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ABSTRACT: Nonaqueous Li—air battery, as a promising
electrochemical energy storage device, has attracted substantial
interest, while the safety issues derived from the intrinsic
instability of organic liquid electrolytes may become a possible
bottleneck for the future application of Li—air battery. Herein,
through elaborate design, a novel stable composite gel polymer
electrolyte is first proposed and explored for Li—air battery. By
use of the composite gel polymer electrolyte, the Li—air
polymer batteries composed of a lithium foil anode and Super
P cathode are assembled and operated in ambient air and their
cycling performance is evaluated. The batteries exhibit
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enhanced cycling stability and safety, where 100 cycles are achieved in ambient air at room temperature. The feasibility study
demonstrates that the gel polymer electrolyte-based polymer Li—air battery is highly advantageous and could be used as a useful
alternative strategy for the development of Li—air battery upon further application.
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1. INTRODUCTION

The development of electric vehicles (EVs) and hybrid
electrical vehicles (HEVs) is considered to be an attractive
route to solve the energy crisis issues, and a large number of
achievements have been obtained under worldwide efforts.
However, the successful further application of EVs and HEVs
depends to a great extent on the power and energy densities of
batteries.' ™ As a promising alternative to Li-ion battery,
rechargeable Li—air battery with theoretical energy density of
about 3500 Wh kg™' deserves to receive much concern since
the first rechargeable lithium/oxygen battery was reported in
1996 by Abraham.” Its implementation for energy storage in
vehicle applications has been slowed by safety concerns due to
the Li—air batteries with an open system using the volatile and
flammable organic liquid electrolytes. Some undesired reactions
could be triggered by unpredictable events such as short circuits
or local overheating, producing a rapid increase of the battery
temperature and, eventually, to fire or explosion and remaining
a hurdle for market penetration of Li—air battery in the future
practical large-scale application."” It is thereby of great
urgency to develop novel safe electrolytes for Li—air battery,
where replacing liquid electrolytes with polymer electrolytes
would be a perfect solution to those safety issues.'’ Solid
polymer electrolytes (SPEs) have been considered as ideal
alternatives to liquid electrolytes, and many efforts have been
made to develop SPE for Li—air battery with the aim to achieve
a satisfying electrochemical performance.11 However, their low
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ionic conductivity (107 to 107° S cm™) and high interfacial
resistance preclude their practical applications in Li—air battery
at ambient temperature.’ Fortunately, the gel polymer
electrolyte (GPE), a transition state between liquid electrolyte
and SPE, seems to be a smart choice, which uses polymer as a
matrix to encapsulate liquid components. It is this unique
character that makes GPEs key materials for the development
of high safety Li—air battery. Unlike a conventional Li—air
battery with the cathode flooded with liquid electrolyte, the
“three-phase reaction zone” would be formed in the Li—air
battery using GPE due to the absence of the flooding
electrolyte, as illustrated in Figure 1, which would be greatly
beneficial to avoiding the blocked pores and enhancing the
diffusion of oxygen in cathode, subsequently improving the
performance of Li—air battery. Therefore, the development of
high safety Li—air battery as power source of EVs and HEVs
may greatly benefit from a switch to GPE. Moreover, the GPE
is also more flexible and can provide additional benefits in
scalability and processability compared with conventional
inorganic glass or ceramic electrolytes, which enables them to
assemble different shapes according to the practical require-
ments.'>"* However, some limited success has been achieved to
explore GPE for Li—air battery except for poly(vinylidene
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Figure 1. Schematic illustration of the proposed GPE-based polymer
Li—air battery.

fluoride-co-hexafluoropropylene) (P(VAF-HFP))-based
GPE'*™'° and natural rubber polymer.'” Additionally, the
host polymers would lose mechanical strength when plasticized
by organic solvents, which can be overcome through a
mechanical skeleton, such as polyethylene (PE), polypropylene
(PP), and nonwoven fabrics.'®'? Meanwhile, to obtain the
GPEs with improved ionic conductivity and interfacial
properties at the lithium electrode, ceramic fillers, such as
TiO,, SnO,, MgO, ALO;, and SiO, have been incorporated
into host polymers.”’~>* Last but not least, owing to the
existence of oxygenated radicals produced during the discharge
process, some polymer compounds will be oxidized and
unstable in the presence of Li,O, such as P(VJF-HFP),
poly(ethylene oxide) (PEO), polyacrylomtrile (PAN), poly-
(vinyl chloride) (PVC), poly(vinylidene fluoride) (PVDF), and
poly(vinylpyrrolidone) (PVP).>>~*” Thus, comprehensive work
is required to address the stability issue of polymer-based
electrolytes, and the exploration of stable GPE becomes
significant for achieving Li—air battery with long operating life.

On the basis of the above background, in this study, a novel
stable GPE, polypropylene (PP)-supported poly(methyl
methacrylate) (PMMA)—blend—poly(styrene) (PSt) with
doping nanofumed SiO,, hereafter referred to as PMMA/
PSt/SiO,/PP, has been subtly designed and explored for Li—air
battery. The implementation of blended polymers here is
proposed with the aim of balancing the advantanges and
drawbacks of components. By use of the GPE, a Li—air polymer
battery composed of a lithium foil anode and a SP cathode
without any other catalysts is proposed. The cycling perform-
ance of the batteries was evaluated and compared with that of
the batteries assembled with liquid electrolyte. Our results
demonstrate the superior performance of Li—air polymer
batteries using a PMMA/PSt/SiO,/PP-based composite
polymer electrolyte and report a new step toward the
realization of commercial Li—air battery.

2. EXPERIMENTAL SECTION

2.1. Chemical Stability Test of PSt. The chemical stability test of
PSt was performed in a argon-filled glovebox (H,0 < 0.1 ppm, O, <
0.1 ppm). The following describes a typical experiment. In a 15 mL
vial, 20 mg of PSt was dissolved in S mL of tetrahydrofuran (THF)
(stored in the presence of a shining Li foil). The polymer/solvent

mixture was stirred to allow the polymer to dissolve. Then 200 mg of
Li, O, was added to allow for an excess mass concentration of Li,O, as
compared to the polymer mass concentration. The mixture was stirred
throughout the course of the experiment.

2.2. Preparation of Gel Polymer Electrolytes. The obtained
polymer (PMMA, PSt), 2.4 wt % polyethylene glycol (PEG, molecular
weight 400, as a pore producer) and 10 wt % nanofumed SiO, (Sigma-
Aldrich, average particle size of 7 nm) with content of polymer were
dispersed in THF at a concentration of 4 wt % under stirring. After
complete dissolution, a commercial microporous polypropylene (PP)
separator (Celgard, USA, thickness of 25 um) was immersed in the
slurry for 1 h, taken out, and transferred into a sink for phase inversion.
The resulting membrane was washed with deionized water and
immersed into deionized water for 2 h to remove residual PEG and
THE. The porous PMMA/PSt/SiO,/PP membrane was finally
obtained after drying the membrane in vacuum at 50 °C for 24 h.
In order to prepare GPE, the porous membranes were immersed in an
electrolyte solution, 1 M bis(trifluoromethane) sulfonimide lithium
salt (LiTFSI, Sigma-Aldrich, 99.95%) in tetraethylene glycol dimethyl
ether (TEGDME, G4, Sigma-Aldrich, 99%), in an argon-filled
glovebox with water and oxygen content lower than 0.1 ppm
overnight before use. For comparison, the 1 M LiTFSI/G4 and
commercial PP were used as conventional liquid electrolyte and
separator, respectively.

2.3. Characterization. X-ray powder diffraction (XRD) patterns
were recorded on a Bruker D8 X-ray diffractometer using Cu Kar (4 =
1.54 A) radiation. The images of all the samples and electrodes were
examined using scanning electronic microscope (SEM) on a JSM-
6700F instrument. The discharged and recharged SEM cathodes were
washed with diethyl carbonate (DEC) followed by removal of the
DEC in vacuum. The thermogravimetric analysises (TGA) were
conducted on BRUKER TG-DTA 2010SA-G4H to survey thermal
stability of the PMMA/PSt/SiO,/PP membrane.

2.4. Electrochemical Characterization. The electrochemical
stability of GPE was investigated by the linear sweep voltammograms,
which was obtained on Solartron 1640 at a scanning rate of 1.0 mV
s™, where GPE was sandwiched between lithium anode and SS. The
compatibility of GPE with the anode of Li—O, battery was understood
by electrochemical impedance spectroscopy (EIS) using the sym-
metrical cell Li/GPE/Li with potential amplitude of S mV from 0.1 to
100 kHz. The ionic conductivity of the GPE was determined by the
symmetrical cell SS/GPE/SS using EIS with potential amplitude of 5
mV from 0.1 to 100 kHz. All of the above electrochemical
measurements were conducted at 25 °C and in 1 atm of O, flow.
The Super P (SP) cathode was prepared by first mixing SP, PTFE
together with a weight ratio of 85:15 and rolled into a film, which was
pressed onto carbon based gas diffusion layer (GDL 3SBA,
SIGRACET Gas Diddusion Media) as cathodes. The electrodes
were dried at 100 °C in a vacuum oven for 12 h. The total mass
loading of SP is about 1 mg cm™ The cells were assembled in an
argon filled glovebox with water and oxygen level less than 0.1 ppm. A
lithium foil was used as anode. The as-prepared GPE was sandwiched
between a lithium anode and a SP cathode. The cells were gastight
except for the cathode side window, which exposed the cathode film to
the oxygen and air atmosphere. For the tests in dry oxygen
atmosphere, the measurements were conducted in 1 atm of dry
oxygen to avoid any negative effects of humidity and CO,. For the
tests in ambient air, the as-obtained cells were kept in a glass chamber
filled with argon gas and then taken out from the glovebox. Pure O,
flowed through the glass chamber to replace the argon gas. After that,
the ambient air was allowed to permeate by opening the cover, and
then the RH was adjusted to 5 by continuing to flow the dry air
(mixture of N,/O, (22.1%)) through the glass chamber. Galvanostatic
discharge/charge tests were conducted on the Hokuto discharge/
charge system at 25 °C within the potential window between 2 and 4.8
V under different capacity limit.
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3. RESULTS AND DISCUSSION

In order to investigate the chemical stability of PSt in the
presence of Li,O,, the PSt was stirred with commercial Li,O,
for 30 days. From the results shown in Figure SI in Supporting
Information, it can be seen that PSt appears stable against
nucleophilic attack of Li,O, without obvious color change,
compared with the obvious color change for the PAN, PVDF,
and P(VdF-HFP) in the reported results.'® The lack of labile
hydrogen atoms and the poor leaving nature of the phenyl
group are responsible for the stability of PSt against
nucleophilic attack of Li,O,. Figure 2a presents the X-ray
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Figure 2. (a) XRD patterns of PP, PMMA/PSt/SiO,/PP membrane,
nanofumed SiO,. (b) TG profiles of PMMA/PSt/SiO,/PP based
membrane, PP, PMMA, and PSt. SEM images of PMMA/PSt/SiO,/
PP membrane (c) and PP (d).

diffraction (XRD) patterns of PP, PMMA/PSt/SiO,/PP, and
nanofumed SiO,. The integrated XRD intensity exhibits the
typical a-form PP crystals and complete absence of the S-crystal
form, which shows two strong peaks at 20 of 162° and
21.2°2%* Meanwhile, the PMMA/PSt/SiO,/PP displays a
similar XRD pattern to the PP, indicating that the blended
polymer and nanofumed SiO, exist in the amorphous form, and
amorphous structure favors the chain movement of the
polymer during the membrane formation and leads to the
formation of more interconnected pores in the membrane. The
thermal stability of PMMA/PSt/SiO,/PP and PP membranes,
PMMA, PSt was determined by TGA under Ar atmosphere
from room temperature to 900 °C at a heating rate of 10 °C
min~', and the results are provided in Figure 2b. It can be seen
that the thermal stability of PMMA/PSt/SiO,/PP membrane
has been deteriorated after blending the PMMA, compared
with PP membrane. However, in these cases, the limitation
arising from the thermal stability of the used polymer is
negligible because the decomposition temperature is higher
than the shutdown temperature.””*" Figure 2c and Figure 2d
display SEM images of PMMA/PSt/SiO,/PP membrane and
PP. In the phase inversion process, the porous structure is
formed by the exchange between solvent (THF) and
nonsolvent (water). It can be seen from Figure 2c that after
doping fumed silica and upon the introduction of PEG, porous
structure (on and under the surface of the membrane) can be
seen clearly, resulting in the improved porosity (P) (45%) and
electrolyte uptake (A) (212%), which are evaluated based on
the following eqs 1 and 2.

m
A
P:ﬂ+ﬁ
noh (1)

where p, and p, are the density of n-butanol and the dry
membrane, respectively. m, and m, are the mass of the
membrane after n-butanol incorporated for 2 h and the dry
membrane, respectively.

A =22"M 00

W, 2)
where W, and W, are the mass of the dry and wet membranes,
respectively, where the wet membrane was obtained by
immersing the membrane in the same solution as that for
GPE preparation for 0.5 h.

Besides, it can be found that the as-prepared PMMA/PSt/
SiO,/PP membrane has good affinity to the 1 M bis-
(triftuoromethane) sulfonimide lithium salt (LiTFSI)/tetra-
ethylene glycol dimethyl ether (TEGDME, G4) electrolyte, and
the as-obtained GPE appears almost transparent, while the PP
shows bad affinity to the electrolyte (Figure S2), and the good
affinity will be beneficial to avoiding the blocked pores by
flooding liquid electrolyte and enhancing the diffusion of
oxygen in cathode, further achieving improved electrochemical
performance.

Tolerance to high potential is very important for GPE,
especially for the development of long life Li—air batteries. To
obtain further insight concerning the electrochemical stability
of the as-prepared GPE, the linear sweep voltammograms were
carried out at a scanning rate of 1 mV s™'. Figure 3a gives linear
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Figure 3. (a) Linear sweep voltammograms for PMMA/PSt/SiO,/PP
based GPE and PP (liquid electrolyte), with scanning rate of I mV s™".
(b) Nyquist plots of GPE and liquid electrolyte with the cell structure
of stainless steel (SS)/GPE (or liquid electrolyte)/SS. (c) Evolution of
the impedance spectra of Li/GPE (or liquid electrolyte)/Li cell at
open circuit potential as a function of time. All of the tests were carried
out in O, environment.

sweep voltammograms obtained for the battery Li/GPE/SS,
compared with the battery Li/liquid electrolyte/SS. It can be
seen that the liquid electrolyte decomposes from about 4.8 V
(vs Li/Li*), while the decomposition potential of GPE has been
increased to 5.3 V (vs Li/Li"), indicative of the improvement in
oxidative stability of the as-prepared GPE. This improvement
can be ascribed to the improved stability of electrolyte
components that are trapped more tightly in the membrane
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with fumed silica. Sufficient conductivity is one of the key
factors for maintaining a smooth transport of lithium ions in
GPEs for Li—air batteries. The ionic conductivity of the as-
prepared GPE is calculated according to the bulk electrolyte
resistance (R,), where they are obtained from the intercept of
the straight line on the real axises (as shown in Figure 3b). On
the basis of eq 3, the obtained ionic conductivities are 1.27 X
107* S cm™ for GPE and 248 X 107* S ecm™ for liquid
electrolyte, indicating that as-prepared GPE has attractive ionic
conductivity for the application in Li—O, battery and lithium
ion battery (Figure S3). 16,32

_d

RS 3)
where d is the thickness of GPE, and S is the contact area
between GPE and SS disk (diameter ® = 16 mm).

Through elaborate design, the PMMA/PSt/SiO,/PP-based
GPE thus provides more routes for the ionic transportation,
resulting in the enhancement of ionic conductivity. Interfacial
stability of GPE with lithium metal anode of Li—O, battery is
another essential factor to guarantee high performance of the
Li—O, batteries, which is associated with the passive layer and
the charge transfer resistances on the lithium electrode. In
order to get the interfacial resistance between GPE and lithium
metal anode, electrochemical impedance spectroscopy of the
cells Li/GPE/Li at open circuit was monitored with time as
described in Figure 3¢, where the semicircle at high frequencies
reflects the resistance of passive film on lithium. It can be seen
from Figure 3c that the resistance of the passive film of GPE is
smaller than PP, which means that the as-prepared GPE has
much better compatibility with lithium metal anode than liquid
electrolyte. Moreover, the resistance of the passive film
increases within 2 weeks, resulting from the continuous growth
of a resistive layer on the lithium metal surface and remains
almost unchanged after 2 weeks for liquid electrolyte, while the
resistance of the passive film of GPE decreases within 2 weeks
and remains almost unchanged after 2 weeks. From the above
results, it can be concluded that the as-prepared GPE shows
good compatibility with Li metal anode of Li—O, battery.

In order to get information on the electrochemical
performance of Li—O, (air) batteries assembled with the as-
prepared GPE, the systematic galvanostatic discharge/charge
tests were performed under different conditions. It should be
noted that the cathodes were fabricated by commercial SP and
stable poly(tetraﬂuoroethylene) (PTFE) binder without any
other catalysts.”® Figure 4 provides the rate capability of Li—O,
batteries assembled with GPE and liquid electrolyte with a fixed
discharge capacity of 1000 mAh g~ under different current
densities. It can be seen that the PMMA/PSt/SiO,/PP-based
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Figure 4. Rate capability of Li—O, batteries assembled with (a) as-
prepared GPE and (b) liquid electrolyte under different current
densities under dry O,.
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GPE exhibits a comparable rate capability with the liquid
electrolyte. Therefore, the safety of Li—O, battery can be
improved without sacrificing the electrochemical performance.
Additionally, during the charge process, three voltage plateaus
are displayed. At low potentials (at about 3.6 V) this may
involve the decay of amorphous Li,O,, whereas at higher
potentials (at 4.0—4.2 V), crystalline Li,O, is decomposed via a
Li deficient solid solution reaction, and the decomposition
reaction of Li,COj-like species may occur at 4.2—4.5 V.>>7%°
The obvious difference from cycling stability of the cells using
GPE and liquid electrolyte at the current density of 200 mA g™
is displayed in Figure Sa and Figure 5b, in which more than 50
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Figure S. Discharge/charge curves of the Li—O, batteries using (a)
liquid electrolyte, (b) as-prepared GPE with a capacity limit of 1000
mAh g7, and (c) cyclic performance the Li—O, battery assembled
with GPE at a fixed capacity of 500 mAh g™". All of the cycling tests
were operated at a current density of 200 mA g~ under dry O,.

cycles are achieved using GPE, while only 15 cycles are
achieved by using liquid electrolyte. Therefore, in contrast with
conventional liquid electrolyte, significantly enhanced cycling
stability is achieved in combination with the use of GPE, which
is predominantly derived from the absence of flooded air
electrodes and the increase of oxygen diffusion, together Wlth
the suppression of the dendrite formation during cycling.*®
Meanwhile, it cannot be negligible that the Li—O, batteries
assembled with GPE still suffer from limited cyclability, mainly
due to the formation of Li,COj;-like species or other reaction
byproducts on the cathode surface during discharge and charge
processes, resulting in high overpotential upon charging and
eventually battery failure, according to the previous reported
results. In order to decrease the effects of detrimental side
reactions on the cyclic stability, the discharge capacity was
controlled to 500 mAh g™' (Figure Sc), and the cyclic
performance for Li—O, battery assembled with GPE has been
increased to 100 cycles (the corresponding discharge/charge
profiles shown in Figure S4).

To obtain further insight concerning the morphology of
discharge products and the reversibility of the formation and
decomposition of Li,O, under dry O, SEM and XRD
experiments were conducted on the discharged and recharged
cathodes. Compared with the pristine SP cathode given in
Figure 6a, discharge product of Li,O, with a toroids-like
morphology appears in the SEM images collected after
discharge (Figure 6b), similar to the previous results, and
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Figure 6. Morphologies of cathode at different states when using GPE
as electrolyte under dry O,: (a) pristine electrode, (b) after discharge,
(c) after recharge, and (d) the corresponding XRD.

then they are removed during the recharging process (Figure
6¢).””7*? The reversible formation and decomposition of Li,O,
products are further supported by the XRD observations
(Figure 6d). The diffraction peaks of Li,O, can be clearly
observed after discharge, which suggests that Li,O, is the
dominant crystalline product in the discharging process of the
Li—O, battery with a SP cathode and GPE. Moreover, the
above diffraction peaks of Li,O, disappear after recharge, which
means the reversible discharge and charge capacities mainly
result from the desirable formation and decomposition of
Li,O,

Further research has been carried out to investigate the
electrochemical performance of Li—air batteries assembled with
GPE and liquid electrolyte operated in ambient air with relative
humidity (RH) of 5. From Figure 7, it can be found that about
25 cycles are achieved when using GPE, which is more stable
than liquid electrolyte in ambient air (8 cycles) and dry oxygen
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Figure 7. Discharge/charge profiles of the Li—air batteries assembled
with (a) liquid electrolyte, (b) as-prepared GPE with a capacity limit of
1000 mAh g™, and (c) cyclic performance of the Li—air battery using
GPE at a fixed capacity of 500 mAh g™". All of the cycling tests were
operated at a current density of 200 mA g~' under ambient air with
RH of S.

(15 cycles). The improvement in cyclic life is attributed to the
swelled polyether (TEGDME) in the GPE which alleviates the
corrosion of lithium metal caused by the H,O contamination
and subsequently facilitates improvement of the anode stability
during cycling. Moreover, when fixing the discharge capacity to
500 mAh ¢!, more than 100 cycles have been achieved even in
ambient air with RH of S by using GPE (the corresponding
discharge/charge profiles shown in Figure SS). The pro-
nounced difference of cyclic stability in different discharge
depth provides key evidence that the unsatisfying cyclic stability
arises predominantly from the detrimental side reactions
between Li,O, and carbon. Therefore, further improvement
of cycling stability can be achieved by the selection of a carbon-
free cathode in future work to avoid these side reactions. These
findings suggest that the as-prepared GPE can be significantly
beneficial to improving the cycling performance of Li—air
battery. From the above results and discussion, it can be
concluded that a Li—air battery with significantly improved
performance has been achieved in combination with the as-
prepared GPE. One has to be aware, however, that the results
presented here are preliminary and have to be improved
through optimization of the components of GPE, while this
discovery still provides a new avenue for the development of
rechargeable Li—air battery with high safety and long life in
future practical application. Additionally, experience and results
gained from this work give critical suggestions in the bottom-up
design of GPE for the future Li—air battery.

4. CONCLUSIONS

In summary, the results presented here illustrate the benefits of
using GPE as electrolyte for liquid-free Li—O, battery with
enhanced cyclic stability, which is predominantly beneficial
from the absence of the blocked pores caused by the flooding
liquid electrolyte and enhancement of the oxygen diffusion in
cathode, together with the suppression of dendrite formation
during cycling. Furthermore, the inhibition of Li metal
corrosion has been achieved through alleviation of H,O
contamination. Therefore, the Li—air battery using the GPE
can be cycled for 100 cycles even in ambient air, revealing a
preliminary opportunity to move Li—O, to Li—air batteries
with high safety by utilizing GPE. It is also worthwhile noting
that this type of battery can be easily scaled up without concern
of the safety issues caused by the leakage and/or uneven
distribution of electrolytes. These achievements have motivated
us to develop more performance-improved GPE for Li—air
battery. This work also highlights the importance of GPE
consideration in the development of Li—air batteries with
alternative electrocatalysts (metal oxides, nonprecious and
precious metals) and suggests realistic strategies for Li—air
battery in future practical applications. However, the develop-
ment of GPE-based Li—air batteries is still in its preliminary
stage and subsequent work is needed to ensure their full
exploitation. The challenge is in the choice of GPE that features
high ionic conductivity combined with long operation life, as
well as in the design of cathodes capable of ensuring excellent
cyclic stability.
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