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also induce the oxidation decomposition
of some components such as electrode
and electrolyte. When it comes to the
ambient air, water molecules in air can
permeate through the air electrode to react
with Li2O2 and generate LiOH, which then
reacts with CO2 to form Li2CO3. Li2CO3
is more chemically stable than Li2O2 that
gradually accumulates to accelerate the
failure of the Li–air battery.[17] Consequently, most previous studies focused on
Li–air batteries that worked in pure oxygen
atmosphere,[18–22] which is supposed to be
technically described as “Li–O2 batteries”
(Figure S1, Supporting Information).
Here, through the combination of a
low-density polyethylene (LDPE) film to prevent water erosion
and a gel electrolyte with LiI as a redox mediator (Figure S2,
Supporting Information), we created a new family of Li–air batteries with an aligned carbon nanotube air electrode (Figure
S3, Supporting Information). It was found that the LDPE film
can restrain the side reactions of discharge product of Li2O2
to Li2CO3 in ambient air, while LiI can facilitate the electrochemical decomposition of Li2O2 during charging (Figure 1a).
As a result, the Li–air battery showed a high cyclability up to
610 cycles in ambient air. Furthermore, all components were
flexible, which offered the possibility to fabricate flexible fibershaped or strap-shaped Li–air batteries that were useful in portable and wearable electronics.
Figure S4 of the Supporting Information showed a photograph of LDPE film, which was ultrathin with a thickness of
≈20 µm and exhibited a high flexibility (Figure S5, Supporting
Information). Due to the nonpolar molecular structure, the
LDPE film demonstrated a high selectivity for nonpolar O2
molecules while prevented polar moisture molecules. The O2
and H2O permeation experiments indicted that the LDPE film
exhibited a high O2 permeability of 40.3 Barrer and low H2O
permeability of 0.825 g m−2 d−1. The CO2 permeability of the
LDPE film was also measured, and a slight higher value of
157 Barrer than that of O2 permeability had been detected. The
O2/H2O selective permeability of the LDPE film was close to
the previous O2-selective membranes (Figure 1b), which can
not only ensure sufficient oxygen supply during the electrochemical reaction in the Li–air battery, but also restrain the side
reactions of transforming Li2O2 to Li2CO3 as they depended
strongly on H2O to take place or to be accelerated (Figure S6,
Supporting Information).[23] As shown in Figure S7 of the
Supporting Information, two piles of Li2O2 powders with and
without the package of LDPE film were placed in ambient
air. After 3 d, the Li2O2 powder protected under LDPE film
remained stable in ambient air, while the Li2O2 powder without
protection turned into LiOH and Li2CO3 quickly (Figure 1c).

The Li–air battery represents a promising power candidate for future electronics due to its extremely high energy density. However, the use of Li–air
batteries is largely limited by their poor cyclability in ambient air. Herein,
Li–air batteries with ultralong 610 cycles in ambient air are created by
combination of low-density polyethylene film that prevents water erosion
and gel electrolyte that contains a redox mediator of LiI. The low-density
polyethylene film can restrain the side reactions of the discharge product of
Li2O2 to Li2CO3 in ambient air, while the LiI can facilitate the electrochemical
decomposition of Li2O2 during charging, which improves the reversibility of
the Li–air battery. All the components of the Li–air battery are flexible, which
is particularly desirable for portable and wearable electronic devices.

Flexible electronics have attracted intensive attention due to
their advantages of being bendable, portable, and potentially
wearable, which could lead to revolutions in a variety of fields,
from consumer products to the automotive and aerospace
industries and in medical treatment.[1–4] To this end, it is urgent
to make matching power systems with mechanical flexibility
and high energy density. At present, Li-ion batteries have been
thus widely studied to realize flexibility for the flexible electronic devices.[5–7] However, the low theoretical energy densities of Li-ion batteries are unlikely to fully satisfy the rapidly
developing flexible electronic devices that need more and more
energy.[8] Consequently, it is critical to develop an alternative to
tackle the limitations of Li-ion batteries.
Rechargeable Li–air batteries have recently emerged as one
of the most promising candidates owing to their much higher
theoretical energy density of about 3500 W h kg−1, which is
5–10 times higher than that of conventional Li-ion batteries.[9–12]
However, numerous problems of the current Li–air batteries
have impeded their applications, especially the poor cycle life
when the Li–air battery works in ambient air.[13–15] The main
reaction mechanism of Li–air batteries during discharging
and charging is the reversible formation and decomposition of
Li2O2 (2Li+ + O2 + 2e− ⇋ Li2O2, 2.96 V vs Li/Li+).[16] Due to the
solid and nonconductive Li2O2 discharge product, the interfacial resistance of the electrolyte, Li2O2, and the cathode would
be increased during cycling, resulting in a large overcharge
potential and low efficiency. The large overcharge potential can
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Figure 1. a) Schematic illustration to the working mechanism of the redox mediator (RM) with (i) and without (ii) LDPE film in our Li–air battery
operated in ambient air. b) Comparison of O2 and H2O permeability for the LDPE film and previous oxygen selective membranes shown at Table S1 of
the Supporting Information. c) XRD patterns of pristine Li2O2, Li2O2 with protection of LDPE film in ambient air after 3 d, and Li2O2 without protection
of LDPE film in ambient air after 1 and 3 d.

We first compared the electrochemical performances of the
Li–air battery with and without LiI in the presence of LDPE
film in ambient air with a relative humidity of 50%. As shown
in Figure 2a, the battery without LiI exhibited a high overcharge
potential of ≈1.5 V, while a lower value of ≈0.4 V was observed
in the presence of LiI. The overcharge potential during charging
was nearly identical to the reaction potential of I− to I3−,[21] demonstrating the smallest polarization to date when the Li–air battery was operated in ambient air. However, when the LDPE film
was absent, the overcharge potential of the Li–air battery was
slightly increased, which was attributed to the side reactions
induced by the air. Therefore, the combination of LDPE film
and LiI represent an efficient strategy to reduce the overcharge
potential of the Li–air battery in ambient air.
As a consequence of the reduction of the overcharge potential, both the rate capability and cyclability were dramatically
improved. As shown in Figure S8 of the Supporting Information, the current density was gradually increased from
500 to 4000 mA g−1 and the degree of polarization did not drastically increase, indicating that it can be steadily operated at a
wide range of current densities. Figure S9 of the Supporting
Information shows typical charge and discharge curves at
a high current density of 2000 mA g−1 with a cutoff capacity
of 1000 mAh g−1, in which the specific capacity presented no
decay and the discharge voltage remained almost unchanged
over 325 cycles (Figure 2b). When the relative humidity was
5%, the cycle performance could be enhanced to 610 cycles
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(Figure 2c,d). In a sharp contrast, the Li–air batteries without
LDPE film (Figure S10, Supporting Information) or LiI
(Figure S11, Supporting Information) were unable to continuously cyclize for over 100 cycles in ambient air.
To compare the performance of our Li–air batteries with
previous reports, we summarized the performance of Li–air
batteries directly operated in ambient air (Figure 2e).[14,17,23–29]
The previous Li–air batteries exhibited poor cycle life within
100 cycles. As one example, for a nonaqueous Li–air battery
with dandelion-like NiCo2O4 hollow microspheres as cathode
catalyst aiming to enhanced performance, it could only work for
40 cycles due to severe side reactions induced by air. As another
example, for an Li–air battery with solid Li-ion conductor and
gel cathode to improve the stability of the battery, although an
increased cycle life of 100 cycles was observed, the overcharge
potential reached as high as 2.0 V and the capacity decayed
since the 30th cycle due to the accumulation of Li2CO3. In this
work, the use of LDPE film can restrain the side reactions of
discharge product of Li2O2 to Li2CO3 in ambient air, while LiI
may enhance the decomposition of Li2O2 in a low overcharge
potential of ≈0.4 V, which enabled a stable cycle performance
of 610 cycles.
The reaction products of the Li–air battery after discharge
and recharge process in ambient air were further investigated.
As shown in Figure 3a, the cathode surface was homogenously
coated with nanosheet-like discharge products, and they were
all removed after the subsequent recharge process (Figure 3d).

1704378 (2 of 6)

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedsciencenews.com

www.advmat.de

Figure 2. a) Discharge/charge curves and b) cycling performance of the Li–air battery under different conditions with current density of 2000 mA g−1 in
ambient air (relative humidity of ≈50%). c) Discharge/charge curves and d) the corresponding cycling performance at current density of 2000 mA g−1
in ambient air (relative humidity of ≈5%). e) Comparison of cycle performance and overcharge potential for the Li–air battery in our study and previous
Li–air batteries in ambient air (red five-pointed star: our results; the insert table: the other symbols for the previous reports).

The X-ray diffraction (XRD) characteristic peaks of Li2O2 at
32.9° and 35° were observed after the discharge process, and
they all vanished after recharging (Figure 3g). After the 300th
cycle, the formation and decomposition of Li2O2 discharge products in cathode were also observed (Figures S12 and S13, Supporting Information). These results indicated the main reaction
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product of Li2O2 and a high reversibility during recharging.
However, when the Li–air batteries were fabricated without
LDPE film, larger sizes of nanosheet-like discharge products
were formed (Figure 3b), and they were incompletely removed
after the recharge process (Figure 3e). Besides, the XRD
results indicated that the discharge products were Li2CO3, not
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Figure 3. a–f) SEM images of the air electrode after discharging (a–c) and recharging (d–f). g–i) XRD patterns of the air electrode after discharging
and recharging. a,d,g) With LDPE and LiI; b,e,h) with LiI but without LDPE; c,f,i) with LDPE but without LiI.

Li2O2, and the characteristic peaks of Li2CO3 also existed after
recharging (Figure 3h). The X-ray photoelectron spectroscopy
and Fourier transform infrared spectroscopy further confirmed
the formation of Li2CO3 in the discharge process (Figures S14
and S15, Supporting Information). The Li2CO3 should be produced by the side reaction of Li2O2 with moisture and carbon
dioxide from the air, which was difficult to be decomposed
and considerably deteriorated the cycling life.[23] On the other
hand, when there was no LiI in the electrolyte, toroidal products were found on the cathode (Figure 3c), and the XRD
results indicated that the products were only Li2O2 (Figure 3i).
However, it was different for the Li–air batteries with LDPE
film and LiI. The discharge products partly remained on the
cathode (Figure 3f), and the characteristic peaks of Li2CO3
were detected after recharging (Figure 3i). The large overcharge
potential (Figure 2a) can induce the side reaction of oxidation
decomposition of electrode and electrolyte during Li2O2 oxidation, resulting in the formation of Li2CO3.[30] The accumulation
of Li2CO3 in the electrode leaded to electrode passivation and
capacity fading on cycling.
Different from the previous Li–air batteries that operated
in ambient air with solid and fragile electrolyte or cathode, all
components in our Li–air batteries were flexible, which paved
the way to realize flexible Li–air batteries. A flexible fiber-shaped
Li–air battery was successfully demonstrated. Figure 4a and
Figure S16 (Supporting Information) show the fabrication process and photograph of a flexible fiber-shaped Li–air battery,
respectively. As shown in Figure 4b, the fiber-shaped Li–air
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battery exhibited a high flexibility, and the charge and the discharge curves were perfectly maintained after repeated bending
for 1000 cycles. Furthermore, the Li–air battery was also monitored simultaneously when undergoing bending, and the
voltage undulation was recorded to be less than 1% (Figure S17,
Supporting Information). With the help of the waterproof LDPE
film, the water survivability of the flexible fiber-shaped battery
was also investigated (Figure 4c). The resulting fiber-shaped
Li–air battery stably worked to power a yellow light-emitting
diode (LED) even when it was partially immersed in water.
Moreover, the charge and discharge curves were perfectly maintained after immersion, while the Li–air batteries without LDPE
film were destroyed (Figure 4d). These results demonstrate that
the LDPE film can efficiently improve the water survivability of
the Li–air battery. These Li–air batteries are particularly promising for wearable applications. As a demonstration, six fibershaped Li–air batteries were integrated into clothes (Figure 4e)
to effectively charge a smartphone (Figure 4f). Besides, a flexible strap-shaped Li–air battery (Figure S18a, Supporting Information) was also fabricated and designed as an “energetic
strap” to power a watch worn on a human wrist (Figure S18b,
Supporting Information).
In summary, we have demonstrated a general and effective
strategy to solve the problem of poor cyclability for the Li–air
battery in ambient air by combination of LDPE film that prevents water erosion and gel electrolyte that contains a redox
mediator of LiI. The resulting Li–air battery showed an ultralong cycle life of 610 cycles in ambient air, which promoted
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Figure 4. a) Schematic illustration to the fabrication of the flexible fiber-shaped Li–air battery. b) Discharge/charge curves of a flexible fiber-shaped
Li–air battery before and after bending for 500 and 1000 cycles. c) A flexible fiber-shaped Li–air battery being immersed in water to power a commercial
yellow LED. Red arrow indicates the Li–air battery. d) Discharge/charge curves of the flexible fiber-shaped Li–air battery before and after immersion
in water with and without LDPE film. e,f) Photographs of flexible fiber-shaped Li–air batteries being woven into clothes to charge a smartphone. Red
dashed boxes indicate the Li–air batteries.
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Li–air batteries to a great extent. All the components of the Li–air
battery were flexible, which is particularly promising and demonstrated to make flexible fiber-shaped and strap-shaped Li–air
batteries with high electrochemical properties. This work may
open up a new direction in the development of high-performance batteries.
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