalyst, we as-
sume that the reaction rate coefficient !k" in Eq. 14 depends expo-
nentially on the location in the cathode according to the following
equation

k!x" = k0$ kmax

k0
%!L−x"/!L−LC"

&28'

where k0 is the value of the reaction rate coefficient at the edge of
the cathode !i.e., x = L"; kmax is the value of the reaction rate coef-
ficient at the cathode–separator interface; L is the length of the cell;
and LC is the coordinate of the cathode–separator interface !see Fig.
1". According to Eq. 28, the reaction rate coefficient increases ex-
ponentially from the edge of the cell to the cathode–separator inter-
face, where it has the maximum value of kmax. Figure 15 presents
the cell voltage as a function of the SC for different values of kmax
ranging from k0 = 1.7 ! 10−8 to 4.8 ! 10−6 A/cm2. Figure 16 pre-
sents the energy density, power density, and SC of the battery as a
function of the maximum value of kmax.

It is important now to compare the characteristics of the Li-air
batteries with a uniform to a nonuniform catalyst. The energy den-
sity, power density, and SC for a battery filled uniformly with a
catalyst so that the reaction rate coefficient !k" is constant and equal
to 5 ! 10−5 A/cm2 are 2060 Wh/kg, 7.27 W/kg, and 667 mAh/g,
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Figure 12. !Color online" Energy density, power density, and SC as a func-
tion of the diffusion coefficient of O2 in the electrolyte.
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Figure 13. !Color online" Cell voltage vs SC for different reaction rate
coefficients !k". The reaction rate is assumed uniform inside the cathode and
equal to !a" k = 1 ! 10−9 A/cm2, !b" k = 4 ! 10−9 A/cm2, !c" k = 1.6
! 10−8 A/cm2, !d" k = 6.4 ! 10−8 A/cm2, !e" k = 2.56 ! 10−7 A/cm2, !f"
k = 10−6 A/cm2, !g" k = 4.1 ! 10−6 A/cm2, !h" k = 1.64 ! 10−5 A/cm2,
!i" k = 4.1 ! 10−5 A/cm2, and !j" k = 2.62 ! 10−4 A/cm2.
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First theoretical models

more occurs than at 0.47 mA/cm2. At 0.47 mA/cm2 deposition oc-
curs preferentially at the positive electrode/current collector inter-
face. This modeling result is in accord with some experimental re-
sults showing more discharge products near the positive electrode/
current collector boundary than the separator/positive electrode
boundary.4,44 For oxygen transport exclusively through the liquid
electrolyte phase, a thinner porous positive electrode than that used
in these tests will be required for high current densities.

Model-only results clarify the performance limitations.— A vali-
dated model can be used to clarify the most significant performance
limitations in a system by removing the influence of individual
physical processes. Here, we focus on two limiting physical pro-
cesses already discussed: diffusion of oxygen through the electrolyte
and the electronic resistance of the discharge products. Figure 7
shows simulation-only results at 0.08 and 0.47 mA/cm2 to distin-
guish the importance of each of these effects. To remove oxygen
transport limitations the diffusion coefficient of oxygen was set to
infinity !the solubility was kept the same", and to remove the passi-
vation effect the electronic resistivity of the discharge products was
set to zero. Figure 7a shows that at 0.08 mA/cm2, removing oxygen
transport limitations has little effect on the discharge potential or
capacity obtained. However, removing the passivation caused by the
high electronic resistivity of the discharge products has a dramatic
effect on the potential and capacity obtained. By the end of the
discharge without passivation the volume fraction of discharge prod-
ucts in the positive electrode grew to a much larger value !about
70%" than the 2.4% obtained without passivation. Figure 7b shows
the effects of removing oxygen transport limitations and passivation
at the higher current density of 0.47 mA/cm2. Removing oxygen
transport limits results in nearly a doubling of the capacity, but even
if oxygen transport limitations remain, removing the passivation
caused by the discharge products has a bigger effect; at the end of
discharge the volume fraction of the discharge products in the posi-

tive electrode is about 25%. These simulations show the crucial role
that passivation has on the discharge capacity and establishes passi-
vation as the key physical process to be overcome if a nonaqueous
Li/oxygen battery with a high practical specific energy is to be re-
alized.

To treat rigorously the growth of the discharge products that
form in the simulations without passivation our model should be
modified to treat particle joining !in order to use the correct interfa-
cial area for deposition" and significant volume changes. Therefore,
the results in Fig. 7 should be seen as qualitative. However, when
the discharge product has no resistance, the geometry and length of
the current pathways between the electrolyte/discharge product in-
terface and the carbon particles do not matter, and the potential
drops off due to O2 transport limitations. In particular, as the O2
concentration is highest near the positive-electrode current collector,
deposition occurs preferentially in that region until the electrolyte
phase is fully displaced and O2 transport is blocked.

Future Cell-Level Modeling Topics

To help frame future cell-level modeling challenges for the non-
aqueous Li/oxygen battery and reiterate the importance of the for-
mation of an electronically resistive discharge product, in Fig. 8 we
show how a high specific energy cell may appear. The design is for
a positive electrode of thickness 200 !m, assumes a discharge prod-
uct of Li2O2, and assumes the volume fraction of electrolyte is 90%
in the charged state and 10% in the discharged state. The separator
thickness is 25 !m. The Li metal thickness is chosen so the elec-
trodes have the same capacity. The discharge of this cell results in
the displacement of 89% of the electrolyte originally in the positive
electrode and all the Li metal being transferred to the positive elec-
trode where it is stored in the Li2O2 product. If the discharge prod-
uct is an insulator, the positive electrode will need to be nanostruc-
tured so that the length scale for conduction is very small.
Otherwise, a method must be found to create an electronically con-
ductive product. As Fig. 8 shows, the Li/O2 cell is an interesting
case in which the mass increases !due to taking in O2 from the
external environment" and the volume decreases !due to the very
low density of Li". A model of this cell sandwich will need to treat
the movement of the Li metal/separator interface, dramatic volume
changes in nearly every region of the cell, electrolyte convection out
of the positive electrode and possibly to an external electrolyte res-
ervoir, and particle joining resulting in changes to the interfacial
area for reaction. Designing a reversible electrochemical system
with such dramatic volume changes will require novel design ap-
proaches that modeling work can help guide.

The present model was built using the properties of Li2CO3. A
research goal is to find an electrolyte that is stable to the discharge
intermediates such that Li2O2, the desired product, will result. How
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Figure 7. Simulation-only results demonstrating the relative impacts of
eliminating oxygen transport limitations and eliminating the electronic resis-
tance of the discharge products. !a" shows results at a current density of
0.08 mA/cm2; the two simulations with passivation superpose. !b" shows
results at a current density of 0.47 mA/cm2.
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clarifying the importance of having an electronically conductive discharge
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mass of the carbon, binder, and additives in the cathode. This large
capacity range shows that many parameters may influence the specific
energy of a Li/air cell. Therefore the cathode has to be understood
in terms of maximum capacity and relevant mechanisms that limit
the capacity. Three major capacity-limiting issues, passivation, pore
blockage, and O2 transport limitations, are discussed in the literature
and are assessed critically in the following sections.

However, before moving to those capacity-limiting issues we stress
that in order for a Li/air cell to achieve a high energy the cell, at the end
of discharge, needs to have a high volume fraction of active material
(whether it be Li2O, Li2O2, or LiOH · H2O). Reporting the capacity in
mAh/g carbon, mAh/g cathode, or even mAh/cm2 somewhat obscures
this extremely important point. Unlike standard Li-ion cells where the
active material is built directly into the electrodes with a volume
fraction of around 50 to 75%, in a Li/air cell the active material
is essentially being synthesized during the discharge process. While
many authors report the capacity in mAh/g carbon, we emphasize that
carbon is not the true active material in the Li/air cell, as Table I shows.
To enable a reader to calculate the volume fraction of active material
in an electrode or cell at the end of discharge it is important to include
the information necessary to make that calculation. For example, if the
capacity is reported in mAh/g carbon, an author should also provide
the carbon loading (in mg-carbon/cm2) and the electrode thickness to
allow the calculation of mAh/cm3, and from that the volume fraction
of active material.
Passivation by insulating discharge products appears to limit the
capacity.—Recent flat-electrode experiments and Li/air cell model-
ing indicate that passivation of the electrode surface by electroni-
cally insulating discharge products severely limits the capacity of
Li/air cells even at low rates of discharge, although the results may
depend on the electrolyte used and the discharge rate.23 In partic-
ular, Figure 11 shows the rapid passivation that occurs during dis-
charge on a flat glassy-carbon surface. The maximum thickness ob-
tained for the discharge product is less than 100 nm. The cell in
this case used a carbonate solvent; hence, the discharge reaction
picture is complicated by the fact that an array of discharge prod-
ucts are generated. Researchers carrying out rotating-disk electrode
experiments have also commented on passivation.25 This limitation
may be general because the desired reaction product in the non-
aqueous Li/air cell, Li2O2, has the electronic properties of an in-
sulator (to be more specific, bulk Li2O2 is insulating,5, 64 although it
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Figure 11. Demonstration of the passivation of a flat-electrode surface during
a discharge on glassy carbon. Reproduced from reference 23.

is possible that its surface states and grain boundaries may be more
conductive).

We stress that besides Li2O2, other reaction products such as Li2O,
Li2CO3 and Li-organic compounds may appear depending on the elec-
trolyte system. The mechanism of electrical passivation in noncarbon-
ate electrolyte systems is at an early stage of investigation.52

The impedance rise associated with passivation leads to an in-
creasing overpotential that may end the discharge before the available
pore volume is even moderately filled. It will therefore be necessary
to understand the detailed growth mechanism of the desired reaction
product, which is not yet well understood. Defects or grain boundaries
in the Li2O2 crystal could result in enhanced electronic conduction to
the Li2O2/electrolyte interface, or diffusion of Li and O through the
film could enable growth from the electrode/Li2O2 interface. Theoreti-
cal computations of electronic conductivity through the film have been
limited to the consideration of fully dense, monocrystalline films.23, 65

More detailed characterization of Li2O2 films grown on porous elec-
trodes bathed in noncarbonate electrolytes, using a combination of
imaging (e.g., SEM, TEM, AFM) and electrochemical techniques
(e.g., use of ferrocene couples, GITT), is required to elucidate the
Li2O2 growth mechanism. Depending upon the results, models that
incorporate grain boundaries and/or defect chemistry could be devel-
oped to improve our understanding of Li2O2 formation and growth.
Pore blocking may also restrict the practical capacity.—Besides direct
passivation of the electrochemically active surface, blockage of micro-
pores and some mesopores by Li oxides or other products formed at
the beginning of discharge can limit the accessibility of some electrode
surface for electrochemical reaction. Figure 12 shows schematically
how Li2O2 growth on the surface of carbon in an electrode with re-
stricted pores could result in either passivation or pore blocking. Both
phenomena result in unused pore volume and hence limit the discharge
capacity.

In electrodes where passivation does not occur, pore blocking may
be the mechanism that most severely limits capacity. To overcome
pore blocking the selection of a suitable carbon material with a suf-
ficiently large pore diameters to allow the entire electrochemically
active surface to react is important.

In order to generate innovative designs that prevent air electrode
passivation and pore blocking one needs to understand the chem-
istry of the reaction process (discussed in Section 2.1) and how the
carbon/air electrode microstructure affects the discharge performance.
Hence, it is necessary to characterize the porous network of the real gas
diffusion electrode and relate it to its electrochemical performance. In
the literature N2-adsorption measurements (BET66) are applied for the
selection of suitable carbon materials. Information about pore size dis-
tribution, pore volume, and the available surface area can be related to
state-of-charge dependent impedance measurement data (EIS).67 This
has been used to track the electrical passivation and relate the behavior
to structural properties of the carbon material determined by BET. For
mesocellular carbon foam a capacity increase by 40% compared to
other carbon black materials has been achieved recently.68 The authors

Figure 12. Schematic illustration of the pore filling during discharge. The
growing Li2O2 layer leads to cathode passivation by electrical isolation (top
right) and pore blocking (bottom right).
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Fig. 2. The discharge curve of a Li/PAN-based polymer electro-
lyte! oxygen cell at a current density of 0.1 mA/cm2 at room tem-
perature. The cathode contained Chevron acetylene black carbon.
The cell was packaged in metallized plastic envelope and dis-
charged by exposing the carbon electrode to laboratory air.
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Fig. 3. The discharge curve of a Li/PAN-based polymer electro-
lyte/oxygen cell at a current density of 0.1 mA/cm2 at room tem-
perature in an atmosphere of oxygen. The cathode contained
Chevron acetylene block carbon. The cell was packaged in the D cell
can and 02 from a tank was used to maintain a flowing 02 atmos-
phere.

electrode and its reduction according to reaction 1 and/or
2 can explain the observed results
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Fig. 4. The intermittent discharge curve and the open-circuit volt-
ages of a Li/PAN-based polymer electrolyte/oxygen cell at a current
density of 0.1 mA/cm2 at room temperature in an atmosphere of
oxygen. The cathode contained Chevron acetylene black carbon.
The cell was discharged in 1.5 h increments with an open-circuit
stand of about 15 mm between discharges. (ooo) OCV, L_i load
voltage.
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Fig. 5. Raman spectra of (a) the discharged carbon electrode and
(b) the undischarged carbon electrode.

Standard cell potentials, E°, in Eq. 1 and 2 were calcu-
lated using the standard Gibbs free energy of formation
(AG°) of —134 kcal/mol for Li20 and —145 kcal/mol for
Li202. A reaction between Li and H20 could be ruled out
as the source of the cell potential since E° for the reaction,
Li + H20 —* LiOH + 1/2117 is only 2.08 V.

Qualitative analysis indicated that the discharge prod-
uct most probably is Li207. Thus, when the carbon con-
taining the discharge product from a discharged cell was
mixed with the KMnO4 solution, the purple color of the
solution disappeared with the evolution of a gas; a similar
phenomenon was observed by adding Li202 to the KMnO4
solution. However, the addition of carbon containing
undischarged carbon electrode to KMnO4 did not change
the solution color. Li20 also does not change the color of
KMnO4 solution. Li202 was confirmed from Raman spectra
of discharged cathodes.

The Raman spectrum (Fig. 5a) of the discharged carbon
electrode, recorded in the range of 900 to 500 cm', shows
one strong absorption peak at 795 cm', which is charac-
teristic of the 0-0 stretch in Li202 The Raman spectrum
also shows that there is little or no Li20 in the discharged
carbon electrode since its absorption at 521 cm1 is absent.8
The Raman spectrum (Fig. 5b) of the undischarged carbon
electrode shows no absorption between 900 and 500 cnf'.

Based on both the qualitative and the Raman analyses
the reaction in Eq. 1 appears to be the most probable dis-
charge process in the Li/02 cell. This is consistent with
prior observations that in the absence of a catalyst reduc-

[1] tion of oxrgen usually does not proceed beyond the perox-
ide stage. A load voltage of approximately 2.5 V which is

[2] 0.35 V lower than the OCV of 2.85 V can be explained in
terms of reaction overvoltages at the electrodes.

-I
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Fig. 6. The discharge curve of a Li/PAN-based lymer elec-
trolyte/oxygen cell at a current density of 0.1 mA/cm at room tem-
perature in an atmosphere of oxygen. The cathode contained 40
w/o graphite powder and 60 w/o polymer electrolyte. The cell was
packaged in the D cell can and 02 from a tank was used to main-
tain a flowing 02 atmosphere.
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Standard cell potentials, E°, in Eq. 1 and 2 were calcu-
lated using the standard Gibbs free energy of formation
(AG°) of —134 kcal/mol for Li20 and —145 kcal/mol for
Li202. A reaction between Li and H20 could be ruled out
as the source of the cell potential since E° for the reaction,
Li + H20 —* LiOH + 1/2117 is only 2.08 V.

Qualitative analysis indicated that the discharge prod-
uct most probably is Li207. Thus, when the carbon con-
taining the discharge product from a discharged cell was
mixed with the KMnO4 solution, the purple color of the
solution disappeared with the evolution of a gas; a similar
phenomenon was observed by adding Li202 to the KMnO4
solution. However, the addition of carbon containing
undischarged carbon electrode to KMnO4 did not change
the solution color. Li20 also does not change the color of
KMnO4 solution. Li202 was confirmed from Raman spectra
of discharged cathodes.

The Raman spectrum (Fig. 5a) of the discharged carbon
electrode, recorded in the range of 900 to 500 cm', shows
one strong absorption peak at 795 cm', which is charac-
teristic of the 0-0 stretch in Li202 The Raman spectrum
also shows that there is little or no Li20 in the discharged
carbon electrode since its absorption at 521 cm1 is absent.8
The Raman spectrum (Fig. 5b) of the undischarged carbon
electrode shows no absorption between 900 and 500 cnf'.

Based on both the qualitative and the Raman analyses
the reaction in Eq. 1 appears to be the most probable dis-
charge process in the Li/02 cell. This is consistent with
prior observations that in the absence of a catalyst reduc-

[1] tion of oxrgen usually does not proceed beyond the perox-
ide stage. A load voltage of approximately 2.5 V which is

[2] 0.35 V lower than the OCV of 2.85 V can be explained in
terms of reaction overvoltages at the electrodes.
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MnO2 catalysts

such intercalation could not explain the high capacities shown
in Figure 2.

A cell containing a-MnO2 as catalyst was disassembled at
the end of discharge, and the electrode investigated by Raman
spectroscopy. The results (see the Supporting Information)
confirmed that the dominant product of discharge was Li2O2,
as observed previously for EMD.[8] Formation and decom-
position of Li2O2 on discharge and charge were followed by
examining the electrode by scanning electron microscopy in
different states of charge and discharge (see Figure S3 in the
Supporting Information).

The performance of the a-MnO2 nanowires is compared
with that of electrodes containing other manganese oxide
catalysts in Figure 2a. The electrodes were constructed in an
identical fashion to those containing the a-MnO2 nanowires
and with the same proportion of carbon, catalyst, and binder.
The other MnO2 polymorphs, b, g and l, either exhibit lower
capacities or capacities that fade very rapidly on cycling; their
overall performance is markedly inferior to that of a-MnO2

nanowires. The performances of Mn2O3 and the spinel Mn3O4

are also inferior to that of a-MnO2 nanowires. This is also the
case for non-manganese catalysts studied previously.[9]

Given the catalytic role of the manganese oxides, it is
interesting to examine the effect of changing the surface area
on the performance. An indication of this can be obtained by
comparing the performance of a- and b-MnO2 catalysts
prepared in bulk and nanowire form (Figure 2 a). The
morphologies are shown in Figure 3. The a-MnO2 nanowires

are typically 30–40 nm in diameter and can be up to several
100 nm long. The corresponding bulk material also has an
elongated morphology, although the aspect ratio is not as high
as that of the nanowires, and typical dimensions are around
60–80 nm in diameter and 200–400 nm in length. From
Figure 2a it is evident that the nanowires have much higher
capacity than the bulk material. This improvement is also
observed when comparing nanowire and bulk b-MnO2

(Figure 3). Here the elongated nature of the structure is not
preserved in the bulk material, and this suggests that the
enhanced performance of the nanomaterials is due largely to
their higher surface area rather than their morphology.
However, it is also important to note that the surface area
of the a- and b-MnO2 nanowires differs by less than a factor of
two, yet the overall performance of the former on cycling is
far superior to that of the latter, that is, the nature of the
catalyst is the key, not just the surface area.

Although capacities in excess of 3000 mAh g!1 can be
obtained by using a-MnO2 nanowires as catalyst, not only in
the first cycle, it is evident from Figure 2 that the capacities of
this and all other catalysts fade. Indeed capacity fading has
been a feature of all previous results on such O2 electro-
des.[4, 5, 8,9] This suggests that the origin of capacity fading does
not lie with the type of catalyst. Voltage polarization occurs at
the end of discharge (Figure 2b). If deep discharge is avoided
by limiting the discharge capacity to values that avoid such
polarization, excellent capacity retention can be obtained, as
illustrated in Figure 4. We do not propose limiting the
capacity as a technological solution to the problem of capacity
fade, but rather as an indicator of the possible origin of fading.

Figure 2. a) Variation of discharge capacity with cycle number for
several porous electrodes containing manganese oxides as catalysts:
a-MnO2 in bulk and nanowire form, b-MnO2 in bulk and nanowire
form, g-MnO2, l-MnO2, Mn2O3, and Mn3O4. EMD is included herein
for comparison but was reported previously.[8] Cycling was carried out
at a rate of 70 mAg!1 in 1 atm of O2. Capacities are per gram of
carbon in the electrode. Lower cutoff potential 2 V. b) Variation of
potential with state of charge for the porous electrode containing a-
MnO2 nanowires reported in Figure 2a, cycled at a rate of 70 mAg!1

between 2 and 4.15 V.

Figure 3. TEM/SEM images of bulk and nanowire forms of a- and b-
MnO2 polymorphs showing their morphologies and surface areas.
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such intercalation could not explain the high capacities shown
in Figure 2.

A cell containing a-MnO2 as catalyst was disassembled at
the end of discharge, and the electrode investigated by Raman
spectroscopy. The results (see the Supporting Information)
confirmed that the dominant product of discharge was Li2O2,
as observed previously for EMD.[8] Formation and decom-
position of Li2O2 on discharge and charge were followed by
examining the electrode by scanning electron microscopy in
different states of charge and discharge (see Figure S3 in the
Supporting Information).

The performance of the a-MnO2 nanowires is compared
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been a feature of all previous results on such O2 electro-
des.[4, 5, 8,9] This suggests that the origin of capacity fading does
not lie with the type of catalyst. Voltage polarization occurs at
the end of discharge (Figure 2b). If deep discharge is avoided
by limiting the discharge capacity to values that avoid such
polarization, excellent capacity retention can be obtained, as
illustrated in Figure 4. We do not propose limiting the
capacity as a technological solution to the problem of capacity
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Figure 15. Evolution of Li2Ox discharge product morphology on carbon nanofibers (electrolyte = 0.1 M LiClO4 in DME). Insets show the corresponding
discharge voltage profile. (a–b) Galvanostatic discharge to a capacity of 350 mAh/g carbon at 68 mA/g carbon. Li2O2 particles appear to first form on the carbon
nanofiber sidewalls as small spheres with ≤100 nm diameters. (c–d) Intermediate galvanostatic discharge to 1880 mAh/g carbon at 64 mA/g carbon. Particles
appear to develop a toroidal shape as the average particle size increases to 400 nm. (e–f) Full discharge to 7200 mAh/g carbon at 63 mA/g carbon. The discrete
particles merge to form a monolithic Li2O2 mass with low porosity. Caption and figure reproduced from reference 78.

charge product increases with temperature. First measurements in our
laboratories indicated an increase of the discharge capacity by 50%
compared to room temperature. For certain electrolytes a significantly
(∼500 mV) lower charge potential was also observed. While O2 sol-
ubility and transport of both O2 and Li+ would also be improved,
operating Li/air cells at elevated temperature could make the search
for a stable electrolyte even more challenging.
Outlook: Overcoming product resistivity and transport limitations is
the key to achieving high-energy nonaqueous Li/air cells.—Under-
standing the morphology and conductivity of the discharge product
in Li/air cells will help pave the way to high-capacity nonaqueous
Li/air batteries. Experimental measurements of film conductance, us-
ing both flat and roughened substrates, as well as first-principles and

Figure 16. Discharge curve for uncoated and coated carbon in a gas diffusion
electrode. The different slopes, indicated by the black lines, suggest that the
coating mitigates electrical passivation, leading to a larger discharge capacity.
Reproduced from reference 79.

continuum scale modeling of film conductance and growth are new
and open areas of research that could help improve this understand-
ing. In addition, there is currently no systematic understanding of the
growth process of Li2O2 and the morphology of particles. This is a
key area for exploration.

The use of solubilising electrolyte solvents or additives may reduce
or eliminate the product resistivity problem, while the development of
novel electrode architectures could enable high pore volume utiliza-
tion by avoiding or in spite of passivation. Appropriate pore structures
are required to avoid pore blockage, and a combination of wetting

Figure 17. Calculated density of states for (a) pure Li2O2 and (b) Li2O2 with
a concentration of 1/16 Li vacancies. The black curve shows the DFT single-
particle spectrum and the red curve shows the GW quasiparticle spectrum. In
(a), the top of the valence bands have been aligned and in (b) the Fermi levels
have been aligned. Reproduced from reference 5.
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Experimental approaches 
to probe reaction pathways
• X-ray photoelectron spectroscopy (in situ and 

ex situ)

• Raman and FTIR spectroscopy (in situ and ex 
situ)

• Differential electrochemical mass-spectroscopy 
(in situ)

• X-ray powder diffraction (ex situ)

• Electron microscopy (ex situ)
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1. INTRODUCTION

The rechargeable lithium!O2 battery is receiving a great deal
of interest at the present time because, theoretically, it can store
5!10 times more energy than current lithium-ion batteries, the
energy density of which can, at best, be doubled. The recharge-
able lithium!O2 battery could transform energy storage, vital in
order to address global warming; however, it remains some way
from a practical device at present.

The nonaqueous lithium!O2 battery was first reported by
Abraham and Jiang, with recent contributions by a number of
groups, including those listed in the cited references.1!18 A
typical lithium!O2 battery consists of a lithium anode, a Liþ

conducting organic electrolyte, and a porous cathode composed
of carbon black, a catalyst, and binder.1!4,8!10,17!27 It is believed
that the Li!O2 battery operates by reduction of O2 (from the
atmosphere) to form Li2O2 within the pores of the cathode, with
the process being reversed on charge.1!4,8!12,15!27

Organic carbonate-based electrolytes (e.g., LiPF6 in propylene
carbonate) have been the most widely used in Li!O2 cells to
date.1!4,8,10,17!22,24!26 However, recently it has been reported
that such electrolytes decompose in Li!O2 cells on discharge,
rather than form Li2O2.

28!31 Despite such electrolyte decom-
position, prototype Li!O2 batteries with organic carbonate
electrolytes have been described.32 Organic carbonate cells have
been shown to exhibit specific energies >1000 W h kg!1 (based
on total mass of the electrode) and, in some cases, can sustain
more than 100 cycles.24,28 High capacity for a few 10 s of cycles
may even be sufficient for some applications. Given the

widespread use of organic carbonate electrolytes in Li!O2 cells
and their performance, it is important to understand the pro-
cesses that occur on discharge and subsequent charge. What
exactly are the discharge products? How do they form? How do
they decompose on charging, and how does the cell cycle yet also
fade and die? We show that on discharge a mixture of lithium
propyl dicarbonate, C3H6(OCO2Li)2, Li2CO3, HCO2Li, CH3-
CO2Li, CO2, and H2O is formed. Charging involves decomposi-
tion of C3H6(OCO2Li)2, HCO2Li, CH3CO2Li, and Li2CO3
along with CO2 and H2O evolution. HCO2Li, CH3CO2Li,
Li2CO3, and C3H6(OCO2Li)2 accumulate in the cathode on
cycling, correlating with capacity fading and cell failure alongside
electrolyte consumption.

2. EXPERIMENTAL SECTION

2.1. Electrochemical Measurements. Propylene carbonate
(PC) was distilled over a packed bed column and dried for several days
over freshly activated molecular sieves (type 4 Å). All solvents had a final
water content of e4 ppm (determined using a Mettler-Toledo Karl
Fischer titration apparatus). Electrochemical grade LiPF6 (Stella) was
used for preparing the electrolytes. The electrochemical cells used to
investigate cycling were based on a Swagelok design and composed of a
Li metal anode, an electrolyte (1 M LiPF6 in PC) impregnated into a
glass fiber separator (Whatman), and a porous cathode. The porous
cathode consisted of carbon black (Super P, TIMCAL), R-MnO2

Received: March 9, 2011

ABSTRACT: The nonaqueous rechargeable lithium!O2 battery
containing an alkyl carbonate electrolyte discharges by formation of
C3H6(OCO2Li)2, Li2CO3, HCO2Li, CH3CO2Li, CO2, and H2O at
the cathode, due to electrolyte decomposition. Charging involves
oxidation of C3H6(OCO2Li)2, Li2CO3, HCO2Li, CH3CO2Li accom-
panied by CO2 and H2O evolution. Mechanisms are proposed for the
reactions on discharge and charge. The different pathways for
discharge and charge are consistent with the widely observed voltage
gap in Li!O2 cells. Oxidation of C3H6(OCO2Li)2 involves terminal
carbonate groups leaving behind the OC3H6Omoiety that reacts to form a thick gel on the Li anode. Li2CO3, HCO2Li, CH3CO2Li,
and C3H6(OCO2Li)2 accumulate in the cathode on cycling correlating with capacity fading and cell failure. The latter is
compounded by continuous consumption of the electrolyte on each discharge.
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discharge
O2 + Li+ + e- = LiO2 (3.0 V)

2LiO2 = Li2O2 + O2

LiO2 +Li+ + e- = Li2O2 (3.1 V)

recharge
Li2O2 = O2 + 2Li+ + 2e-

Possible reaction 
pathways
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ABSTRACT: We use XPS and isotope labeling coupled with
differential electrochemical mass spectrometry (DEMS) to
show that small amounts of carbonates formed during
discharge and charge of Li−O2 cells in ether electrolytes
originate from reaction of Li2O2 (or LiO2) both with the
electrolyte and with the C cathode. Reaction with the cathode
forms approximately a monolayer of Li2CO3 at the C−Li2O2
interface, while reaction with the electrolyte forms approx-
imately a monolayer of carbonate at the Li2O2−electrolyte
interface during charge. A simple electrochemical model
suggests that the carbonate at the electrolyte−Li2O2 interface
is responsible for the large potential increase during charging (and hence indirectly for the poor rechargeability). A theoretical
charge-transport model suggests that the carbonate layer at the C−Li2O2 interface causes a 10−100 fold decrease in the exchange
current density. These twin “interfacial carbonate problems” are likely general and will ultimately have to be overcome to
produce a highly rechargeable Li−air battery.
SECTION: Energy Conversion and Storage; Energy and Charge Transport

Over the past 2−3 years, there has been significant research
on nonaqueous Li−O2 batteries with the hope that a

successful Li−air battery may ultimately be developed to give a
safe and cost-effective secondary battery with ∼5 times the
specific energy of Li ion batteries. In this battery, the net
electrochemical reaction is 2(Li+ + e−) + O2 ⇄ Li2O2, with the
forward direction describing discharge of the battery and the
reverse direction describing charge. The projected increase in
specific energy arises principally for two reasons, (1) one of the
reactants, O2, is not stored in the battery but comes from
breathing air as in a fuel cell and (2) the use of Li metal as the
anode rather than lower-capacity intercalated graphite (LiC6) as
in Li ion batteries. However, there are significant challenges to
developing a practical Li−air battery.1,2 We have recently
discussed two of these, electrolyte stability3 and electrical
conductivity of Li2O2 that deposits on the cathode and
electrically passivates it.4,5 In this paper, we discuss a third
challenge, that is, the formation of thin carbonate layers at both
the C−Li2O2 and Li2O2−electrolyte interfaces.
It is now well-recognized that electrolyte stability is a signi-

ficant issue in nonaqueous Li−O2 batteries during discharge, that
is, the oxygen reduction reaction (ORR), and during charge, that
is, the oxygen evolution reaction (OER). Using carbonate solvents

for the electrolytes produces principally solid carbonate deposits
(Li2CO3 or LIRCO3 [R = alkyl]) during discharge and CO2
during charging.3,6,7 Ether solvents, such as dimethoxyethane
(DME), produce principally Li2O2 during discharge and O2 during
charging.3 Unfortunately, the O2 release during charging is limited
to ∼80% of that consumed during discharge so that the regcharge-
ability is low. This is undoubtedly related to oxidation of the
electrolyte during charging, and we will discuss this in detail later.
In addition to this charging problem, it has been shown previously
that some carbonate is also formed during discharge in ethers.8

However, quantitative differential electrochemical mass spectrom-
etry (DEMS) measurements of the number of electrons/O2 con-
sumed (e−/O2) = 2.03 ± 0.02 is only slightly greater than the ideal
stoichiometric value of 2.000. This suggests that most (but not all)
parasitic chemistry during discharge is chemical rather than
electrochemical. Furthermore, NMR experiments do not indicate
any significant buildup of decomposition products in the liquid-
phase electrolyte during discharge (M. Sherwood, private com-
munication).
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Li2O2−electrolyte interface as well, and this carbonate
ultimately evolves CO2 when the potential reaches 4−4.5 V.
Figure 2a shows a cyclic voltammogram (CV) of Li−O2

electrochemistry on a smooth glassy carbon (GC) cathode in a
bulk electrolysis cell (Figure S1a, SI). Nearly identical CVs are
obtained with other ether-based electrolytes and some other

solvents as well. This CV has three distinct features, an ORR
peak corresponding to 2(Li+ + e−) + O2 → Li2O2, an OER peak
corresponding to Li2O2 → 2(Li+ + e−) + O2, and a high-voltage
tail extending to 4.55 V during charging. The onsets of ORR
and OER currents are close to the equilibrium potential U0 =
2.85 V (after discharge), and this implies low kinetic
overpotentials ηdis = U0 − U and ηchg = U − U0. These low
overpotentials are in agreement with the low discharge and
initial charging overpotentials observed in galvanostatic
discharge−charge batteries (Figure 1a).9 Following discharge,
chronoamperometric charge (CA) at the potential for the OER
peak (∼3.5 V) to zero current does not eliminate the high-
voltage component in the CV, that is, after the CA charge, a
subsequent CV from U0 to 4.55 V exhibits the same high-
voltage tail without the OER peak. Furthermore, repetitive CV
cycling from 2 to 4 V ultimately leads to complete electrical
passivation of the electrode. However, CV cycling from 2 to

4.55 V produces a stable, cyclable (∼50 cycles) CV. Both
results are presented in Figure S8 of the SI. These observations
suggest that some surface species are produced during
discharge−charge that are not fully removed from the surface
until ∼4.55 V in the CV and that repetitive cycling to only 4 V
increases its thickness.
XPS was employed to probe the chemical nature of these

surface species. Figure 2b shows C 1s XPS spectra for GC
cathodes for various discharge and charge conditions (see the
SI for experimental details). This region was chosen because
the C 1s region most clearly shows the formation of carbonates.
The C peak at 284.8 eV is dominated by the GC substrate
(with an unknown but presumably small contribution from
“adventitious” C). The C peak at ∼286.5 eV is consistent with
adsorbed electrolyte (O−CH3), while the peak at 289.8 eV is
due to carbonate (see Figure S2 in the SI). Occasionally, an
additional peak at 292.6 eV was also observed and identified as
CF3 from the electrolyte salt (see Figure S2 in the SI). When
the GC is simply placed in the electrolyte without discharge
(1), only the GC substrate and electrolyte C 1s peaks are
observed. However, with galvanostatic discharge at 5 μA until
cell death at U = 2 V (2), a small carbonate peak is also
observed. Multiple CV cycles between 2 and 4.55 V, with the
final oxidation scan returning back to U0 (3), indicate that
almost all of the carbonate is removed during the oxidation
scan to 4.55 V. On the other hand, XPS of a GC electrode
cycled many times between 2 and 4 V (which leads to
passivation of the electrode) (4) implies that the remaining film
contains a large carbonate component. In addition, XPS
following a CA charge at 3.5 V also indicates that a large
carbonate component remains on the surface. Because the XPS
intensities depend on the thickness and roughness of the
deposits and the depth distribution of the components, we do
not try to extract any quantitative measurement of the relative
carbonate composition following various electrochemical
procedures.
The XPS spectra clearly confirm the DEMS conclusion that

some carbonate is formed during discharge and is not removed
at U < 4 V. The DEMS shows that the carbonate is formed
both by chemical reaction of Li2O2 with the C substrate during
discharge and by decomposition of the electrolyte, most likely
by electrochemistry at the Li2O2−electrolyte interface during
discharge and charge. This suggests the schematic in Figure 3 to
represent what happens during charging. The upper-right-hand
panel represents the deposit just after discharge. It contains a
nearly compact monolayer of Li2CO3 that is formed at the C−
Li2O2 interface by chemical reaction of Li2O2 with C. The
deposit may also contain some carbonate dispersed in the Li2O2
deposit due to an electrochemical reaction with the electrolyte
during discharge. During charging, the Li2O2 layer also
becomes partially covered by carbonate (Li2CO3 and
LiRCO3) by electrochemical reaction of Li2O2 with the
electrolyte and by concentration at the surface of any dispersed
carbonate formed in discharge that does not oxidize at low U
(middle panel). As charging continues, the surface becomes
fully covered by carbonate (left panel). Because of the ever-
smaller fraction of Li2O2 at the surface during charging, the
overpotential for OER must continuously increase to maintain
a constant galvanostatic charge rate until at U > 4 V, even
carbonate is oxidized to give CO2 (left panel). We argue that
this qualitatively explains the rising potential observed in
charging as shown in the lower panel. This rising potential

Figure 2. (a) Cyclic voltammogram (current I versus applied potential
U (referenced to Li/Li+) for Li−O2 at 1 bar (and Ar) in the bulk
electrolysis cell with 1 M LiTFSI in DME as the electrolyte at a scan
rate of 100 mV/s. The reference and counter electrodes were Li metal,
and the working electrode was polished glassy carbon. (b) XPS spectra
of the GC cathode in the C(1s) region following various electro-
chemical treatments, (1) from the cell without discharge (reference
electrode with equivalent contact time to the electrolyte); (2)
galvanostatic discharge at 5 μA of current until cell death (U = 2
V); the discharge capacity Q was 1.4 μAh; (3) after 15 cycles of the
CV procedure in (a), that is, an oxidation scan to 4.55 V; and (4) after
50 cycles of a CV (100 mV/s scan rate) between 2 and 4 V. Although
the GC was not completely passivated after this procedure, the
intensities of the ORR and OER peaks were reduced by 80% (see
Figure S8 in SI).
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To further describe the system, an aggregation model pat-
terned after the work of Mei et al.40 was applied to the
Li2O2!graphene composite. Here, we simulate the Li2O2 ag-
gregation process on the graphene surface as a reaction of an
adsorbed Li2O2 monomer with an existing (Li2O2)n!1 (n g 2)
cluster:

ðLi2O2Þn!1 þ Li2O2 f ðLi2O2Þn ð1Þ

The driving force for this aggregation process is then repre-
sented by the free energy change

ΔG ¼ GðLi2O2Þn ! GðLi2O2Þn!1 ! GLi2O2 ð2Þ

Assuming the Δ(TS) and Δ(PV) terms (where T is the
temperature, S is the entropy, P is the pressure, and V is the
volume) have negligible contribution to the free energy change
because of the condensed phases involved, ΔG can be calculated
using the following equation

ΔG ¼ EbðLi2O2Þn
! EbðLi2O2Þn!1

! EbLi2O2
ð3Þ

A negative value of ΔG indicates an energetically favorable
process. As indicated in eq 3, the aggregation process depends
upon the binding energy of an isolated Li2O2 monomer. Figure 5
shows the free energy changes of Li2O2 aggregation on both
defect-free and 5!8!5 defect graphene surfaces with and with-
out pre-existent COOH surface groups. For the pristine gra-
phene surface, the aggregation of adsorbed Li2O2 monomers is
energetically favorable until the formation of (Li2O2)5 clusters,

while further aggregation to the larger (Li2O2)n (n > 5) becomes
energetically unfavorable. This is due to the fact that the
interaction between the Li2O2 monomer and the perfect

Figure 4. Top and side views of optimized structures of Li2O2 and (Li2O2)6 clusters on perfect graphene (left column), the 5!8!5 defect graphene
(middle column), and the 5!8!5 defect graphene with bound COOH group (right column). In each structure, the top and side views are shown in the
upper and the lower panel, respectively. The color scheme is as follows: carbon atoms are in gray, lithium atoms are in purple, and oxygen atoms are in red.

Figure 5. Calculated free-energy change as a function of aggregated
(Li2O2)n cluster size. The negative value ofΔG indicates an energetically
more favorable aggregating process. On the perfect graphene surface, the
aggregation of adsorbed Li2O2 monomer is energetically favorable up to
(Li2O2)5, while it is energetically unfavorable from the beginning on the
5!8!5 defect graphene surface with or without a functional group
(COOH).
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ΔG ¼ GðLi2O2Þn ! GðLi2O2Þn!1 ! GLi2O2 ð2Þ

Assuming the Δ(TS) and Δ(PV) terms (where T is the
temperature, S is the entropy, P is the pressure, and V is the
volume) have negligible contribution to the free energy change
because of the condensed phases involved, ΔG can be calculated
using the following equation

ΔG ¼ EbðLi2O2Þn
! EbðLi2O2Þn!1

! EbLi2O2
ð3Þ

A negative value of ΔG indicates an energetically favorable
process. As indicated in eq 3, the aggregation process depends
upon the binding energy of an isolated Li2O2 monomer. Figure 5
shows the free energy changes of Li2O2 aggregation on both
defect-free and 5!8!5 defect graphene surfaces with and with-
out pre-existent COOH surface groups. For the pristine gra-
phene surface, the aggregation of adsorbed Li2O2 monomers is
energetically favorable until the formation of (Li2O2)5 clusters,

while further aggregation to the larger (Li2O2)n (n > 5) becomes
energetically unfavorable. This is due to the fact that the
interaction between the Li2O2 monomer and the perfect

Figure 4. Top and side views of optimized structures of Li2O2 and (Li2O2)6 clusters on perfect graphene (left column), the 5!8!5 defect graphene
(middle column), and the 5!8!5 defect graphene with bound COOH group (right column). In each structure, the top and side views are shown in the
upper and the lower panel, respectively. The color scheme is as follows: carbon atoms are in gray, lithium atoms are in purple, and oxygen atoms are in red.

Figure 5. Calculated free-energy change as a function of aggregated
(Li2O2)n cluster size. The negative value ofΔG indicates an energetically
more favorable aggregating process. On the perfect graphene surface, the
aggregation of adsorbed Li2O2 monomer is energetically favorable up to
(Li2O2)5, while it is energetically unfavorable from the beginning on the
5!8!5 defect graphene surface with or without a functional group
(COOH).
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Introduction 
   Lithium-air (Li-air) batteries have potentials to provide over 
3-fold greater gravimetric energy density than lithium-ion 
battery in the fully-packed cell level.1-4 However, the lack of 
fundamental understanding of the reaction mechanisms 
significantly hinders the development of rechargeable Li-air 
(or Li-O2) batteries. 

Here, we employ in situ ambient pressure X-ray 
photoelectron spectroscopy (APXPS) with a solid state Li-ion 
battery (Li4+xTiO5/LiPON/LixV2O5) to study the Li-O2 reaction 
mechanisms. The chemical natures of the reaction products 
and the correlation between reaction processes and reaction 
potentials will be discussed. 

Results and Discussion 
To overcome the challenges related to the liquid electrolyte 

such as high vapor pressure, we fabricated a solid state Li-O2 
battery5 to probe the Li-O2 reactions using in situ APXPS. As 
shown in Figure 1, this battery was composed of a lithiated 
lithium titanate (Li4+xTi5O12) negative electrode (which forms 
Li7Ti5O12 when fully lithiated, LTO), a lithium phosphorous 
oxynitride (LiPON) solid electrolyte, and a vanadium oxide 
(V2O5) positive electrode, all supported on a platinum (Pt) 
coated alumina disk. This LTO/LiPON/LixV2O5 cell was 
placed on a holder outfitted with electrical contacts for in situ 
electrochemical polarization. The Li 1s, O 1s, C 1s and V 2p 
spectra were collected while the battery was potentiostatically 
discharged and charged incrementally under ultra high 
vacuum (UHV, pressure < 10-11 atm) and followed by similar 
testing conditions in an oxygen environment at a partial 
pressure of p(O2) = 5 x 10-4 atm. 

The O 1s spectra of the LixV2O5 electrode discharged at 0 V 
vs. LTO in UHV and O2 environments were shown in Figure 2. 
The spectrum in UHV was used as a control experiment. 
Under UHV, components centered at ~530.2 eV, ~532.0 eV 
and 534.0 eV are attributed to lattice oxygen (O2-) in the 
LixV2O5 electrode,6 oxygen atoms doubly bound to one 
phosphorus atom (P=O)7 in the LiPON and oxygen atoms 
singly bound to two phosphorus atoms (P-O-P)7 in the LiPON, 
respectively. In addition, oxygen atoms in Li2CO3 (532.1 eV)8 
should also be considered in the component at 532.0 eV. After 
subsequent discharge in the O2 environment, a new phase 
centered at 531.3 eV appears and dominates the O 1s spectrum. 
This newly formed phase is assigned to the ORR discharge 
product. We note that the signals from the LiPON and 
LixV2O5 electrode decreased as a result of the formation of the 
ORR products on the surface. In order to identify the ORR 
product, we performed conventional ex situ XPS 
measurements on various Li-Oxygen containing reference 
materials including Li2O, Li2O2, Li2CO3 and LiOH. Detail 
phase analysis and their evolution behaviors as a function of 
reaction potentials will be discussed.  
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Figure 1. In situ APXPS Li-O2 battery configuration.  
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Figure 2. APXPS O 1s photoemission lines of the 
LixV2O5 electrode discharged to 0 V vs. LTO in UHV 
and O2 environments. 
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Figure 2. APXPS O 1s photoemission lines of the 
LixV2O5 electrode discharged to 0 V vs. LTO in UHV 
and O2 environments. 
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Carbonate formation 
on carbon blacks

proportion of side-reaction products to be ~15%.
The carbon itself may be unstable, as suggested
recently (18), although the HCO2Li formation
is likely to involve DMSO. Further work is re-
quired to investigate the origin of the side pro-
ducts formed at the DMSO/carbon interface. The
charging curve (Fig. 4) is also different from the
NPG electrode (Fig. 1). The voltage rises rapidly,
passes through a very small step at 3.3 V to
~3.75 V, then slowly to 4 V. The higher charging
voltage for carbon versus NPG occurs despite
the current density (based on the true surface
area of the electrode) being less for the carbon
electrode than for NPG: 0.1 mAcm−2 (true surface
area of carbon) compared with 1 mAcm−2 (true
surface area of NPG). Note that the kinetics of
the different electrodes is discussed below. The
DEMS data in Fig. 4 confirm a very minor de-
gree of O2 evolution at 3.3 to 3.4 V, with most
of the O2 being evolved above 4 V and a sub-
stantial amount above 4.5 V, where it is accom-
panied by CO2 evolution, which is indicative of
electrolyte oxidation. The DEMS data for the
Super P carbon cathode in Fig. 4 contrast strong-
ly with those for the NPG electrode in Fig. 3B,
where O2 evolution commences at ~3.2 Vand all
of the O2 is evolved below 4 V (Table 1 confirms
that all of the O2 expected from the Li2O2 present
is evolved). These results indicate that NPG low-
ers the charging voltage (i.e., NPG is more effec-
tive than carbon at promoting Li2O2 oxidation).

The DEMS results for the Super P cathode
are in accord with the difficulty in cycling a cell
with a carbon electrode. Incorporation of a-MnO2

nanowires into a porous carbon electrode proved

effective in promoting Li2O2 oxidation in previ-
ous studies (19). However, reduction of O2 in
the DMSO electrolyte at a Super P electrode in-
corporating a-MnO2 nanowires resulted in the
formation of LiOH on the first discharge, as
noted in previous studies in ethers, possibly aris-
ing from –OH groups on the surface of the
oxide (12). Therefore, we constructed a com-
posite electrode made of Super P with nano-
particulate gold (15). The results are shown in
Fig. 5. As for Super P alone, the side products
are Li2CO3 and HCO2Li, which together ac-
count for ~15% of the discharge products. Charg-
ing occurs at a somewhat lower voltage than
without the Au, as noted previously (20), but
overall nanoparticulate Au/carbon composite
electrodes are less effective at promoting Li2O2

oxidation than NPG electrodes. This is espe-
cially evident when comparing the DEMS data
in Figs. 3, 4, and 5: Whereas only a small pro-
portion of O2 is evolved at the carbon electrode
below 4 V (Fig. 4), the proportion increases
somewhat with the addition of nanoparticulate
Au to the electrode (Fig. 5), but it is much greater
for NPG (Fig. 3).

An important challenge for Li-O2 cells is to
increase the kinetics of the electrode reaction,
which is generally observed to be relatively low,
especially for the charging process (1–6, 21–33).
The rate used in Fig. 1 is 500 mAg−1 of gold
(equivalent to ~5000 mAg−1 for a carbon elec-
trode of the same volume), which translates into
1.0 mAcm−2 based on the total active surface area
of the NPG electrode (50 m2g−1) (15). The rate
used for the carbon-based electrodes (Figs. 4 and

5) is 70 mAg−1, a typical value from the literature
(19, 24), which translates into a true current
density of 0.1 mAcm−2, based on a surface area
for Super P of ~60 m2g−1. Therefore, the true
rate at the electrode surface is 10 times greater
in the case of NPG than is typical for carbon
electrodes. Yet, this is still a relatively low rate
overall. The discharge potential is hardly af-
fected by the change in rate, but as noted above, a
substantial proportion of the charging occurs at
lower voltages for NPG than for carbon or Super
P/nanoparticulate Au, despite the rate being 10-
fold higher for NPG. This result underlines the
fact that oxidation of Li2O2 on NPG is much
more facile than on carbon. Other factors, such
as electrode porosity, can also affect rate per-
formance, and this will differ between NPG and
Super P. Recent studies of the electrocatalysis of
O2 evolution on charging Li2O2 suggest that there
is little evidence of true electrocatalysis (24). We
do not claim electrocatalysis is necessarily
taking place here, but we simply observe that
the charging voltage is lower and kinetics is faster
compared with a carbon electrode. Although the
capacity obtained with NPG in Fig. 1 may look
relatively modest at ~300 mAhg−1, it must be
noted that this value is normalized to the mass of
gold and is equivalent to 3000 mAhg−1 of carbon.

In conclusion, we have shown that a Li-O2

cell composed of a DMSO-based electrolyte and
a NPG electrode can sustain reversible cycling,
retaining 95% of its capacity after 100 cycles
and having >99% purity of Li2O2 formation at
the cathode, even on the 100th cycle, and its
complete oxidation on charge. The charge-to-

Fig. 4. (A) Discharge-charge curve of a Li-O2 cell employing a composite
carbon cathode at 70 mAg−1 (normalized to the mass of carbon). (B) FTIR
at the end of discharge. (C) DEMS of the porous carbon cathode during

charging in 0.1 M LiClO4-DMSO; scan rate 0.1 mVs
–1. The composition of

the cathode is Super P carbon:polytetrafluoroethylene (PTFE) 8:2 (m/m).
n’ indicates the gas-generation rates during the charging process.

Fig. 5. (A) Discharge-charge curve of a Li-O2 cell employing a gold-loaded
composite carbon cathode at 70 mAg−1 (normalized to the mass of car-
bon). (B) FTIR at the end of discharge. (C) DEMS of gold-loaded porous

carbon cathode [Super P:PTFE:Au 8:1:1 (m/m)] during charging in 0.1 M
LiClO4-DMSO; scan rate 0.1 mVs–1. n’ indicates the gas-generation rates
during the charging process. Note the electrode area is¼ of that in Fig. 4.
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the armchair edge and di-vacancy because the structural models per
se lack the additional COx sites for stabilizing the 2nd Li atom. It is
a reflection of how dependent the Li-ORR on graphitic carbon is on
the presence of multiple closely located COx groups. If a favorable
local environment is absent, then at the high potential of 2.3 V the
Li-ORR would terminate after only one Liþ/e" transfer, leaving re-
active superoxide species to undergo thermal reactions, such as with
itself or with the electrolyte. The transfer of the 2nd Liþ/e" would
occur with greater overpotential.

Conclusions

Periodic DFT calculations have been performed in conjunction
with thermodynamic modeling to investigate the initial stages of the
oxygen reduction reaction by Li (Li-ORR) on several model gra-
phitic carbon structures, including the flat and curved graphite basal
plane (the latter represented by the (8,0) single-wall nanotube
(SWNT)), the armchair-type edge of a graphene nanoribbon, which
represents the edge of the basal plane, and a di-vacancy as a model
of point vacancies in the basal plane. Li intercalation in between ba-
sal planes is calculated to occur at less than 0.1 V, in agreement
with experiments.

Unlike metal surfaces,28 graphitic carbon presents surface struc-
tures that lie at opposite extremes of reactivity. The basal plane does
not well stabilize the key intermediate, Li superoxide (LiO2), which
limits the reversible potential of complete O2 reduction to 1.12 V,
and to a marginally higher 1.24 V on the curved surface of the
SWNT. On the other hand, the armchair edge and di-vacancy are
highly reactive and are calculated to be significantly oxidized at am-
bient conditions, to carbonate and lactone groups respectively. Such
oxidized carbon structures (COx) can be reduced by Li via redox
mechanisms forming C(OLi)x at 1.2–1.4 V. The COx groups can
also serve as the active sites for catalyzing O2 reduction, which can
occur at 1.8–2.3 V for the formation of LiO2 because LiO2 can be
chelated and stabilized by neighboring oxygen ligands. These
results are summarized in Table V. Therefore, carbon itself can play

an active role in the Li-ORR and provide an important context in
which to interpret experimental results for carbon cathodes. The
propensity to generate the superoxide species, however, needs to be
taken into consideration for non-aqueous Li-air batteries using car-
bon cathodes and organic electrolytes.

Overall, the reduction of O2 by Li on graphitic carbon occurs
with the smallest overpotentials at under-coordinated carbon centers
that are oxidized under ambient conditions. When compared to our
calculated equilibrium potential for bulk Li2O2, our results closely
approach the reported Li-ORR activities on carbon cathodes
(g# 0.4 V). We conclude that a high concentration of oxygen
ligands can confer carbon structures high activity for O2 reduction
by Li. Whether the actual discharge reaction involves carbon,
oxygen, and lithium only; and whether the electrochemical steps
involve the simultaneous transfer of Liþ/e" to oxidants as modeled
here, remain to be determined. Our study represents a first attempt
at shedding light on the mechanistic details of the Li-ORR on car-
bon electrodes and the role that the intrinsic reactivity of the carbon
plays in Li-oxygen surface electrochemistry.
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Figure 8. Minimum-energy geometries in top (upper
panels) and side (lower panels) views for Li-O species at
the di-vacancy: (a) Li; (b) ether (1V:1O); (c) lactone
(1V:3O); (d) 1V:3O:3Li; (e) LiO2@1V:3O. Grey, white,
and red spheres represent C, Li, and O atoms
respectively.

Table IV. Adsorption energies of LiO2 (DE, in eV per LiO2) at
various sites.a

site DE

clean g(0001) "0.29
g(0001), epoxy O "0.93
armchair edge, 2C:4O "1.11
armchair edge, 2C:3O "1.50
di-vacancy, 1V:3O "1.57

aDE include ZPE corrections. ZPE corrections, free energy correc-
tions, O-O bond lengths and vibrational frequencies, Bader charges,
and magnetic moments are listed in Table S3 in Supplemental
Information.

Table V. Summary of the reversible potentials (in V) for O2

reduction and COx redox reactions on graphitic carbon.a

g(0001) SWNT armchair edge di-vacancy

O2 reduction 1.12 1.24 - -
COx redox 1.19 - 1.32; 1.44 1.23
COx-catalyzed O2 reduction 1.77 - 1.86; 2.25 2.33

a “-” indicates calculation not done.
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A Reversible and Higher-Rate
Li-O2 Battery
Zhangquan Peng, Stefan A. Freunberger,* Yuhui Chen, Peter G. Bruce†

The rechargeable nonaqueous lithium-air (Li-O2) battery is receiving a great deal of interest because,
theoretically, its specific energy far exceeds the best that can be achieved with lithium-ion cells. Operation of
the rechargeable Li-O2 battery depends critically on repeated and highly reversible formation/decomposition
of lithium peroxide (Li2O2) at the cathode upon cycling. Here, we show that this process is possible with
the use of a dimethyl sulfoxide electrolyte and a porous gold electrode (95% capacity retention from
cycles 1 to 100), whereas previously only partial Li2O2 formation/decomposition and limited cycling could
occur. Furthermore, we present data indicating that the kinetics of Li2O2 oxidation on charge is
approximately 10 times faster than on carbon electrodes.

Atypical rechargeable nonaqueous Li-O2

cell is composed of a Li metal anode
(negative electrode), a nonaqueous Li+

conducting electrolyte, and a porous cathode
(positive electrode) (1–6). Operation of the cell
depends critically on O2 being reduced at the
cathode to O2

2–, which combines with Li+ from
the electrolyte to form Li2O2 on discharge, and
the reverse reaction occurring during charging
(1–6). Early investigation of nonaqueous Li-O2

cells focused on the use of organic carbonate–
based electrolytes, which have since been shown
to decompose irreversibly at the cathode on dis-
charge to form products such as lithium formate
(HCO2Li), lithium acetate (CH3CO2Li), lithium
propyl-dicarbonate [C3H6(CO2Li)2], and lithium
carbonate (Li2CO3) with little or no evidence
of Li2O2 formation (7–11). Later work turned
to ethers—while initially promising and certainly
more stable to reduced O2 species than organic
carbonates, ethers exhibit increasing electro-
lyte decomposition upon cycling (figs. S1 to S3)
(11–13). These data show that whether combined
with carbon or nanoporous gold (NPG) elec-
trodes, ethers, including dimethoxyethane (DME),
are increasingly unstable upon cycling. For exam-
ple, in the case of DME-based electrolytes after
only 10 cycles, 20% of the discharge products
arise from electrolyte decomposition (fig. S2).
Such side reactions can be difficult to detect by
x-ray diffraction because of poor crystallinity
of the decomposition products. Similar decom-
position of tetraethylene glycol dimethyl ether
(tetraglyme)–based electrolytes has been re-
ported (12) and is also shown to occur at a NPG
electrode (fig. S3). These results demonstrate
that ethers do not support the necessary re-
versible Li2O2 formation/decomposition upon
cycling that is essential for operation of the Li-O2

cell. A very recent paper comes to a different
conclusion from the papers cited above and from

our own results concerning the cyclability of the
tetraglyme/carbon interface (14).

We constructed a Li-O2 cell that contained
an electrolyte composed of 0.1 M LiClO4 in di-
methyl sulfoxide (DMSO) and a NPG cathode
[for details, see the supplementary materials and

methods section (15)]. The cell was operated in
1 atm of O2. Oxygen reduction electrochemistry
at the DMSO/planar-carbon interface has been
studied previously (16). Discharge/charge curves
for the cell on cycles 1, 5, 10, and 100 are shown
in Fig. 1. Most of the initial capacity (95%) is re-
tained after 100 cycles. However, as is now recog-
nized from the work of many authors, the ability
to recharge a Li-O2 cell is not proof that the reac-
tions occurring at the positive electrode are rever-
sible and involve Li2O2 formation/decomposition
(7–13). To demonstrate that the reaction at the
porous cathode is Li2O2 formation/decomposition,
we collected Fourier transform infrared (FTIR)
spectroscopy data at the end of discharge and
charge as a function of cycle number (1, 5, 10,
and 100) (Fig. 2A). At the end of each discharge,
we observedLi2O2. Its formationwas corroborated
by in situ surface-enhanced Raman spectroscopy
(SERS) carried out on a cell with a sapphire win-
dow for transmission of the Raman laser beam
(Fig. 2B) (17). A few small peaks, in addition to
the peaks arising from Li2O2, are apparent in the
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Fig. 1. Charge/discharge curves (left) and cycling profile (right) for a Li-O2 cell with a 0.1M LiClO4-DMSO
electrolyte and a NPG cathode, at a current density of 500 mAg−1 (based on the mass of Au). Because the
capacities are given per gram of Au, which is ~10-fold heavier (more dense) than carbon, 300 mAhg−1

(based on the mass of Au) would, for the same porous electrode but formed from carbon, correspond to
~3000 mAhg−1 (based on the mass of carbon). FTIR spectra collected upon charging at points A and B are
shown in fig. S7.

Fig. 2. Vibrational spectra of a NPG cathode at the end of discharge and charge in 0.1 M LiClO4-DMSO.
(A) FTIR and (B) SERS spectra.

www.sciencemag.org SCIENCE VOL 337 3 AUGUST 2012 563
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Fig. S9 
TEM image of NPG. 
 
 
 

 

Z. Peng et al. // Science 337 (2012)

up to 5 mg/cm2

only 1.5 mAh/cm2
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FTIR spectra at the end of discharge, at ~880,
1420, 1490, and 1600 cm−1. These peaks could
be assigned to a mixture of Li2CO3 and HCO2Li,
with no other species being detected, such as from
S containing decomposition products (Fig. 2A).
The presence of HCO2Li was confirmed by wash-
ing the NPG electrode at the end of discharge
with D2O and examining the resulting solution
by 1H nuclear magnetic resonance (NMR), fol-
lowing the procedure described previously (7, 12).
HCO2D in the 1H NMR indicated the presence
of HCO2Li in the discharged electrode before
washing.

Batteries and chemical/electrochemical re-
actions in general exhibit some degree of side
reaction, particularly on the first cycle (e.g., Li-ion
batteries). The key question is the extent of such
side reactions: whether this is sufficiently small
compared with the amount of electrolyte used in
practical cells and whether the extent increases
with cycling. We prepared mechanical mixtures
of Li2O2 with Li2CO3 and Li2O2with HCO2Li of
varying ratios, collected their FTIR spectra, and
constructed calibration curves (figs. S4 and S5);
from these curves, we determined the fractions
of Li2CO3 and HCO2Li in the FTIR spectra in
Fig. 2 to be <1%. The proportion of Li2O2 at the
end of discharge exceeds 99%, and there is no
evidence of this proportion decreasing on cy-
cling.We used 1H and 13CNMR to investigate the
presence of any solution-soluble decomposition
products. Sensitivity to detection of such species
depends on the ratio between the amount of
electrolyte and the amount of discharge product
(15). We collected spectra after 100 cycles to con-
centrate any decomposition products, but we did
not detect evidence of any such species (fig. S6).
We used differential electrochemical mass spec-
trometry (DEMS) to obtain further confirmation
that discharge was overwhelmingly dominated
by Li2O2 formation. TheDEMSprocess involves
in situ mass spectrometric analysis of the gases
consumed/evolved during a slow-sweep (0.1
mVs–1) linear potential scan (Fig. 3A) (15). The
only gas detected on discharge was O2. There was
no evidence of CO2, SO2, or SO3 (i.e., no evidence
of electrolyte decomposition), in contrast to other
electrolytes. The high purity of Li2O2 formation
implies that for every two electrons (e–) passed,
one O2 molecule should be consumed; that is, the
charge-to-mass ratio should be 2e–/O2. The O2

consumption on discharge follows the cell
current (Fig. 3A), and the charge-to-mass ratio is
2e–/O2 on each discharge (Table 1).

The FTIR spectra collected at the end of
charge on cycles 1, 5, 10, and 100 are shown in
Fig. 2A, from which it is clear that the product
formed on discharge has been removed upon
charging. This observation was confirmed by the
SERS data in Fig. 2B, where the characteristic
peak for Li2O2 at ~800 cm−1, observed at the
end of discharge, is absent from the spectrum at
the end of charge. To probe the oxidation in
more detail, we used DEMS on charging for
cycles 1, 5, 10, and 100 (Fig. 3B). Only O2 was

detected, confirming that Li2O2 had formed on
the previous discharge and also that the electro-
lyte, even in the presence of Li2O2, is stable on
oxidation. Upon examining the linear voltam-
metry (current-voltage curve) in Fig. 3B, several
peaks are evident, corresponding well with the
peaks for O2 evolution. A similar heterogeneous
oxidation process spanning a range of potentials
has been observed previously in porous electrodes
and has been ascribed to oxidation of Li2O2 being
easier in certain pores than in others (11). We col-
lected FTIR spectra (fig. S7) during charging,
at the points shown in Fig. 1. The spectra in-
dicate that the quantity of Li2O2 is diminishing
with increasing state of charge, but that some
Li2O2 is still present at point B. The ratio of charge
passed to O2 evolved on charging is given in
Table 1. As was the case for discharge, the ratio
is close to 2e–/O2 on each cycle, in accord with
charging involving oxidation of Li2O2 without
electrolyte degradation. Over the collection of
up to 100 cycles, the results from FTIR, SERS,
NMR, and DEMS all demonstrate that the cell
cycles by the reversible formation/decomposition
of Li2O2.

To investigate whether the dominance of
Li2O2 formation/decomposition is due to the salt,

solvent, or electrode substrate, we constructed cells
in which LiClO4 was replaced by LiTFSI [lithium
bis(trifluoromethanesulfonyl)imide] and separately
in which the NPG electrode was replaced by car-
bon black (Super P, Timcal, Bodio, Switzerland).
In the former case, the load curves and FTIR spec-
tra at the end of discharge and charge on cycling
are the same as those for LiClO4 (fig. S8),
demonstrating that changing the salt does not in-
fluence the results. In contrast, replacing the NPG
electrode with carbon does adversely affect the
results (Fig. 4). The FTIR at the end of discharge
on carbon shows a greater proportion of side re-
action, Li2CO3, and HCO2Li (Fig. 4). Using cal-
ibration plots, as before, we estimate the total

Fig. 3. DEMS of a NPG cathode during (A) discharge and (B) charge in 0.1 M LiClO4-DMSO. Linear potential
scans at 0.1 mVs−1 (corresponding to a low rate of discharge/charge) between 2.3 and 4.0 V were used.
n’ indicates the gas-consumption/-generation rates during discharge and charge.

Table 1. Ratios of the number of electrons to
oxygen molecules upon reduction (discharge) and
oxidation (charge).

Cycle number Discharge
e–/O2

Charge
e–/O2

1 2.01 1.98
5 1.99 2.04
10 2.02 1.98
100 2.03 2.01

3 AUGUST 2012 VOL 337 SCIENCE www.sciencemag.org564

REPORTS

 o
n 

Au
gu

st
 1

7,
 2

01
2

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fro

m
 

40



41

Thank you for your attention!

Further reading

• Peter G. Bruce at.al., Li–O2 and Li–S batteries with high energy 
storage // Nature Materials 11 19-29 (2012)

• Jake Christensen at. al., A Critical Review of Li-Air Batteries // 
Journal of The Electrochemical Society 159 (2) R1-R30 (2012)

• Advanced Batteries: Materials Science Aspects by Robert Huggins 
(2008)

• Linden’s Handbook of Batteries, 4th edition by Thomas Reddy 
(2010)


