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ABSTRACT: The “(−) lithium (Li) anode|organic anolyte + inorganic catholyte|
solid-state cathode (+)” Li−O2/air battery based on an inorganic solid-state air
cathode was fabricated with a simple method. The electrochemical performance and
reaction products of the Li−O2/air batteries under pure O2 and ambient air were
investigated, respectively. The inorganic Li-ion conductive solid-state electrolyte
Li1.3Al0.3Ti1.7(PO4)3 was stable during cycling and avoided the decomposition and
volatilization problems that conventional organic electrolytes faced. Moreover, the
porous air cathode provided a sufficient gas-phase O2-transport channel, facilitating
the achievement of a high capacity of 14192 or 7869 mA h g−1 under pure O2 or
ambient air, respectively. Our results demonstrate that the Li−O2/air battery using
an inorganic porous air cathode has a great potential for practical application.
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1. INTRODUCTION

The development of large-scale energy devices, such as plug-in
hybrid electric vehicles (PHEVs) or electric vehicles (EVs), is
the trend in the future.1 However, the typical energy density of
today’s lithium (Li)-ion battery is between just 100 and 200 W
h kg−1, which is too low to meet the demand of practical
PHEVs or EVs (700 W h kg−1).2 The Li−O2/air battery has
attracted much attention as a potential power system because of
its ultrahigh theoretical energy density.3 Different from a Li-ion
battery, oxygen (O2), the cathode active material of a Li−O2/
air battery, is not stored in the battery but comes from air. The
energy density of a Li−O2/air battery is about 10 times higher
than that of a Li-ion battery.4,5 Despite its great promise, there
are still many critical drawbacks to developing a practical Li−
O2/air battery.
For much research on Li−O2/air batteries based on organic

liquid electrolytes, the flowing nature of the organic liquid
electrolytes will flood the O2-transport channel and the oxygen
solubility and diffusion ability in the organic liquid electrolytes
are very slow, which severely limit the reaction kinetics at the
electrolyte/carbon interface.6 Our previous research on an
organic-based electrolyte Li−O2 battery demonstrated the
importance of the availability of O2, which even required
intermittent operation to improve the discharge performance.7

Moreover, the discharge performance of the organic-based
electrolyte Li−O2 battery seriously deteriorated when the
working environment was altered to ambient air; we found that
the typical capacity under ambient air was less than 1 in 10 of
the capacity under pure O2.

8 Besides, two problems inevitably
arise:9−14 (1) Organic liquid electrolytes commonly used are
unstable and easily decomposed by the superoxide ion via
nucleophilic attack. (2) Organic electrolytes commonly used
will inevitably react with the discharge product, Li2O2. All of the
problems mentioned above limit its practical application.

Solid-state Li-ion conductors are very stable and have
acceptable Li-ion conductivity, which provide a new way to
solve these problems.15 Polyplus successfully coated the Li
metal with a solid ceramic membrane, which kept the Li
chemically isolated but allowed it to be electrochemically active;
the protected Li electrode could even work in water. These
kinds of ceramic materials, such as Li−Al−Ge−PO4 (LAGP)
and Li−Al−Ti−PO4 (LATP), have received considerable
attention as electrolytes for various types of Li−O2
batteries.2,16−19 Recently, many excellent studies have been
made to improve the performance of a solid-state Li−O2/air
battery. Kichambare et al. made great efforts to improve the
performance of the solid-state, rechargeable Li−O2 battery and
achieved superior performance by fabricating the cathode with
N−C and LAGP.20 Zhou’s group reported a series of excellent
works by introducing C and LATP.21,22 The reported methods
expanded the range of the solid-state Li−O2/air battery.
However, there are still many challenges before practical
application is realized, for example, improving the capacity
(especially under ambient air), lowering the cost, and
simplifying the preparation process.
In this paper, the solid-state Li−O2/air battery based on a

porous inorganic solid-state air cathode was fabricated with a
simple method, which has the following advantages: (1)
Minimize the O2-transport limit faced by traditional organic
electrolytes. (2) Make the battery able to directly work in
ambient air. (3) Given a sufficient amount of Li metal anode,
the reasonable and simply designed battery will be able to
mechanically discharge by replacing the used cathode with a
new cathode. The proposed Li−O2/air battery achieved high
capacity without using any catalyst to promote the oxygen
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reduction and oxygen evolution reactions, indicating that the
solid-state air cathode has a great potential for development.

2. EXPERIMENTAL SECTION
2.1. LATP Synthesis. A solid-state Li-ion conductor of

Li1.3Al0.3Ti1.7(PO4)3 was synthesized according to previous re-
ports.23−25 Stoichiometric amounts of Li2CO3, Al2O3, TiO2, and
(NH4)H2PO4 were ball-milled in ethanol for 30 min and then dried by
distillation; the dried powder was heated at 400 °C for 2 h to release
volatile products before the temperature was raised to 800 °C and held
at that temperature for 2 h in air. The obtained LATP was ball-milled
to ∼50 μm, and the powder was cold-pressed into sheets and sintered
at 800 °C for 4 h in air. The thickness of the obtained LATP sheets
was measured to be around 300 μm, and the diameter was 1.8 cm.
2.2. Fabrication of the Porous Air Cathode. The porous air

cathodes were made of Super P conductive carbon black (SP),
poly(vinylidene fluoride), and LATP in weight ratios of 10:5:85. The
Brunauer−Emmett−Teller surface area of SP is demonstrated to be
780.5 m2 g−1. SP is a kind of spherical particle, and the pore surface of
SP is 91.7 m2 g−1. The mixture was milled by hand in an agate mortar,
and N-methyl-2-pyrrolidone (NMP) was dropwise added to form a
slurry mixture and then ultrasound-dispersed evenly. The air cathode
was prepared by hand-painting the slurry mixture onto a nickel (Ni)
foam current collector with a diameter of 1.4 cm. SP provides the
electron conductivity and reactive active sites, and LATP provides the
Li-ion conductivity. The prepared air cathode was dried at 120 °C
under vacuum for 12 h to remove the residual NMP. The loading area
was about 1.5 cm2, the as-obtained air cathode had a loading weight of
SP of 0.67 mg cm−2, and the porosity of the cathode materials was
about 43.7%.
2.3. Battery Assembly. The proposed Li−O2/air battery “(−) Li

anode|organic anolyte + inorganic catholyte|solid-state cathode (+)”
was assembled in an argon-filled glovebox (Chengdu Dellix Industry
Co., Ltd.); the schematic diagram of the Li−O2/air battery is shown in
Figure 1.

At the side of Li metal (1.6 cm diameter), an organic electrolyte of
0.9 M lithium bis(trifluoromethanesulfonyl)imide (purchased from
Aladdin Reagent, 99%) in tetraethylene glycol dimethyl ether
(TEGDME; purchased from Aladdin Reagent, 99%) was introduced
to wet the Li metal and LATP sheet and served in the role of
decreasing the interface impedance; a Celgard 2500 membrane (1.6
cm diameter) was used to separate the Li metal and LATP sheet
because Li reacts easily with LATP when contacted directly.26 Using
an O-ring as the sealing component and making sure that no gas
residue among the Li/Celgard 2500/LATP sheet and no electrolyte
leak out, all components were sealed together compactly to make a
Li−O2/air battery. The configuration of the Li−O2/air battery and
assembly details are shown in the Supporting Information (SI; Figure
S1). The TEGDME-based organic electrolyte Li−O2 battery without
the LATP sheet was assembled according to the same fabrication

process, and 400 μL of electrolyte was added to immerse the air
cathode.

2.4. Electrochemical Measurement. Electrochemical tests were
carried out at room temperature using a LAND tester (CT2001A,
Wuhan LAND Electronic Co., Ltd.). After standing for at least 2 h, the
battery was discharged and charged. The current density and capacity
were normalized by the weight of SP. The operating environment
involved a pure O2 atmosphere (1 atm) and an ambient air
environment (0.945 atm and relative humidity = 70%). Electro-
chemical impedance spectroscopy (EIS) was carried out using a
PARSTAT 2273 instrument (Princeton Applied Research), and
spectra were obtained in the frequency range from 10 kHz to 10
mHz with an alternating-current (ac) amplitude of 5 mV.

2.5. Microstructure Characterization. X-ray diffraction (XRD)
was carried out using a Dandong DX-2600 diffractometer with Cu Kα
radiation and a power of 35 kV × 25 mA at a scan rate of 0.04° s−1.
Before XRD test was done, the cathode of the Li−O2 battery was
sealed in a packet to avoid the influence of ambient air. Attenuated
total reflectance Fourier transform infrared (ATR-FTIR) measure-
ments for the cathodes were carried out to identify the discharge
product on a Nicolet 6700 spectrometer (Thermo Fisher Scientific).
The micrograph was investigated with scanning electron microscopy
(SEM) analysis using a JSM-7500F scanning microscope. X-ray
photoelectron spectroscopy (XPS) was carried out to identify the
stability of LATP using XSAM-800 (KRATOS).

3. RESULTS AND DISCUSSION
3.1. Phase and Li-Ion Conductivity of LATP. Figure 2a

shows the XRD pattern of the obtained LATP powder. A pure

NASICON-type phase is indicated, the XRD pattern is in
agreement with that of LiTi2(PO4)3 (JCPDF card no. 35-0754),
and no any impure phases could be found as Al3+ ions replaced
Ti4+ ions. Figure 2b shows the Arrhenius curve of the synthetic
LATP ceramic electrolyte tested in the range of 243−343 K.
The plot of log σ against 1000/T was found to be linear, and

Figure 1. Schematic diagram of the proposed Li−O2/air battery.

Figure 2. (a) XRD pattern. (b) Arrhenius curve of the synthetic
LATP.
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the Li-ion conductivity of the LATP sheet at 30 °C was 3.8 ×
10−4 S cm−1.
3.2. Electrochemical Performance of the Solid-State

Li−O2/Air Battery. The assembled solid-state Li−O2 battery
was first operated under pure O2. Figure 3a shows the first

discharge/charge curves of the Li−O2 battery at the current
density of 100 mA g−1 between 2.0 and 4.5 V (vs Li+/Li). It was
inspiring to find that the battery showed typical voltage but
high capacity. The initial discharge voltage was about 2.65 V; at
the discharge terminal, the capacity reached 14192 mA h g−1

(red line) and the recharge capacity reached 11473 mA h g−1

(blue line). XRD characterization was carried out to character-
ize the discharge products: the peaks related to Li2O2 (JCPDF
card no. 73-1640) are clearly evident, and no significant LiOH
and Li2CO3 peaks could be detected, as shown in Figure 3b.
The Li2O2 peaks were rarely observed after recharging to 4.5 V,
indicating that the recharging process made Li2O2 decompose.
Further refined analysis of the cathodes was obtained by FTIR;
the results are shown in Figure 3c. No significant Li2CO3 could
be identified at the discharge/charge terminals. The first

discharge time was nearly 6 days, excluding the possible
influence of trace air contained in pure O2. Recently, Zhang and
Zhou reported excellent research on the Li−O2 battery using a
single-walled nanotube/ionic liquid gel electrolyte air cath-
ode.17 They charged the Li−O2 battery to 5.0 V in order to
achieve a better performance; although that is a feasible
method, the Li2O2 peaks still existed even when charged to 5.0
V and without modification of the CNG, and the charge voltage
was above 4.5 V after modification of the CNG; meanwhile, the
preparation process was complex, and the cost was high. In this
paper, limiting the charge voltage to 4.5 V successfully made
Li2O2 decompose, and it was also interesting to find that the
initial charge voltage was below 4.0 V and that situation was
maintained for a long time. In order to explore the stability of
the current collector, the cathode without SP and LATP (only
Ni foam collector) was charged to 4.5 V, but no charge voltage
plateau could be observed (Figure S2 in the SI); the result
suggested that Ni foam was stable in our experiment. The lower
charge capacity than discharge capacity was attributed to the
formation and decomposition of a tiny amount of Li2CO3,
which will be discussed later.
Many researchers have reported the achievement of high

capacity by introducing functionalized graphene sheets and
carbon nanotubes or introducing various catalysts such as
MnO2,

27 perovskite oxide,28 platinum/gold,29 palladium,9,30

and so on.31−33 Herein, the mixture of SP with LATP powder
that pasted on the porous Ni foam could achieve high discharge
capacity (14192 mA h g−1 at the current density of 100 mA
g−1) without using any catalyst or functionalized carbon
material. Meanwhile, the charge voltage was even lower than
that in research on the conventional organic-based electrolyte
Li−O2 battery employing MnO2 as the catalyst.

27 The particle
size of the pristine SP was about 100 nm (not shown in the
paper), but the SEM image of the air cathode after discharge
revealed that Li2O2 particles wholly deposited onto the SP and
gradually covered SP uniformly (Figure S3a in the SI), resulting
in the SP particle size increasing to about 300 nm, as shown in
the histogram of the diameter distribution of Li2O2 particles
(Figure S4 in the SI). By contrast, the TEGDME-based organic
electrolyte Li−O2 battery was also assembled with the same
loading weight of SP, but the energy output was only 3427 mA
h g−1 (Figure S5 in the SI); we have reason to believe that the
high capacity of the solid-state Li−O2 battery was attributed to
the sufficient available O2; in other words, a solid-state air
cathode minimizes the O2-transport limit faced by traditional
organic electrolyte, facilitating the achievement of good
electrochemical performance.
To evaluate the cycling performance, the Li−O2 battery was

cycled at the same current density of 100 mA g−1 with a fixed
capacity of 500 mA h g−1 in the range between 2.0 and 4.5 V
(vs Li+/Li). Figure 4a shows different discharge/charge curves
with fixed capacity. The first discharge voltage was about 2.65 V
(vs Li+/Li), and the first recharge voltage was lower than that in
Figure 3a because a slight amount of the discharge product
(Li2O2) could easily be decomposed. During 14 cycles, the
discharge voltage gradually decreased, especially from the 10th
cycle. The cycling performance in Figure 4b also revealed that
the 11th recharge capacity was incomplete and dropped to 468
mA h g−1; after that, the discharge plateau dropped and inclined
significantly, and the recharge capacity decayed slowly. In
addition, the trend of a drop in the discharge capacity from
about 4.0 V to around 2.7 V was strengthened by increasing the
cycle number, which mainly came from electrochemical

Figure 3. (a) First discharge/charge curves of the Li−O2 battery. (b)
XRD patterns of the air cathodes. Inset: partially magnified. (c) ATR-
FTIR spectra of the cathodes.
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polarization. It was considered that the poor cycling perform-
ance and electrochemical polarization were caused by some
unfavorable side reactions; therefore, the reaction mechanism
should be considered. In order to obtain further information,
the cathodes were examined by XRD; the results are shown in
Figure 4c. However, no significant Li2O2 or Li2CO3 peaks could
be observed from the XRD patterns, and no other phase could
be identified after 14 cycles. Further refined analysis of air
cathodes after cycling showed the existence of Li2CO3, as

shown in Figure 4d, examined by FTIR. A slight amount of
Li2CO3 could be identified after 2 cycles, and clear evidence of
Li2CO3 could be found after 5 cycles; it was deduced that the
amount of Li2CO3 gradually increased during 14 cycles. The
SEM image of the air cathode after 14 cycles revealed some
new larger particles existing among the SP (Figure S3c in the
SI), which was significantly different from that discharged to 2.0
V (Figure S3a in the SI). We speculated that the formed
Li2CO3 covered the carbon surface, resulting in the observed
capacity fading and increasing electrochemical polarization. In
order to accurately characterize the stability of LATP, XPS
spectra of LATP before and after 14 cycles were examined
(Figure S6 in the SI); the peaks at higher (459.8 eV) and lower
(465.3 eV) binding energies were associated with the Ti4+

state,34 and no Ti4+ 2p3/2 and Ti4+ 2p1/2 binding energies
shifted to lower binding energies, which certified the stability of
LATP. Impedance profiles of the LATP sheet before and after
cycling were also examined (see Figure S7 in the SI); it was
inspiring to find that there was no significant change in the ac
impedance behavior between the original and cycled sheets, so
it is deduced that LATP was stable during cycling.
Many researches on Li−O2 batteries based on organic liquid

electrolytes revealed the formation of Li2CO3 during the
electrochemical process, which was attributed to the instability
and decomposition of the organic electrolyte. In this paper,
LATP was stable during cycling; when the Li−O2 battery was
first discharged to 2.0 V, no significant Li2CO3 could be
identified, and that process consumed nearly 6 days, excluding
the possible influence of trace air contained in pure O2.
However, it was found in Figure 4d that Li2CO3 gradually
accumulated in the cathode upon cycling. It has been reported
that carbon was relatively stable below 3.5 V (vs Li+/Li) upon
discharge or charge but was unstable upon charging above 3.5
V, especially in the presence of Li2O2, causing the oxidation and
decomposition reaction of carbon to form Li2CO3.

14,35 In this
paper, Li2CO3 may came from the reaction of Li2O2 with
carbon because of the inertia of Li2CO3, which could be
decomposed only at higher voltage, making it difficult to
decompose.36 The undesirable side reaction resulted in the loss
of carbon, decreasing the reactive active sites and influencing
the following electrochemical properties, and eventually caused
deterioration of the cycling performance. Because of the
influence of Li2CO3 that was generated via a side reaction, the
first full charge capacity was less than that of discharge.
The corrosion of the Li metal anode could be avoided with

the protection of a LATP solid-state electrolyte, so the
proposed Li−air battery could be directly operated under
ambient air. Figure 5a shows the first discharge/charge curves
of the solid-state Li−air battery at the same current density of
100 mA g−1 between 2.0 and 4.5 V (vs Li+/Li). It was found
that the initial discharge voltage was about 2.65 V, the same as
that under a pure O2 atmosphere, indicating that the low
oxygen pressure (21% O2 in air) did not significantly influence
the discharge behavior. At the discharge terminal, the capacity
reached 7869 mA h g−1 (red line), and at the charge terminal,
the capacity reached 6234 mA h g−1 (blue line), as shown in
Figure 5a. The discharge products under ambient air included
Li2O2, LiOH, and Li2CO3, as shown in Figure 5b, which was
significantly different from that of the solid-state Li−O2 battery
(Figure 3b). The byproducts came from the side reactions,
once the external atmosphere altered to ambient air, H2O, and
CO2 participated in the reactions according to the following
equations:

Figure 4. Electrochemical performance and characterization of theLi−
O2 battery: (a) discharge/charge curves; (b) cycling performance; (c)
XRD patterns of the air cathodes; (d) ATR-FTIR spectra of the
cathodes at different cycles.
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+ → +2Li O 2H O 4LiOH O2 2 2 2 (1)

+ → +2LiOH CO Li CO H O2 2 3 2 (2)

+ → +2Li O 2CO 2Li CO O2 2 2 2 3 2 (3)

Because of the side reactions, the final discharge products were
clearly different from that of the solid-state Li−O2 battery.
Meanwhile, the particle size of the discharge products was
irregular and larger than that operated under pure O2 (Figure
S3b in the SI); it was speculated that it is a mixture of Li2O2,
LiOH, and Li2CO3. The energy output of the solid-state Li−air
battery was lower than that of the solid-state Li−O2 battery, but
this value was very inspiring compared with the TEGDME-
based organic electrolyte Li−air battery, whose discharge
capacity was only 452 mA h g−1 (Figure S5 in the SI) under
ambient air with the same loading weight of SP and the same
current density. It is reported that the performance of the
organic-based electrolyte Li−air battery deteriorated when the
oxygen pressure was decreased because the oxygen solubility
and diffusion ability could not meet the demand. Our results
indicated that the effect of the oxygen pressure on the
performance of the solid-state Li−O2/air battery was much less
than that of the organic-based electrolyte Li−O2/air battery. A
Li−air battery using a solid-state air cathode achieved O2 via
the diffusion of gas-phase O2 in the porous air cathode,
minimizing the O2-transport limit and facilitating the achieve-
ment of good performance, which has a great potential for
practical application. However, because of the contamination of
H2O and CO2, which influenced the electrochemical perform-
ance, a decline of the energy output resulted. The first charge
voltage was higher than that of the solid-state Li−O2 battery
because the byproduct Li2CO3 was difficult to decompose.
After recharging to 4.5 V, the Li2O2 and LiOH peaks nearly
disappeared, although the peak intensity of Li2CO3 had
significantly decreased and partial peaks disappeared, but

typical Li2CO3 peaks still existed, indicating that the recharge
of Li2CO3 was incomplete.
To evaluate the cycling performance, the Li−air battery was

operated at a current density of 100 mA g−1 with a fixed
capacity of 500 mA h g−1. The discharge/charge curves are
shown in Figure 6a. It was found that the initial discharge curve
was similar to the performance under pure O2, but the
subsequent discharge plateau dropped faster than that of the
solid-state Li−O2 battery, especially from the 8th cycle. The

Figure 5. (a) First discharge/charge curves of the Li−air battery at the
current density of 100 mA g−1. (b) XRD patterns of the air cathodes.
Inset: partially magnified.

Figure 6. Electrochemical performance and characterization of the Li−
air battery: (a) discharge/charge curves; (b) cycling performance; (c)
XRD patterns of the air cathodes; (d) ATR-FTIR spectra of the air
cathodes.
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cycling performance is shown in Figure 6b; the recharge
capacity was incomplete except for the first recharge. The
recharge capacity decreased to 367 mA h g−1 after 10 cycles,
and the subsequent discharge capacity also declined (not shown
in this paper). After 10 cycles, the cathode of the solid-state Li−
air battery was examined by XRD and FTIR, and the results are
shown in parts c and d of Figure 6, respectively. One significant
Li2CO3 peak was observed in Figure 6c, and the existence of
Li2CO3 was clearly verified by ATR-FTIR, as shown in Figure
6d. No significant Li2O2 and LiOH peaks could be observed
because they were easier to decompose than Li2CO3. The SEM
image after 10 cycles revealed that the microstructure was
different from that operated under pure O2 (Figure S3d in the
SI); it was speculated that the narrow and long particles were
Li2CO3, which was associated with the capacity fade and battery
death.
3.3. Discussion. Both Li−O2 and Li−air batteries using

inorganic solid-state air cathodes could achieve higher capacity
compared with organic-based electrolyte Li−O2 and Li−air
batteries because the solid-state air cathode minimizes the O2-
transport limit. However, the energy output of the solid-state
Li−air battery was lower than that of the solid-state Li−O2
battery, resulting from H2O and CO2 contamination. It was
confirmed from the cycling performance under pure O2 that the
side reaction of SP with Li2O2 caused the accumulation of
Li2CO3, resulting in the loss of carbon. We believe that the
poor cycling performance of the solid-state Li−air battery came
from the combined impact of the formation of carbonate
formed from CO2 contamination and the loss of carbon from a
side reaction. It was hypothesized that H2O and CO2
contamination played a major role; however, the cycling
performance of the solid-state Li−air battery was not further
deteriorated under the circumstance of limiting the capacity to
a higher value of 1000 mA h g−1 (Figure S8 in the SI), which
was similar to the performance in which the capacity was fixed
to 500 mA h g−1 (Figure 6b). It was deduced that the stability
of carbon greatly affected the cycling performance of the solid-
state Li−O2/air battery; maybe the cycling performance could
be improved by introducing more stable cathode materials
(TiC or nanoporous gold) or using another effective
approach.37,38 Along with carbon, the stability of other
materials (the binder, current collector, and so on) also
requires meticulous care and attention in the future; maybe the
development of a binderless cathode is a better choice.39 In our
case, the proposed Li−O2/air battery provided a promising
approach to achieving practical application, but the stability of
carbon is a key factor in limiting the cycling performance.

4. CONCLUSION
In conclusion, the results demonstrate that the proposed Li−
O2/air battery could successfully work under pure O2 and
ambient air and achieved high capacity. LATP was stable during
cycling and avoided the decomposition and volatilization
problems that conventional organic electrolytes faced; the
porous air cathode provided a sufficient O2-transport channel,
facilitating the achievement of a high discharge capacity without
using a special discharge mechanism (intermittent operation)
or introducing a catalyst or functionalized carbon material. The
first discharge capacity under O2 or ambient air was 14192 or
7869 mA h g−1, which was about 4 or 17 times that of the
TEGDME-based electrolyte Li−O2/air battery, respectively, at
the current density of 100 mA g−1. In addition, the fabrication
method was simple. Considering the instability of SP, in the

future, we should develop more stable carbon material or other
material to improve the cycling performance.
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