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Abstract: The flexible Li-air battery (FLAB) with ultrahigh
energy density is a hopeful candidate for flexible energy storage
devices. However, most current FLAB operate in a pure
oxygen atmosphere, which is limited by safety and corrosion
issues from the metallic lithium anode and has thus greatly
impeded the application of FLAB. Now, inspired by the
protection effect of the umbrella, a stable hydrophobic
composite polymer electrolyte (SHCPE) film with high
flexibility, hydrophobicity, and stability was fabricated to
protect the lithium anode. The SHCPE mitigated lithium
corrosion and improved the capacity, rate performance, and
cycle life (from 24 cycles to 95 cycles) of a battery in the
ambient air. Based on the protection of SHCPE and the
catalysis of MnOOH, the prepared pouch-type FLAB dis-
played high flexibility, stable performances, long cycling life
(180 cycles), and excellent safety; the battery can bear soaking
in water, high temperature, and nail penetration.

The development of flexible electronics, which revolution-
ized all aspects of human life, promoted the research of
matched flexible energy storage systems and achieved much
progress.[1] However, the current flexible metal ion batteries,
flexible supercapacitors, flexible solar cells, and so on cannot
satisfy the extraordinary demand for the future flexible
energy storage devices because of their inherent low theo-
retical energy densities.[2] To this end, the flexible lithium–air
batteries (FLAB) with ultrahigh energy density (ca.
3500 Whkg@1), inexpensive and eco-friendly would be a prom-
ising candidate.[3] However, as in early stages, most FLAB had
to operate in the pure oxygen atmosphere (defined as the Li-

O2 battery), significantly hindered its broad application.[4] The
equipment for extra O2 gas storage not only severely reduced
the practical energy density of batteries but also failed to meet
the portable requirements of the next-generation flexible
electronic device.[5] Moreover, the safety of battery is an
essential and easily ignored question, especially when the
FLAB work in various complex environmental conditions.[6]

To make the FLAB which safely operates in the ambient
air come true, it is highly necessary and challenging to solve
the issues from metallic lithium anode. On the one hand, the
metallic lithium is easily degraded by various species, such as
N2, CO2, H2O that crossover from air cathode and reduced
oxygen species (O2

@ , O2
2@) that generated during reactions,

thus resulting in multitudinous by-products.[7] On the other
hand, the adoption of metal lithium anode would lead to
undesirable lithium dendrites growth throughout repeated
lithium plating/stripping processes.[8] Moreover, in conven-
tional Li-O2 batteries, common separators (for example,
polypropylene (PP), glass fiber (GF)) immersed in liquid
electrolyte cannot alleviate diffusion of the poisonous sub-
stance to Li anode side and prevent lithium dendrites
penetration, let alone meet the requirements of high mechan-
ical strength and thermal stability for application in flexible
batteries.[9] Therefore, a strategy that addresses the problems
of lithium anode and separator simultaneously is urgently
needed to promote the practical applications of safe FLAB in
the ambient air.

In our daily lives, the umbrellas are used to protect people
from the burning sun, wind, rain, and snow. Inspired by the
compact, flexible, hydrophobic umbrella cloth, for the FLAB,
we fabricated a stable and hydrophobic composite polymer
electrolyte (SHCPE) and covered it on the lithium anode to
prevent the anode from harmful substances (Figure 1). The
SHCPE that composed of thermoplastic polyurethane (TPU)
and hydrophobic SiO2 nanoparticles demonstrated high
flexibility, superior hydrophobicity, high ionic conductivity,
and exceptional stability. The Li anode effectively protected
by the SHCPE in the Li-air battery, and the battery exhibited
improved electrochemical performance. More importantly,
based on the SHCPE, a pouch-type flexible Li-air battery
(PFLAB) was successfully fabricated with a long cycle life
and excellent safety, which can even withstand various
deformation, water, nail penetration, and high temperature,
highlighting the feasibility of this strategy.

Figure 2a showed that the white semitransparent SHCPE
film with a diameter of 16 mm possesses an excellent
bendability and mechanical stability. The SEM image (Sup-
porting Information, Figure S1) demonstrated the surface of
pristine metallic Li is uneven, which would result in inhomo-
geneous Li ions flux distribution and cause Li dendrites when
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coupled with the porous separators.[10] On the contrary, after
coating the SHCPE, the inhomogeneous interface of lithium
was well modified, in which the compact and even SHCPE

film served as a separator and protection film (Figure 2 b;
Supporting Information, Figure S4). The modified interface is
favorable to homogeneous Li-ion transfer and inhibition of Li
dendrite growth. Moreover, the SHCPE prepared in situ can
contact with lithium metal closely to provide long-term and
durable protection for it, alleviating the diffusion of corrosive
substances to Li metal surface. The SHCPE displayed good
hydrophobicity with a water contact angle up to 131.288
(Supporting Information, Figure S5). To exhibit it visually
(Figure 2c), we dropped water droplets on the Li sheet
covered or uncovered SHCPE. It was apparent that the Li
sheet coated with SHCPE film was steady, while the pristine
Li sheet seriously destroyed, producing a severely rough
surface, demonstrating the SHCPE film could effectively
prevent the penetration of moisture. As mentioned above, the
Li metal anode in Li-air battery is easily corroded by the
oxidizing gases that crossover from cathode due to its semi-
open structure. Thus, we prepared a Li sheet which partially
protected by SHCPE film and exposed it in atmospheric
condition. As shown in Figure 2d, after exposure for 30 min,
the Li sheet with the protection of SHCPE remained clean
state and shined, while the bare Li corroded rapidly to turn
black, indicating that SHCPE film can protect Li metal from
corrosion of air.

The stability is a crucial property for the polymer electro-
lytes in FLAB system due to strong oxidizing intermediates
would decompose unstable electrolyte and result in short
cycle life of batteries.[11] As shown in Figure 2e, the SHCPE
film exhibited excellent thermostability that its weight
remains unchanged until the temperature increase to 270 88C.
The inset in Figure 2e also indicates that the glass fiber (GF)
and SHCPE film remained intact at 200 88C, which is higher
than the melting point of lithium metal, while the PP
separator deformed severely after 30 min, demonstrating
SHCPE could improve the safety of Li-air batteries under
high temperature. The SHCPE film could bear 18 MPa of
stress which far exceeded those of GF and PP separators
(Supporting Information, Figure S6), and it could endure
strain as high as about 800 %, indicating it was robust enough
to keep mechanical integrity during battery bending or
folding. After soaking SHCPE and lithium metal with liquid
electrolyte for 120 h, the unchanged FTIR spectra demon-
strated the SHCPE possessed excellent chemical stability
(Supporting Information, Figure S7). Because a high charge
potential in the Li-air battery would lead to the oxidative
decomposition of electrolyte, a wide working potential
window is a critical parameter for the polymer electrolyte.[12]

As shown in Figure 2 f, the results of linear sweep voltamme-
try (LSV) measurement showed that PP and GF/LE had an
increased current below 4 V owing to electrolyte decompo-
sition. By comparison, the current of SHCPE film was steady
until charged to 4.7 V, indicating the SHCPE has better
electrochemically stability and can be applied in high voltage
batteries. It is noticeable SHCPE film delivered high ionic
conductivity (0.26 mS cm@1 at 303 K), which is a prerequisite
for maintaining a fast ion transport in batteries (Supporting
Information, Figure S8). This result approached the level of
GF membrane (0.58 mScm@1 at 303 K), ensuring the success-
ful operation of FLAB. Furthermore, we examined symmetric

Figure 1. a) Protection of the lithium anode; b) fabrication process of
the FLAB.

Figure 2. Characteristics of the SHCPE. a) Photographs of SHCPE at
flat and bend conditions. b) Cross-section SEM image of the in situ
SHCPE protective film on the lithium metal anode. The red line and
yellow line represent the interface of the lithium metal and SHCPE,
respectively. c) Photographs of bare Li sheet and SHCPE-coated Li
sheet after dropping a water drop. d) Photographs of Li sheet partially
coated by SHCPE film before (upper) and after (lower) exposed in
ambient air for 30 min. e) Thermogravimetric curves of SHCPE; inset:
photos of PP, GF, and SHCPE before and after heat at 200 88C for
30 min. f) LSV curves for PP, GF/LE, and SHCPE at a constant scan
rate of 1 mVs@1. g) The cycling stability of the symmetric Li metal cells
at 0.05 mAcm@2.
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lithium metal cells to evaluate the stability of SHCPE film in
reversible Li plating/stripping. A comparative experiment
between SHCPE protected lithium metal (SHCPE-Li) and
bare lithium metal was carried out. The corresponding
voltage-time curves in Figure 2g indicated that the voltages
of SHCPE film remained stable within 15 mV for more than
1700 h at 0.05 mAcm@2, which is a notable improvement
compared with that of bare Li (the voltage gradually
increased to 100 mV after 670 h). The battery with SHCPE-
Li also exhibited long cycle life at a high current density
(Supporting Information, Figure S9), suggesting the SHCPE
could effectively improve the interface stability and suppress
dendritic Li growth and thus increase the cycle life of Li
anode.

To assess the electrochemical stability of SHCPE film in
the practical Li-O2 cell, cyclic voltammetry was carried out.
The curves of SHCPE similar to those of GF/LE, indicating
no side reactions occurred during the battery operation and
SHCPE did not affect the Li-O2 battery reaction (Figure 3a).
Compared to the GF, the SHCPE displayed lower oxidation
current density, demonstrating the SHCPE is more stable in
the battery. The FTIR spectra also confirmed the SHCPE is
stable in the presence of reaction intermediate (O2

@ and O2
2@)

without the formation of by-products (Supporting Informa-
tion, Figure S10). The morphology evolution of discharge
products in Li-O2 battery with SHCPE was further inves-

tigated (Supporting Information, Figure S11). After dis-
charge, there were typical toroid-like discharge products,
which identified as Li2O2, on the cathode.[13] In subsequent
recharge, the Li2O2 disappeared and no impurity residues,
indicating the SHCPE not interfered with the formation of
Li2O2 and the battery held good reversibility. The relevant X-
ray diffraction (XRD) results were also consistent with the
SEM images (Supporting Information, Figure S12). More-
over, the SHCPE maintained uniform and compact morphol-
ogy after 50 cycles in the Li-O2 batteries (Supporting
Information, Figure S13). These results indicated that
SHCPE had good stability in Li-O2 batteries and it did not
affect the working mechanism of the batteries, which
prompted us to apply SHCPE to lithium-air batteries.

Figure 3b shows the electrochemical impedance spectra
(EIS) of Li-air batteries. Re represents the ohmic resistance
that contributions from the electrolyte, electrodes, current
leads, and so on. Rint represents the interfacial resistance
between electrode and electrolyte.[14] The Li-air battery with
SHCPE-Li exhibited higher Re (47.43 W) than that of bare Li
with GF/LE (30.40 W), which was consistent with the lower
ionic conductivity of SHCPE. The value of Rint (113.4 W) was
lower than that of bare Li with GF/LE (243.7 W), indicating
SHCPE-Li had better interfacial contact with electrodes,
which were beneficial to mass transfer. The Li-air battery with
SHCPE-Li can steadily operate in the air, and its discharge
curve is similar to that of battery in pure O2 (Figure 3 c). By
comparison, the discharge curve of Li-air battery without
SHCPE shows a drop at about 2600 mAh g@1, which might be
explained by the poor interfacial contact caused by corrosion
of lithium upon discharging. It is noticeable the battery with
SHCPE-Li exhibited higher capacities than that with bare Li
both in O2 and in ambient air, owing to the durable and full-
range protection of SHCPE for Li metal anode during
discharging (Supporting Information, Figure S14). In O2

atmosphere, the battery with SHCPE-Li showed a similar
curve to that with bare Li at different current densities
(Figure 3d). In the ambient air, the Li-air battery with
SHCPE-Li displayed a much better rate performance than
that with bare Li. At current densities of 100 and 200 mA g@1,
the discharge potentials of Li-air cell with SHCPE-Li were
almost the same to that with bare Li. As the current raised to
500 mAg@1, the voltage plateau of SHCPE-Li was still about
2.0 V that is much higher than that with bare Li. Furthermore,
at a higher current density of 1000 mAg@1, both types of
anodes exhibited a low voltage of 0.6 V, which might result
from insufficient O2 mass transport (low O2 concentration in
air). As current densities decreasing, the discharge potentials
of Li-air battery with SHCPE-Li rapidly reverted to the initial
high potentials, while that with bare Li anode recovered
slowly. The better rate performance of SHCPE-Li could be
ascribed to its lower interfacial resistance and ample protec-
tion for Li anode. Another considerable improvement of the
Li-air battery with SHCPE-Li is cycling stability. As seen in
the Supporting Information, Figure S15, in O2 atmosphere,
the Li-O2 battery with SHCPE-Li displayed better cycling
stability of 114 cycles than that with bare Li (106 cycles). More
importantly, in ambient air, the Li-air battery with SHCPE-Li
can cycle 95 times (Figure 3e), far outperforming that with

Figure 3. Performances of the Li-air battery. a) Cyclic voltammetry
curves of the Li-air batteries in O2 atmosphere. b) EIS of the Li-air
batteries, where symbols denote experimental values, solid lines
represent fitted data and equivalent circuit for fitting the experimental
spectra as the inset. c) Discharge curves of Li-air batteries at a current
density of 200 mAg@1 in the ambient air and pure O2. d) Rate perform-
ances in the ambient air and pure O2. e) Cycling performance of the Li-
air batteries at 200 mAg@1 and limited capacity of 500 mAhg@1.
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bare Li (24 cycles), indicating SHCPE has a dramatic effect
on improving the cycle stability of battery in the air.

To further reveal the mechanism of performance improve-
ment in Li-air battery with the SHCPE-Li, we investigated the
composition and morphology changes of Li anodes after
different cycles. The XRD results (Figure 4a,b) demonstrated

the LiOH formed on the cycled anodes. Of note, after 20
cycles, the SHCPE-Li anode exhibited much weaker LiOH
and stronger Li characteristic peaks than that of bare Li. The
lesser LiOH indicated the corrosion occurred on the Li anode
was significantly suppressed by SHCPE.[15] The SEM images
of morphological evolutions on Li was consistent with the
XRD results. After 10 cycles, there are many cracks on the
surface of bare Li anode, which is much rougher than that
protected by SHCPE (Figure 4c,e). As shown cross-sectional
SEM images, the lithium anode without SHCPE almost
completely corroded after 20 cycles while that protected by
SHCPE only consumed a small fraction (Figure 4d,f), indi-
cating the SHCPE can decrease Li consumption during
cycling. Noticeable, the used SHCPE-Li could operate for
another 91 cycles in a new built Li-O2 cell while the used bare
anode circulated only 13 cycles, once again proving the
excellent effect of SHCPE on improving the cycle life of
lithium anode in Li-air batteries (Supporting Information,
Figures S17, S18).

Inspired by the flexibility and anticorrosion of SHCPE
and the increasing concern on flexible batteries, we fabricated
a rechargeable PFLAB based on the SHCPE-Li. As shown in
Figure 5a, the PFLAB constituted of the lithium anode
coated by the SHCPE film, flexible cathode and Al soft
packaging. In Figure 5b, the as-fabricated PFLAB showed
good flexibility that it could power the air fan under planar,
diagonally folded, corrugated, and winding shapes. Further-

more, the corresponding discharge profiles of the PFLAB are
hardly influenced (Figure 5c), indicating the battery is stable
under various deformations. Even after 500 repeating folding
cycles, the discharge–charge performances of the PFLAB are
nearly the same (Supporting Information, Figure S20). The
open-circuit voltage of PFLAB is almost unchanged even
under the dynamic bending and releasing process (Figure 5d),
further demonstrating the PFLAB holds a stable perfor-
mance. To further improve the performance of PFLAB, we
introduced a high-efficiency catalyst MnOOH (Supporting
Information, Figure S21). At the current of 500 mAg@1 and
the limited capacity of 1000 mAhg@1, the fabricated PFLAB
based on SHCPE-Li and MnOOH catalyst displayed a long
cycling life (180 cycles). The FTIR spectra and XPS spectra of
SHCPE confirmed its chemical properties kept stable during
multiple cycles of PFLAB (Supporting Information, Fig-
ure S23). These results confirmed the feasibility of SHCPE
applied in PFLAB and the fabricated battery exhibited
excellent flexibility and stable performance.

As safety is the prerequisite to practical application of
battery, thus we further tested PFLAB based on SHCPE at
different extreme conditions to verify its safety. As shown in
Figure 6a, thanks to the hydrophobic nature of SHCPE, the
PFLAB can lit the red LED even when it partially immersed
in water, indicating the obtained battery possessed the
functions of water resistance. According to the cycle tests in
Figure 6b, at 60 88C, the PFLAB with SHCPE exhibited
a longer cycle life (37 cycles) than the battery without
SHCPE (9 cycles) benefiting from the heat resistance of

Figure 4. Characteristics of the lithium anode. XRD patterns of the
anode taken from the Li-air batteries: a) bare Li and b) the Li metal
itself after removing the modified SHCPE layer. The corresponding
surface (upper) and cross-sectional (lower) SEM images of anode
morphology evolution taken from the Li-air batteries after 10 and 20
cycles; c),d) the bare Li and e),f) the Li metal itself after removing the
modified SHCPE layer.

Figure 5. Electrochemical performances of PFLAB. a) Representation
for the architecture of the PFLAB. b) Photographs of the PFLAB
powering an air fan under various shapes, c) the corresponding
discharge curves of the PFLAB. d) Open-circuit voltage of the PFLAB
after a dynamic bending and releasing process. e),f) Cycling perfor-
mance of the PFLAB with SHCPE-Li and MnOOH/SP cathode at
500 mAg@1 and a specific capacity limit of 1000 mAhg@1.
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SHCPE. Unexpectedly, the green LED stayed lit by the
PFLAB even after the nail penetration test and no short
circuit or explosion occurred (Figure 6c,d). The correspond-
ing infrared thermal imaging results displayed that the battery
temperature only rose at the pinhole, demonstrating the
PFLAB is safe to nail penetration (Figure 6e,f). These results
confirmed the in situ formed SHCPE on the lithium anode is
a viable strategy to improve the safety of PFLAB. We
ascribed the high-grade flexibility, outstanding electrochem-
ical stability, and high safety of PFLAB in the air to the
excellent properties of SHCPE, as shown in Figure 6 g:
1) in situ preparation of SHCPE created a uniform dense
film on Li surface, that can reduce the corrosion and dendritic
growth of Li anode, and increase its reversibility; 2) the
SHCPE with superior stability and hydrophobicity ensured
no by-products introduced; 3) the high ionic conductivity and
good interfacial contact of SHCPE guaranteed the continuous
transmission of Li-ion, which was in favor of uniform Li
plating/stripping during cycling; 4) the full protection of
lithium metal by SHCPE prevented batteries from short
circuit or fires caused by deformation, water, puncture, and
heat, thereby considerably increasing the safety of PFLAB.

In summary, to tackle the challenges of safely operating
the FLAB in ambient air, we inspired by umbrellas and
fabricated a multifunctional SHCPE protective film for the

lithium anode to construct a PFLAB. The SHCPE with high
stability mitigated the lithium corrosions and increased the
cycle stability of lithium anode, improving the electrochem-
ical performance of Li-air battery in the air. After introducing
SHCPE-protected Li anode, the prepared PFLAB displayed
high-grade flexibility, stable performance, water/heat resist-
ance and even endured nail penetration. In view of the high
safety of the PFLAB, there is no doubt that this protection
strategy will accelerate the practical application of FLAB,
facilitate further investigations on the protection of alkali
metal anodes and inspire more studies on flexible energy
storage devices.
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