¥ ® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Horizons

View Article Online
View Journal | View Issue

MINIREVIEW

Criteria for evaluating lithium—air batteries in
academia to correctly predict their practical
performance in industryy

’ '.) Check for updates ‘

Cite this: Mater. Horiz., 2022,
9, 856

Shoichi Matsuda, ab

*3 Manai Ono,? Shoji Yamaguchi®® and Kohei Uosaki
Although the market share for Li-ion batteries (LiBs) has continuously expanded, the limited theoretical energy
density of conventional LiBs will no longer meet the advanced energy storage requirements. Lithium—air bat-
teries (LABs) are potential candidates for next-generation rechargeable batteries because of their extremely
high theoretical energy density. However, the reported values for the actual energy density of LABs are much
lower than those for LiBs, mainly due to the excess amount of electrolyte in the cell. In the present review
article, the practical energy density is estimated for the representative LABs reported in academia, and the
critical factors for improving the energy density of LABs are summarized. The criteria for evaluating LABs in
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laboratory-based experiments are also proposed for accurately predicting the performance of practical cells in
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1. Introduction

The demand for the development of rechargeable batteries with
high energy densities has been increasing in recent years.
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Although Li-ion batteries (LiBs), which have been used since
1991, have responded well to market needs, the energy density
of conventional LiBs does not meet the requirements of
advanced energy storage devices, such as next-generation vehi-
cles and flying objects, including drones and unmanned aerial
vehicles, which slowly charge during the day and discharge
overnight. Lithium-air batteries (LABs), which have the
potential to achieve energy densities two to five times higher
than those of LiBs, are potential candidates for next-generation
rechargeable batteries for the above-mentioned application
field. In the last few decades, there has been huge progress in
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LAB technology from the view point of materials science, such
as the development of a stable electrolyte against oxygen
reactive species, the hierarchical porous carbon electrode,
and the protective layer of lithium metal electrodes. These
research accomplishments have been well summarized in
recent review papers (ref. 1 and 2). Although the superior cycle
performance of LABs has been widely reported in the literature
in the field of academia, their commercialization has not been
achieved yet. In fact, most of the current research mainly
focuses on the evaluation of individual components at the
material level, and only a few studies have evaluated the cell
level performance of LABs under practical conditions with the
appropriate technological parameters (ref. 3-6). Even for next-
generation rechargeable batteries other than LAB, such large
gaps between academia and industry in the research activity
have been pointed out (ref. 7-10). In this mini-review article, we
summarize the crucial factors required for realizing LABs with
high practical energy density based on the results of energy
density simulations. In addition, the criteria for evaluating
materials are proposed for correctly predicting their potential
at the practical cell level.

2. Design principle of LABs with
practical high energy density

A typical LAB is composed of a Li-metal foil, separator, Li-ion-
conducting non-aqueous electrolyte, porous carbon electrode,
and gas diffusion layer. During discharge, the dissolution of Li
metal proceeds at the negative electrode. The generated elec-
trons are transferred to the positive electrode through an
external circuit and used for the reduction of atmospheric
oxygen, forming insoluble Li,O, as a discharge product. In
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the charging process, the reverse reaction should proceed, and
the total reaction is shown as follows:

Positive electrode: O, + 2Li* + 2e” = Li,0,

Negative electrode: Li = Li* + e~

For the energy density of LAB, 3150 W h kg ' can be
theoretically obtained by multiplying an assumed operating
voltage of 2.7 V with a specific capacity of 1168 A h kg~ " based
on the reaction 2Li + O, = Li,O,. However, owing to the
presence of inactive components in the practical LAB cell, such
as an electrolyte, separator and current collector, the cell level
energy density significantly decreases compared with the the-
oretical value. To estimate the practical energy density of a LAB,
it is necessary to accurately understand the effects of various
parameters on the energy density. The energy density of the
LAB is defined by dividing the amount of energy output during
the discharge process by the total weight of the cell components
as follows:

Energy density [W h kg~ '] = average discharge voltage [V] x
areal capacity [mA h cm™?]/mass loading of cell components
[mg ecm™2].

Herein, the effects of various cell components on the energy
density of a LAB were investigated. In the following energy
density simulation, we do not include the weight of oxygen,
sealing film and tab lead for simplifying the calculation. First,
we selected the following cell parameters, which are commonly
used in typical LAB experiments in the literature; mass loading
of positive electrode = 1 mg cm™2 2000 mA h gelectrode=1,
utilization ration of positive electrode = 50%, 50 pm thickness of
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Fig. 1 Energy density simulation of LAB. (a—c) Technological parameters used for energy density simulation and weight fractions of cell components
calculated using the parameters listed in Table S1 (ESI). (a) Areal capacity = 1 mA h cm™2, glass fiber separator, capacity of carbon electrode =
2000 mA h g®'e<tode—1 mass loading of carbon electrode = 4 mg cm ™2 and electrolyte injection ratio in carbon electrode = 100%. (b) Areal capacity =

4 mAh cm™2, polyolefin separator, capacity of carbon electrode = 2000 mA h g
injection ratio in carbon electrode = 60%. (c) Areal capacity = 4 mA h cm™2, polyolefin separator, capacity of carbon electrode = 8000 mA h g

electrode—1 ' mass loading of carbon electrode = 4 mg cm™2 and electrolyte

electrode—1

mass loading of carbon electrode = 1 mg cm™2 and electrolyte injection ratio in carbon electrode = 60%.

lithium metal as a negative electrode, glass fiber-based
separator, electrolyte amount = 50 mg cm™ 2, areal capacity =
1 mA h ecm™? (details are shown in the ESIt). In this case, the
energy density of the LAB was estimated to be less than 50 W h
kg ' (Fig. 1a), which is much lower than that of conventional
LiBs. Considering the fact that the areal capacity of commer-
cialized LiB is 2-5 mA h ecm ™2, we changed the mass loading of
the positive electrode from 1 mg cm ™2 to 4 mg cm > for yielding
an areal capacity of 4 mA h em 2. In addition, it can be seen
that the electrolyte comprises more than 64% of the cell weight.
Considering the fact that the weight percentage of the electro-
lyte in commercialized LiBs is approximately 30-40%, the
amount of electrolyte in LABs should be decreased to improve
their energy density. The amount of electrolyte can be
decreased by replacing the thick glass fiber-based separator
with a thin PO-based separator and decreasing the electrolyte
injection ratio in the porous carbon electrode from 100% to
60%. As a result, the weight percentage of the electrolyte
decreased to 57%, and the energy density reached 240 W h kg ™"
(Fig. 1b). In this case, most of the electrolyte was present in the
porous carbon electrode. By replacing the carbon electrode of
8000 mA h g@ec™de~1" the amount of electrolyte stored in the
electrode can further decrease. As a result, the weight percentage of
the electrolyte decreased to 31%, and the energy density reached
466 W h kg ' (Fig. 1c).

858 | Mater. Horiz., 2022, 9, 856-863

Based on the results obtained using the above energy density
simulation, it was apparent that the amount of electrolyte and
areal capacity are important parameters for determining the
energy density of the LAB. Herein, we estimate the cell level
energy density of the LAB reported in the literature (ref. 3-6,
11-30). In the cases where important parameters, such as the
amount of electrolyte or details of the separator, were not
described in their experimental section, we used the values
that are generally used in the field of LABs to estimate their
energy density. We restrict our target only to non-aqueous
electrolyte-based LABs operated at room temperature for a fair
comparison of their performance.

In Fig. 2a, the estimated energy density and cycle number of
the discharge/charge test are plotted. Although there are many
reports that demonstrate the successful operation of a LAB with
prolonged discharge/charge processes for more than 100 cycles,
their energy density at the practical cell level was lower than
50 W h kg™ ". In contrast, for the LABs with an energy density
over 300 W h kg™, the cycle number was less than 20 cycles.
Details of the LAB energy density estimation can be found in
Tables S1, S2 and the supporting data file (ESIt). In addition, a
brief summary of LAB energy density estimation and the weight
percentage of cell components are shown in Table S2 and
Fig. S1 (ESIt). If the important technological parameter is not
described in the literature, we utilized a standard value for the

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Estimated cell-level energy density of the LAB reported in the literature. (a) Relationships between energy density and cycle life of LAB.
(b) Relationships between energy density and the ratio of the electrolyte weight to cell capacity (E/C, g At h™Y).

estimation of the energy density of LABs. The details are
described in Note S1 (ESIf). We also estimate the possible
maximum energy density of ‘“Advanced type of LABs” by
performing a calculation utilizing the technological parameter
of a next-generation material, such as thin current collector and
light-weight gas-diffusion layer (Table S3, ESIY).

In Fig. 2b, the estimated energy density of LABs was plotted
against the ratio of the electrolyte weight to cell capacity (E/C,
g A”' h™"), which is used as an empirical parameter of the
electrolyte amount in the field of LiBs. A clear correlation
between two factors can be seen, suggesting that the E/C can
be utilized as a practical indicator for estimating the cell level
energy density of LABs based on the experimental data in the
literature. Interestingly, all the LABs with E/C over 50 g A™* h™"
exhibited an energy density lower than 50 W h kg™, suggesting
that an excess amount of electrolyte (>50 mg cm™?) and/or
operation at low areal capacity conditions (<1 mA cm ?)
diminish the cell level energy density. These results clearly
revealed that the value of E/C should be controlled lower than
10 g A~ h™"' for realizing LABs with an energy density over
300 W h kg™,

3. Critical technologies for LABs with
practically high energy density

Numerous studies on LABs have been published over the last
decade. However, most of the current research mainly focuses
on the evaluation of individual components at the material
level, and only a few studies have evaluated the performance of
LABs under practical conditions using appropriate technologi-
cal parameters. As mentioned in the previous section, the
evaluation of battery performance under a limited amount of
electrolyte and high areal capacity conditions is crucial for
realizing LABs with a high energy density at the practical cell
level. In the following section, we summarize the critical

This journal is © The Royal Society of Chemistry 2022

technologies and the criteria for performance evaluation of
LABs with high practical energy density.

3.1 Design principle of porous carbon based positive
electrodes

Based on the results of the energy density simulation, the
improvement in the energy capacity of the porous carbon-
based positive electrode is beneficial for maximizing the energy
density of LABs. Importantly, the energy capacity of the elec-
trode should be evaluated by the unit of capacity per mass of
the electrode (mA g°'°“™d¢~1) not by the capacity per mass of
carbon (mA g®™°"~1), That is, the mass of inactive components
in the electrode, such as the binder and substrate material
should also be taken into account. It is a well-known fact that
binder-free CNT based self-standing membranes can be easily
prepared, for example, by a simple vacuum filtration technique.
However, in the case of carbon black powders, the binder and
substrate material should be utilized for preparing a self-
standing membrane with sufficient mechanical strength. In
this case, the weight ratio of the carbon material should be
maximized by decreasing the amount of binder and substrate
without diminishing the mechanical strength of the membrane
for improving the capacity of the electrode (mA g®'*“™4¢~"), For
the material design and evaluation of the electrode, the mass
loading is also an important parameter. When the mass load-
ing of the electrode is too small (0.1-0.2 mg cm ™ 2), the areal
capacity is also relatively small. For example, even
if the 4000 mA h g*™d¢~! g used, the areal capacity is
0.4-0.8 mA h cm % Thus, for development of the positive
electrode achieving the LABs with practically high energy
density design, the mass loading should be higher than
1 mg cm % In this case, the areal capacity higher than
4 mA h cm™? can be realized. For the evaluation of a positive
electrode material, their performance should be evaluated at a
wide mass loading region to correctly understand their
potential for practical application. In high mass loading con-
ditions, the hierarchical pore structure of the electrode should

Mater. Horiz., 2022, 9, 856-863 | 859
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be designed. In addition to the mesopore structure for storing
the deposited Li,O,, the formation of an interconnected
micron-sized macropore is beneficial for enhancing the oxygen
transport through the electrode (ref. 31-37).

3.2 Electrolyte injection technology

For minimizing the amount of the electrolyte in LAB cells, the
electrolyte in the pores of the carbon electrode should be
quantitatively controlled. Ideally, the surface of the porous
carbon electrode should be completely wetted with the electro-
lyte to enable the efficient transfer of Li ions. In addition, the
voids in the electrode should not be completely filled with the
electrolyte to ensure that the oxygen transport channels from a
gas diffusion layer. However, in reality, the electrolyte distribu-
tion in the carbon electrode is inhomogeneous, especially when
the ratio of the electrolyte amount to the electrode pore volume
(i.e., electrolyte volume fraction) is to be small. Under such
conditions, Li,O, formed during discharge is segregated in the
region where the electrolyte is localized, thereby clogging the
electrode pores. Therefore, a suitable electrolyte injection tech-
nology should be utilized. Actually, several electrolyte injection
techniques have been demonstrated for their effectiveness of
improving the performance of LABs (ref. 38), such as the “inkjet
method”, which employs a piezoelectric element to emit
nanoliter-scale electrolyte droplets, and the “stamping
method”, which uses two highly hydrophilic filters as electro-
lyte transfer agents allowing the uniformly spread electrolyte to
be transferred to the carbon electrode sandwiched between
them. The details of each electrolyte injection technique are
summarized in Fig. S2 (ESIt).

3.3 Performance evaluation of electrolyte

With respect to selecting an electrolyte for the LAB, a non-
aqueous electrolyte is a promising candidate as a solvent
because of its wide potential window and high wettability with
electrodes and separators (ref. 39 and 40). Although aqueous
electrolyte-based LABs have been reported as alternative candi-
dates, concerns regarding the high volatility of water and its
high reactivity against lithium electrodes remain (ref. 41
and 42). From the viewpoint of volatility, ionic liquid- and
polymer-based electrolytes are attractive; however, their low
conductivity limits the LAB from operating under practical
current density conditions at room temperature (ref. 43-46).
For realizing prolonged cycles of LABs with a high practical
energy density, the side reactions at the positive and negative
electrodes should be minimized, especially to suppress decom-
position of the electrolyte. Considering the case that the
electrochemical reaction efficiency is 95% and the solvent is
decomposed by one-electron reaction, 0.6 mg cm™ > of solvent is
decomposed during just one discharge/charge reaction with an
areal capacity of 4 mA h cm™? (we consider the Mw of the
solvent to be 100 g mol '). In case the initial amount of
electrolyte is 20 mg cm > (E/C = 5 ¢ A~ h™"), the amount of
decomposed electrolyte corresponds to 6%. In this case, it was
estimated that all the solvents completely decomposed in just
35 cycles, revealing the importance of suppressing the side

860 | Mater. Horiz., 2022, 9, 856-863
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reactions. In addition, the volatilization should also be ser-
iously considered as the amount of electrolyte is strictly con-
trolled in LABs with a high energy density design. Therefore, in
laboratory-based studies, the performance of electrolyte (sol-
vent, redox mediator) should be evaluated not only by the
conventional discharge/charge tests but also by the reaction
efficiency of the electrode reaction. In addition, it is also
important to quantify the amount of electrolyte remaining in
the cell after the repeated discharge/charge cycles. Such infor-
mation is critical for correctly predicting the cycle performance
of LABs at the practical cell level.

3.4. Challenges in LABs with lean-electrolyte

In order to realize LABs with a practically high energy density at
the cell level, the problems particular to limited electrolyte
conditions, so called “lean-electrolyte”, should be taken into
account. The importance of the investigation of lithium nega-
tive electrodes in a lean-electrolyte system has been recognized
in recent years (ref. 47-49). Even for the reaction at the oxygen
positive electrodes, the peculiar issues regarding the lean-
electrolyte system also exist. For example, the movement of
electrolyte inside of the porous carbon electrode associated
with the reversible formation/decomposition of lithium perox-
ide should be considered. Actually, under the condition that
the amount of electrolyte is strictly limited, a unique cell failure
mechanism was reported (ref. 38), that is, a sudden increase in
over-potential during the initial stage of the charging process
(Fig. S3, ESIt). One possible explanation is the physical squeez-
ing of the electrolyte from the porous carbon electrode driven
by the formation of lithium peroxide during discharge. That is,
the electrolyte is pushed out and does not completely return to
the porous carbon electrode, even though lithium peroxide
decomposes during charging. Considering the importance of
decreasing the amount of electrolyte for realizing LABs with
high practical energy density, the understanding of this phe-
nomenon is quite important, and an advanced analytical
technique should be adopted to deepen our understanding of
this degradation mechanism.

3.5. Multi-stacked cell

From a practical viewpoint, multiple LAB cells must be densely
stacked, similar to conventional LiBs, to realize high energy
density at the cell level. In such stacked situations, a proper cell
configuration is required to ensure that oxygen can effectively
pass through the entire positive electrode via the gas-diffusion
layer (Fig. 3a). In fact, a fabricated 4 cm x 5 cm sized 10 cell
stacked LAB exhibited a stable discharge/charge performance
(ref. 50), in which the effective cell area was 200 cm?, 100 times
larger than that of the conventional coin-type cells (S = 2 cm?),
which are commonly used in laboratory experiment in acade-
mia (Fig. 3b). In a coin-type cell, the oxygen is supplied from the
top part of the positive electrode. In sharp contrast, in the
stacked cell configuration, oxygen needs to be transported in
the horizontal direction in the gas diffusion layer. Then, oxygen
need to be further transported to the vertical direction to go
through the whole part of the positive electrode. For practical

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Photographic and schematic images of LAB cells. (a) Multi-stacked LAB cell, and (b) coin-type LAB cell. The scale bars in the photographic images

are 20 mm in (@) and 10 mm in (b).

implementation of LABs, the development of a gas-diffusion
layer is highly important, which realizes efficient oxygen trans-
port. The performance of the gas-diffusion layer should be
evaluated in a suitable cell configuration, in which the oxygen
supply is allowed only through the horizontal direction of the
gas-diffusion layer. Although simulation-based studies have
been reported for oxygen transport phenomenon in LAB
(ref. 51 and 52), the ideal material properties and configuration
of the gas-diffusion layer have not been identified, and further
studies are required.

Based on the above discussion, the performance of LABs
should be evaluated at the suitable cell configuration, ideally
the universal standardized cell should be utilized for sharing
the experimental results obtained by various research groups.
However, in reality, the home-made type cells were utilized for
LAB experiments and such lack of standardization is one main
reason for the limited acceleration of the research development
of LABs. From that point of view, we propose a single-layered
cell with a 2 cm x 2 cm sized electrode as a possible candidate
for standard LAB cells, in which oxygen can be transported
through the gas-diffusion layer only in the vertical direction
and not in the horizontal direction. In addition, by restraining
the top and bottom of the cell with a rigid substrate and tuning
the contraction of the spring, the confining pressure inside the
cell can be quantitatively controlled. The details of cell
configuration are described in Fig. S4 (ESIf). Notably, the
design of this cell can be easily extended to a large stacked

This journal is © The Royal Society of Chemistry 2022

type cell configuration by enlarging the electrode size
(2em x 2cm —» 4cm X 5cm — 10 cm X 10 cm) and increasing
the number of stacking layers (single cell — 2 layers stacked cell
(bi-cell) — 10 layers stacked cell).

4. Summary and outlook

In this article, we overview the key technology for realizing LABs
with high energy density at the practical cell level. The energy
density estimation of LABs reported in the literature revealed
that the cell level energy density of most of the LABs was less
than 50 W h kg™ " because the cell contains an excess amount of
electrolyte and/or the cell is operated at relatively small areal
capacity conditions. To achieve an energy density higher than
300 W h kg *, which surpasses the level of conventional LiBs,
the ratio of amount of electrolyte against the areal capacity (E/C,
g A~" h™") should be controlled to be less than 5 g A~ h™".
For rechargeable battery systems equipped with a lithium
metal electrode, such as lithium/NMC and lithium/sulfur,
recent studies investigated the cell level performance under
practical conditions with the appropriate technological para-
meters (ref. 39-41, 45, 46, 53 and 54). As results, the specific
issues in practical cell design have been widely recognized in
their research community, resulting in the close collaboration
between academia and industry. Even for the research devel-
opment of LABs, advanced studies in academia should be
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performed under appropriate technological parameters to accu-
rately predict the possibility of using LABs at the practical cell level.
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