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a b s t r a c t

In this work, Li/air batteries based on nonaqueous electrolytes were investigated in ambient conditions
(with an oxygen partial pressure of 0.21 atm and relative humidity of ∼20%). A heat-sealable polymer
membrane was used as both an oxygen-diffusion membrane and as a moisture barrier for Li/air batteries.
The membrane also can minimize the evaporation of the electrolyte from the batteries. Li/air batteries
with this membrane can operate in ambient conditions for more than one month with a specific energy
of 362 Wh kg−1, based on the total weight of the battery including its packaging. Among various carbon
sources used in this work, Li/air batteries using Ketjenblack (KB) carbon-based air electrodes exhibited
the highest specific energy. However, KB-based air electrodes expanded significantly and absorbed much
ir electrode
embrane

nergy storage
etal/air battery

more electrolyte than electrodes made from other carbon sources. The weight distribution of a typical
Li/air battery using the KB-based air electrode was dominated by the electrolyte (∼70%). Lithium metal
anodes and KB-carbon account for only 5.12% and 5.78% of the battery weight, respectively. We also found
that only ∼20% of the mesopore volume of the air electrode was occupied by reaction products after
discharge. To further improve the specific energy of the Li/air batteries, the microstructure of the carbon
electrode needs to be further improved to absorb much less electrolyte while still holding significant

ucts.
amounts of reaction prod

. Introduction

Metal/air batteries have much higher specific energies than
ost currently available primary and rechargeable batteries [1,2].

hey are unique in that the cathode active material is not stored
n the battery. Instead, oxygen from the environment is reduced
y catalytic surfaces inside the air electrode, forming either an
xide or peroxide ion that further reacts with cationic species in
he electrolyte. The Li/O2 couple is especially attractive because
t has the potential for the highest specific energy among all the
nown electrochemical couples. When only the lithium weight is
onsidered (oxygen will be absorbed from the surrounding air envi-
onment), the Li/air battery has a specific energy of 11,972 Wh kg−1.
owever, water vapor corrosion of anode materials has hindered
evelopment of Li/air batteries for practical applications [3].

Two approaches used to overcome the water corrosion prob-

em have been reported in the literature. One approach is to operate
i/air batteries in a nonaqueous electrolyte. Abraham and Jiang [2,4]
rst reported a Li/O2 battery based on a nonaqueous electrolyte in
996. Since then, several groups have conducted extensive work
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and have documented the effects of various factors on the per-
formance of Li/air batteries [5–12]. Although a lithium anode is
stable in a nonaqueous electrolyte, most of the lithium/air batter-
ies cited above were investigated in a pure oxygen environment
because penetration of moisture from the ambient environment
will quickly corrode a lithium electrode. Another approach to pro-
tect the lithium electrode is to use a glass electrolyte (such as
LISCON glass (Li1+x+yAlxTi2−xSiyP3−yO12) made by Ohara Inc. of
Japan). However, this glass is not stable when in contact with
lithium metal. Visco et al. [13,14] of Polyplus Battery Company
first solved this problem by depositing a solid-state interfacial layer
(Cu3N, Lipon, etc.) between the lithium metal and the LISCON glass,
thus forming a protected lithium electrode. Li/air batteries using
this protected lithium electrode can operate in both aqueous and
nonaqueous electrolytes. Recently, several groups [15,16] used an
organic electrolyte as the interfacial layer between the lithium
metal and the LISCON glass, thereby forming a triple electrolyte
structure (organic electrolyte/LISCON glass/aqueous electrolyte).
A high discharge capacity per gram of carbon has been reported
using this structure because the reaction product (i.e., LiOH) of this
battery is soluble in the aqueous based electrolytes [16].
Both nonaqueous and aqueous electrolyte-based Li/air batter-
ies have similar theoretical specific energies (near 12,000 Wh kg−1)
when only the lithium weight is considered. The practical specific
energies of these batteries are largely reduced when other com-
ponents of the batteries (e.g., the electrolyte and packaging) are

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:jiguang.zhang@pnl.gov
dx.doi.org/10.1016/j.jpowsour.2010.01.022
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onsidered, even if oxygen can still be absorbed from the environ-
ent. Zheng et al. [17] simulated both aqueous and nonaqueous

lectrolyte-based Li/air batteries where the total weight of the
ithium, the carbon-based air electrode, and the electrolyte were
onsidered. Their analysis showed that the maximum theoreti-
al capacities of the cells are 435 mAh g−1 and 940 mAh g−1 for
i/air batteries with aqueous and nonaqueous based-electrolytes,
espectively. The corresponding specific energies for aqueous
nd nonaqueous-based Li/air batteries are 1300 Wh kg−1 and
790 Wh kg−1, respectively. The main difference between these
wo kinds of Li/air batteries originates from the fact that the solvent
s consumed in aqueous electrolyte-based Li/air batteries, but it is
ot consumed in the nonaqueous electrolyte-based Li/air batteries.

Because the air electrode plays a critical role in the operation of
i/air batteries, most of the previous work on these batteries have
eported the specific capacity (mAh g−1) of the battery based on the
eight of carbon in the air electrode instead of the weight of the

omplete battery [8,10,11]. Many of the high specific values were
eported with a very low carbon loading when the batteries were
ested in a pure oxygen environment (where the oxygen pressure
s larger than 1 atm). These studies have established a solid foun-
ation for the effects of various components on the performance of
he Li/air batteries. However, the integration of these components
nto a high-performance Li/air battery is still a significant challenge.
s with many new technologies, a combination of the individually
ptimized components may not necessarily lead to an optimized
evice configuration. To fully realize the potential of Li/air batter-

es, the structure of the air electrode (its material selection, porosity
nd thickness) and the complete battery (including the air elec-
rode, electrolyte, separator, current collector, lithium metal anode,
ackage, etc.) need to be further optimized. The performance of
i/air batteries in ambient conditions (with an oxygen partial pres-
ure of only 0.21 atm) also needs to be investigated because the
apacity of these batteries is only about one-fifth of that obtained
n a pure oxygen environment [6]. Moisture in the ambient envi-
onment also strongly affects the performance of Li/air batteries. In
ecently reported work [18], we found that the capacities of Li/air
atteries were proportional to both the specific capacity per unit
eight of the carbon source (mAh g−1) and the carbon loading per
nit area (g cm−2). Therefore, the product of these two parame-
ers (i.e., the area-specific capacity [mAh cm−2]), was introduced to
ptimize the performance of the air electrode.

In this work, we report for the first time the specific energy
f complete Li/air batteries (including packaging) with nonaque-
us electrolytes operated in ambient conditions. Various factors
including the selection of oxygen-diffusion membranes, prepa-
ation of air electrodes, and battery-assembly procedures) will be
eported. The weight distribution of a complete Li/air battery will
e analyzed. The approaches that could be taken to further improve
he performance of Li/air batteries will also be discussed.

. Experimental

.1. Preparation of carbon-based air electrodes

50 g of Ketjenblack® EC-600JD (KB) (Nobel Polymer Chemicals,
hicago, IL) was soaked in 600 mL of deionized water in a beaker for
bout 15 min. The slurry was then mechanically mixed for 30 min. A
atalyst consisting of 1.3 g of Nano-MnOx powder (Quantum Sphere
nc., Santa Ana, CA) was added to a beaker containing 20 mL of

eionized water, and the mixture was ultra-sonicated for 20 min.
he catalyst dispersion was added to the water-soaked carbon
lowly while stirring actively. A suspension of 15 g of PTFE (TE-
859, DuPont fluoropolymer dispersion in water, 60% solids) was
hen added to the mixture and stirred for another hour. The mix-
ources 195 (2010) 4332–4337 4333

ture was then filtered and dried in an oven at 95 ◦C overnight. The
weight ratio of KB and PTFE after drying was 85:15. The dried car-
bon mixture was then fed into a stainless steel calender machine
with a vertically orientated roller. The calender pressure and speed
were optimized for film preparation. The best carbon films were
obtained under a pressure of 80 psi. The thickness of the carbon
film was ∼0.7–0.8 mm. Nickel mesh (29.6 or 17.1 mg cm−2, Ger-
ard Daniel Worldwide) was used as the current collector for the
air electrode. To reduce the contact resistance between the nickel
mesh and the carbon, the nickel mesh was sprayed with conduc-
tive paint (Acheson EB-020A), air dried, and then cured at 150 ◦C for
about 5 min. The nickel mesh was then laminated onto the carbon
sheet to act as a current collector. To reduce the ingress of moisture
from the atmosphere, a porous PTFE film (3-�m thick, W.L. Gore &
Associates, Inc., Elkton, MD) was laminated to the front side of the
air electrode (facing the air supply) in some of the batteries.

2.2. Assembly of lithium/air pouch cells

Four generations of Li/air cells were assembled as shown in
Fig. 1(a)–(d). The KB activated carbon sheets with nickel-mesh
current collectors prepared above were used as air electrodes.
Glass-fiber filter paper GF/C (Aldrich) or Celgard 5500 (Celgard Inc.)
membrane was used as a separator. Lithium metal foil 0.5-mm-
thick (Honjo Metal Co., Ltd., Japan) with a copper mesh current
collector was used as the anode. The electrolytes were 1.0 M lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) in propylene carbon-
ate (PC)/ethylene carbonate (EC) (in a 1:1 ratio by wt) with or
without 20 wt% 1,2-dimethoxyethane (DME). All cells were assem-
bled in an argon-filled glove box (MBraun Inc., Stratham, NH) with
the moisture and oxygen content held at less than 1 ppm.

Generation-1 (G1) cells (see Fig. 1(a)) were coin cells prepared
using Type-2325 cell kits from CNRC, Canada. The cells had a diam-
eter of 23 mm and a thickness of 2.5 mm. The positive pans of the
kits have 19 × Ø1.0-mm holes that are evenly distributed for air
distribution. On each cell, the small tab on the circular electrode
was spot welded onto the positive pan to ensure good electrical
connection. Generation-2 (G2) cells (see Fig. 1(b)) were single-
side pouch cells with 16 × Ø3.0-mm air diffusion holes. These cells
were prepared by stacking the lithium foil, the separator, and the
electrolyte-soaked air electrode. The active area of the air electrode
was 16 cm2. Generation-3 (G3) cells (see Fig. 1(c)) used polyethy-
lene as the oxygen-diffusion window. A high-density polyethylene
(HDPE) film (20-�m-thick, Blueridge Films, Inc., Virginia) was lam-
inated in a frame made of aluminum/polymer laminate (Nipon
Inc., Japan). The active window of the double-sided pouch cell was
4 cm × 4 cm with two air electrodes and a polymer film window
on the sides of the cells. The oxygen-permeable HDPE film was
heat-sealed to the inner layer of the metal/polymer laminate.

Generation-4 (G4) cells (see Fig. 1(d)) used a heat-sealable poly-
mer (Melinex® 301H, DuPont Teijin Films, Wilmington, DE) as both
the packaging and oxygen-diffusion membrane. Melinex® 301H
(referred as ML hereafter) is a bilayer membrane with a biaxially
oriented polyethylene terephthalate (PET) layer, and a terephtha-
late/isophthalate copolyester of ethylene glycol thermal bonding
layer. Thermal bonding was achieved by applying heat and pres-
sure at 140–200 ◦C. The thickness of the ML varied from 12.7 �m to
30 �m. The oxygen permeability of various polymer membranes
was measured using a Mocon permeation system (MOCON Inc.,
Minneapolis, MN). A schematic of a typical G4 cell with polymer
membranes is shown in Fig. 2. The cell consists of a 0.5-mm-thick

lithium foil (4 cm × 4 cm), fully wrapped by a separator (glass fiber
filter paper GF/C or Celgard 5550). A copper mesh was pressed into
the lithium foil and extended to the outside of the cell as the anode
current collector. Two carbon-based air electrodes (4.6-cm × 4.6-
cm square, 0.7-mm-thick) were stacked on the outside of the
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example, to maintain a current density of 0.05 mA cm−2, the
required oxygen-diffusion rate through the membrane is at least
1.08 × 10−7 mole m−2 s−1. Here we have assumed that the reac-
tion product is 100% Li2O2, which was the dominant reaction
ig. 1. Photos of Li/air batteries operated in ambient environment. (a) G1 cell desig
ouch cell (4 cm × 4 cm) with diffusion holes; (c) G3 cell design, which is a double-s
hich is a double-sided pouch cell with low-permeability polymer window (4.6 cm

eparators to form an air electrode/separator/lithium/separator/air
lectrode stack (or dry-cell stack). Nickel mesh was pre-laminated
nto the carbon electrode as a current collector. The dry-cell stacks
ere fully soaked in the selected electrolytes for more than 2 h,

nd then heat sealed in ML (20-�m-thick) or other polymer (such
s HDPE) membranes.

After the Li/air cells were assembled, they were stored in an
rgon-filled glove box overnight and then tested in ambient con-
itions with an oxygen partial pressure of 0.21 atm and an average
elative humidity of ∼20% as measured by a Dickson Handheld
emperature/Humidity/Dew Point Monitor. The electrochemical
erformance of the cells was measured by an Arbin BT-2000 Battery
ester (Arbin Instruments Inc., College Station, TX). The cells were
xposed to ambient air for 30 min and then discharged at a con-
tant current of 0.05 mA cm−2 to 2.0 V. The cell voltages then were
aintained at 2 V until the current was less than 0.01 mA cm−2.

. Results and discussion

The G1 cells (coin cells) prepared in this work have been used
o select and optimize various components (including electrolyte,
arbon, separator, oxygen-selective/diffusion membrane, etc.). The
esults obtained based on these coin cells have been published else-
here [9,18–20]. The results obtained from the pouch cells (see

ig. 1(b)–(d)) are reported in this paper.
The initial pouch type Li/air cells (G2) had leaking prob-

ems because the gas diffusion membrane (PTFE) did not seal
ell with the metal/polymer laminations. The diffused mois-

ure reacted with the lithium metal and led to gas generation
2H2O + 2Li = 2LiOH + H2↑). Fig. 3 shows a cell that has expanded
ecause of gas formation (H release) after discharge in ambient
2
onditions.

To minimize the gas-generation problem associated with
oisture diffusion during ambient operation of Li/air batteries,

ompletely sealed Li/air cells with an oxygen-diffusion mem-

Fig. 2. Schematic of a typical G4 cell with polymer membranes.
ich is a 2325 coin cell: diameter = 2.3 cm; (b) G2 cell design, which is a single-sided
ouch cell with low permeability polymer window (4 cm × 4 cm); (d) G4 cell design,
cm).

brane were developed. For long-term operation of a primary
Li/air battery (such as for 30 days), only a small amount of
oxygen flow is required to maintain its small discharge current
(such as 0.05 mA cm−2). Therefore, it is possible to use a low-
oxygen-permeability membrane as the package for the battery.
The appropriate low-permeability membrane also may act as a
good barrier to minimize moisture diffusion into the battery and
electrolyte diffusion out of the battery, and therefore maintain
normal operation of the battery during the specified operating
lifetime. Assuming a Li/air cell has a 0.5-mm-thick, lithium metal
foil as the anode, and that the reaction of 20% of the lithium
metal with moisture will lead to cell failure, then the required
maximum water vapor permeation rate (g mm m−2 day−1) cor-
responding to various operation lifetimes can be calculated. For
example, for a Li/air battery operated in an ambient environment
for 5 days with less than 20% lithium loss, the maximum water
vapor penetration has to be less than 3.23 × 10−4 g m−2 s−1. For a
12.7-�m-thick membrane, water vapor permeability of the film has
to be less than 1.4 g mm m−2 day−1. On the other hand, the mini-
mum oxygen permeability coefficient (cm3 mm m−2 day−1 atm−1)
required at various current densities also can be calculated. For
Fig. 3. Expansion of a G2 cell after discharge in ambient conditions.
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Fig. 4. Operation time and current density for Li/air batteries using a gas-diffusion
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Table 2
Key characteristics of initial samples.

Cell Packaging
material

Dry cell
(g)

Electrolyte
(g)

DME left (%) after
vacuum extraction

Capacity
(mAh)

#1 Blue-HDPE 3.816 1.726 3.8 250

T
C

embrane with different water vapor permeation rate and oxygen permeability
oefficient. The following assumptions have been used in the calculation. The prod-
ct of Li/O2 reaction is 100% Li2O2; reaction of 20% lithium with moisture will lead
o the battery failure.

roduct observed in our recent nuclear magnetic resonance exper-
ment. If the membrane thickness is 20 �m thick and the operation
ressure is 0.21 atm, the membrane has to have an oxygen per-
eability coefficient of larger than 17.5 cm3 mm m−2 day−1 atm−1.

f the reaction product is 100% Li2O, the required minimum oxy-
en flow will be 5.4 × 10−8 mole m−2 s−1 and the required oxygen
ermeability coefficient of membrane needs to be larger than
.8 cm3 mm m−2 day−1 atm−1. For the given materials with the
pecific water vapor permeation rate and oxygen permeability
oefficient, the thickness of the membrane can be adjusted to satisfy
given application. The results of these calculations are summa-

ized in Fig. 4.
Table 1 compares the required minimum oxygen flow rates

see column 5) at various current densities and measured oxygen
ow rates (see columns 6 and 7) for selected polymer membranes.
ne example of an oxygen-permeable membrane (which is also
eat-sealable) is a PET-based ML membrane. The table shows that
igh-density polyethylene can provide enough oxygen flow at
current density of 0.05–0.1 mA cm−2. It also suggests that 20-
m-thick ML cannot provide enough oxygen flow for Li/oxygen

eactions at the given current densities. For example, 20-�m-thick
L can only provide approximately 7.2% of the required oxygen

−2
ux for a current density of 0.05 mA cm . Both HDPE and heat-
ealable ML have been used to prepare the double side pouch cells
G3 and G4). Surprisingly, however, the results from tests of these
ouch cells demonstrated that 20-�m-thick ML is the best choice
s an oxygen-diffusion membrane when tested at a current den-

able 1
omparison of required oxygen flow rate at various current densities and measured oxyg

Membrane Current density
(mA cm−2)

Film thickness
(�m)

Oxygen partial
pressure (atm)

Required mini
flow (mol m−2

MLa 0.1 20 0.21 2.16 × 10−7

MLa 0.05 20 0.21 1.08 × 10−7

MLa 0.05 30 0.21 1.08 × 10−7

MSE-HDPEb 0.1 25 0.21 2.16 × 10−7

Blue-HDPEc 0.1 50 0.21 2.16 × 10−7

MSE-HDPEb 0.05 50 0.21 1.08 × 10−7

Blue-HDPEc 0.05 46 0.21 1.08 × 10−7

a Melinex® 301H, DuPont Teijin Films.
b Mid South Extrusion, Inc.
c Blueridge Films, Inc.
#2 Blue-HDPE 3.439 1.883 7.0 243
#3 Blue-HDPE 3.842 1.990 9.9 237
#4 ML 3.355 1.725 3.9 224

sity of 0.05 mA cm−2 in the ambient environment. We believe that
this discrepancy is the result of altered gas diffusion properties of
polymer membranes (ML in this case) when they were soaked with
the electrolyte used in the Li/air batteries. In other words, when ML
absorbed the electrolyte, its internal pore size may expand and its
oxygen-diffusion coefficient may be much larger than those mea-
sured in the dry conditions used in standard permeability tests.
The details of the pouch cell tests are described. On the other hand,
HDPE-based, oxygen-diffusion membranes exhibited shorter life-
times related to their larger moisture permeabilities.

A series of double-sided pouch cells were prepared. The pack-
age material for cells #1, #2, and #3 was a 46-�m-thick HDPE
membrane (Blueridge Films, Inc.) sealed on a metal-polymer lam-
inate (silver bag) frame. The package material for cell #4 was a
20-�m-thick, heat-sealable PET (MELINEX® 301H) membrane with
no frame. In these initial cells, air electrodes were prepared using
DARCO® G-60 carbon with 15% PTFE binder. The separator was
CELGARD®-5550. To ensure the integrity of the cells during the
subsequent assembly process, some dry cells were bonded by care-
fully wrapping with cotton thread to maintain contact between the
layers. Other parameters of the cells have been described in the
experimental section. The electrolyte was 1 M LiTFSI in EC/PC (1:1)
mixed with 20 wt% DME. After soaking with electrolyte, the cells
were kept under vacuum for 30 min to evacuate the DME. Addi-
tion of 20% DME in the cells during soaking can help fully wet the
cells. The extraction of DME was expected to reduce the electrolyte
weight and generate more gas-flow paths to facilitate oxygen-
diffusion. The soaked cells then were sealed with selected package
materials. The key parameters for these initial cells are listed in
Table 2, which shows that some DME (3.8–9.9%) was still left inside
the cells after vacuum extraction. These cells have been tested in
the ambient environment (RH ∼ 20%) for 14–16 days with no gas
release like those shown in Fig. 3. The discharge voltages as a func-
tion of capacities of these Li/air cells are shown in Fig. 5. DARCO®

G-60 carbon has a lower mesopore volume than KB carbon. There-
fore, the Li/air cells using DARCO® G-60 carbon electrodes have
much lower expected capacities than those using KB-based carbon
electrodes. Although these cells used different package materials,

their average performance was very similar when tested in ambient
conditions.

Further investigation of pouch cells with KB-based air electrodes
indicated that double-sided pouch cells with an HDPE membrane

en flow rate in selected polymer membranes.

mum O2

s−1)
Membrane O2 flow at
25 ◦C/0.21 atm (mol m−2 s−1)

Measured O2 permeability of
membrane (cm3 m−2 day−1 atm−1)

7.79 × 10−9 71.8
7.79 × 10−9 71.8
5.25 × 10−9 48.4
5.67 × 10−7 5224
6.36 × 10−7 5857
2.80 × 10−7 2577
5.49 × 10−7 5055
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Fig. 6. The voltage profile as a function of capacity for a Li/air cell. The specific energy
of the complete cell (including the package) was 362 Wh kg−1.

lenges is to reduce the weight of the electrolyte while maintaining
high capacities.

The main structure and performance parameters of the above
battery are analyzed further as shown in Table 3. It shows that

Table 3
Key parameters in a practical Li/air battery.

Dry air electrode porosity (%) 88.7
Carbon mesopore volume (cm3/g) 4.95
Mesopore expansion efficiency (%) 87.0
% of pore volume occupied by Li2O2 20.3
ig. 5. Voltage profiles as a function of discharge capacities for Li/air pouch cells.
olid line is for the sample #1; long dash/short dash line is for the sample #2; dash
ine is for the sample #3; dash/dot line is for the sample #4.

ave shorter lifetimes than those prepared with a 20-�m-thick ML
embrane. This difference can be attributed to higher moisture

iffusion through HDPE membranes. However, Li/air cells packaged
n a thicker ML membrane (30 �m) had a much shorter lifetime
less than a day). This can be attributed to an insufficient oxygen
ux through the membrane, which cannot sustain a continuous
i/O2 reaction for the given current density. Considering all of these
actors, a 20-�m-thick ML membrane was used in most of the cells
n the subsequent investigations.

More double-sided pouch cells with two KB-based air elec-
rodes were prepared. The air electrode films composed of 85%
B and 15% PTFE (4.0 cm × 4.0 cm) were laminated with a nickel
esh (coated with electro-conductive paint) with a tab extend-

ng from the mesh. The total thickness of the air electrode with
he nickel mesh was 0.8 mm. The air electrode had a carbon load-
ng of 14.9 mg cm−2. The separator was glass fiber filter paper GF/C
rom Aldrich (4.0 cm × 4.0 cm). The anode was 3.8-cm × 3.8-cm and
.5-mm-thick lithium metal pressed onto a copper mesh current
ollector. The four edges of this dry-cell pack were sealed with
eat-sealable tape. The total weight of the dry cell was 2.421 g.
fter the dry cell was assembled, 5.8 g of electrolyte (1.0 M LiTFSI

n PC/EC (1:1 wt) + 20% DME) was added to the cell slowly and
venly distributed onto the dry cell. After all of the electrolyte was
bsorbed, we weighed the cell again and found that the total elec-
rolyte weight absorbed by the cell was 5.758 g. The cell soaked
ith electrolyte was quickly sealed in a package of 20-�m-thick
L membrane. The total weight of the complete cell was 8.387 g

fter sealing. The open-circuit voltage of the cell was 3.084 V, and
he cell resistance was less than 0.1 ohm. The cell then was removed
rom the argon-filled glove box and tested in open air where the RH
as about 20%. The discharge profile of the cell is shown in Fig. 6.

he cell was discharged at a current density of 0.05 mA cm−2 (sur-
ace area). When the cell voltage reached the low voltage limit of
V, the cell was discharged at a constant voltage of 2 V until its cur-

ent density was less than 0.01 mA cm−2. The open circuit voltage
f the cell increased to ∼2.8 V at the end of the discharge as shown
n Fig. 6. It has been discharged in the ambient environment for
3 days with a capacity of 1185.4 mAh. The specific energy of the
omplete cell (including the package) was 362 Wh kg−1.

To further improve the performance of Li/air batteries, a model
as been established to analyze the effect of various components
n the performance of practical Li/air batteries. Fig. 7 shows the

eight distribution of all of the components in a typical G4 Li/air

ell prepared in this work. In previously published papers, most the-
retical work predicted the performance of Li/air batteries based on
he weight of only the lithium metal or only the weight of the car-
on (a few recent reports also included the binder and catalyst).
Fig. 7. Weight distribution in a practical Li/air battery.

However, the weight distribution of practical Li/air batteries given
in Fig. 7 shows that both the lithium anode and the carbon occupy
less than 6 percent of the total battery weight. The weight of the
nickel mesh (cathode current collector) alone is greater (6.7%) than
those of the lithium and carbon. Therefore, it is important to find a
better cathode current collector to increase the specific energy of
Li/air batteries. In the current battery design, the package/oxygen-
diffusion membrane occupies less than 2% of total weight of the
battery. The most important finding shown in Fig. 7 is that the
electrolyte occupies nearly 70% of the battery weight. As a compari-
son, the electrolyte normally occupies only 10–20% of the weight in
lithium-ion batteries. Although the weight distribution of the Li/air
batteries depends on the specific design of the battery, the general
pattern of the weight distribution should be similar. To increase the
specific energy of practical Li/air batteries, one of the main chal-
Lithium utilization (%) 68.5
Capacity (Ah) 1.12
Carbon based capacity (mAh/g) 2340
Nominal voltage (V) 2.67
Specific energy (Wh kg−1) 362
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ithium utilization in the given sample is near 70%, which is very
lose to its practical limit. This is also an indication that the selected
xygen-diffusion membrane (20-�m-thick ML) provided good pro-
ection for the battery, and the corrosion of the lithium metal by

oisture was minimal during the discharge process.
Because KB carbon has a very high mesopore volume of

.95 cm3/g, the dry cell has a very large porosity (88.7%). After soak-
ng with electrolyte, the thickness of the air electrode increased
7%. The large increase in the thickness of electrode after it was
oaked with electrolyte is one of the main reasons that KB-based
ir electrodes absorbed nearly twice as much electrolyte as our
nitial estimate based on its initial thickness and porosity. This
s also the main reason for the reduced practical specific energy
f Li/air batteries. For the battery shown in Fig. 6, the specific
apacity based on the carbon weight alone is 2340 mAh/g. This
alue is very high considering that the battery was operated in
n ambient with an oxygen partial pressure of only 0.21 atm and
relative humidity of 20%. Although the excellent specific capac-

ty based on the weight of an individual component (KB carbon)
as been demonstrated, this same component absorbs much more
lectrolyte than other kinds of carbons. This is a good example that
he individually optimized components may not be the best choice
or the complete devices. To further improve the performance of
i/air batteries, a better carbon source that has a good balance
etween mesopore volume and electrolyte absorption needs to be
ound.

Several reports [21] and our own investigations have shown
hat the capacity of carbon-based air electrodes increases with the

esopore volume of the carbon, but it is not very sensitive to the
ulk porosity of the carbon electrode. In other words, expansion
f mesopores during electrolyte soaking generated the majority of
he three-phase regions required for the Li/O2 reaction. In prac-
ice, inter-particle spaces (bulk porosity) and mesopore spaces in
n air electrode are similar to the artery and capillary in a living
rganism. Oxygen and lithium ions are transported through inter-
article spaces (i.e., rely on bulk porosity of electrode), but the
nal lithium/oxygen reaction occurs mainly in the mesopore spaces
ithin the carbon particles. To reflect this phenomenon, we have

ntroduced carbon mesopore volume in our model. After soaking
n liquid electrolyte, these mesopores will fully expand to form a
hree-phase region to facilitate the lithium/oxygen reaction. Conse-
uently, the reaction byproduct will partially occupy these spaces
fter reaction. In fact, only ∼20% of the mesopore space was occu-
ied by reaction byproducts as shown in Table 3. Although KB has
large pore volume (4.95 cm3/g), not all of the volume can be uti-

ized for the lithium/oxygen reaction. If the pore size is too small,
ts reactant entry into the pore will be blocked quickly by initial
eaction products. If the pore size is too large, most of volume will
ecome inactive after the internal active surface of the pore is fully
overed by a critical thickness of reaction products. These large
ores also will absorb a large amount of electrolyte, which further

ncreases the weight of Li/air batteries. A nanostructured carbon
ith a large mesopore volume and an optimized pore size may

ead to the better use of carbons, less electrolyte absorption, and a
ignificant improvement on the specific energy of Li/air batteries.

. Conclusions

Ambient operation of Li/air batteries based on nonaqueous
lectrolytes was investigated in this work. Most Li/air batteries

nvestigated in the literature have been tested in a pure oxygen
nvironment with an oxygen pressure greater than 1 atm and with
o exposure to moisture. The ambient condition used in this work
as a low oxygen partial pressure of 0.21 atm and a relative humid-

ty of ∼20%. Both of these conditions are known to be detrimental

[

[
[
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to the performance of Li/air batteries. For long-term, low-discharge
rate operation, it is possible to use a low-permeability membrane to
operate Li/air batteries at ambient conditions. Among several poly-
mer membranes evaluated in this work, 20-�m-thick Melinex®

301H (ML) has been identified as the best choice to be used as both
an oxygen-diffusion membrane and a moisture barrier. In addition,
it also serves as the packaging material for the Li/air batteries. Li/air
batteries with this heat-sealable polymer membrane were oper-
ated in ambient conditions for more than a month with a specific
energy of 362 Wh kg−1 based on the total weight of the Li/air bat-
tery. We found that Li/air batteries with KB-based air electrodes
have the best specific capacity (2340 mAh/g) based on the weight of
carbon alone. However, KB carbon expands significantly after being
soaked with electrolyte. It also absorbs much more electrolyte than
other carbon materials, consequently leading to a large increase in
battery weight and a corresponding decrease in the specific energy
of Li/air batteries. A detailed analysis of the weight distribution for
a complete Li/air battery revealed that the weight of Li/air bat-
teries was dominated by the weight of electrolyte (∼70%) when
KB-based carbon electrolyte was used. The lithium metal anode
and KB carbon occupy only 5.12% and 5.78% of the total battery
weight, respectively. We also found that only ∼20% of the meso-
pore volume of the air electrode is occupied by reaction products.
To further increase the specific capacity of Li/air batteries, nanos-
tructured carbons with a large mesopore volume and optimized
pore size are required to reduce their electrolyte absorption but still
maintain their capability to retain a large amount of the reaction
products.
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