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Abstract: The lithium–air battery has been proposed as the
next-generation energy-storage device with a much higher
energy density compared with the conventional lithium-ion
battery. However, lithium–air batteries currently suffer enormous problems including parasitic reactions, low recyclability
in air, degradation, and leakage of liquid electrolyte. Besides,
they are designed into a rigid bulk structure that cannot meet
the flexible requirement in the modern electronics. Herein, for
the first time, a new family of fiber-shaped lithium–air batteries
with high electrochemical performances and flexibility has
been developed. The battery exhibited a discharge capacity of
12 470 mAh g¢1 and could stably work for 100 cycles in air; its
electrochemical performances were well maintained under
bending and after bending. It was also wearable and formed
flexible power textiles for various electronic devices.

The rapid advancement in the modern electronics badly

requires high-performance energy-storage devices as power
systems.[1–8] However, owing to the low theoretical energy
density, the present power systems mainly based on lithiumion batteries intrinsically cannot effectively meet the requirement.[9–14] The lithium–air (Li–air) battery 2Li + O2ÐLi2O2
exhibits a high theoretical specific energy density of
3500 Wh k¢1, 5–10 times higher than the commercial lithium-ion battery, and thus has attracted increasing interest and
is proposed as a promising energy-storage candidate.[15, 16] A
lot of efforts have been made to fabricate Li–air batteries by
synthesizing nanostuctured air electrode with porous architectures, including foams, tubes, and fibers for effective
oxygen diffusion,[17–20] and designing organic, aqueous, and
dual electrolytes for reversible charging and discharging.[21, 22]
Nevertheless, there still remain enormous challenges including parasitic reactions, low recyclability in ambient air,
degradation, and leakage of liquid electrolyte.[23, 24] In addi-
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tion, Li–air batteries have been produced in a rigid bulk
structure, and they fail to satisfy the requirements of nextgeneration electronic devices that are expected to be flexible
and even wearable.
Herein, a new family of all-solid-state Li–air batteries was
developed with high electrochemical performances and
a flexible fiber shape by designing a gel polymer electrolyte
and an aligned carbon nanotube (CNT) sheet air electrode. It
exhibited a discharge capacity of 12 470 mAh g¢1 at a current
density of 1400 mA g¢1 and could effectively work for
100 cycles in air with a cutoff capacity of 500 mAh g¢1. The
fiber shape gave it high flexibility, and the electrochemical
properties were maintained under and after bending. In
addition, it was woven into power textiles to support
electronic devices.
The fabrication process of the fiber-shaped Li–air battery
is schematically shown in Figure 1 a. A layer of gel electrolyte
precursor was first coated onto the lithium wire, followed by
exposing to UV irradiation for about 10 s, resulting in the
formation of a milky, solidified electrolyte layer. The above

Figure 1. Schematic illustration of the fabrication and structure characterization of the fiber-shaped Li–air battery. a) A typical fabrication.
b) SEM image of gel electrolyte coated on the Li wire. c) SEM image of
aligned CNT sheet wrapped as the outer layer. d) Photograph of
a fiber-shaped Li–air battery.

processes were repeated at least three times to improve the
surface uniformity. The precursor solution was mixed with
lithium triflate (LiTF), tetraethylene glycol dimethyl ether
(TEGDME), poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP), N-methyl-2-pyrrolidinone (NMP), 2hydroxy-2-methyl-1-phenyl-1-propanone (HMPP), and tri-
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methylolpropane ethoxylate triacrylate (TMPET), and the
preparation details are described at the Experimental
Section. An aligned CNT sheet was then wrapped around
to function as an air electrode, and a punched heatshrinkable tube was finally packed around the whole
assembly to prevent the Li–air battery from being
damaged. The aligned CNT sheet was continuously
drawn from a spinnable CNT array synthesized by
chemical vapor deposition.[25]
Figure 1 b and Figure S1 in the Supporting Information
present typical scanning electron microscopy (SEM)
images of the gel electrolyte layer that was uniformly
coated on lithium wire and formed a porous structure to
favor ion transfer. As expected, the gel electrolyte was
flexible (Figure S2). Moreover, a high ionic conductivity of
1.15 mS cm¢1 at 298 K was obtained (Figure S3). Note that
the ionic conductivity exceeds the previous solid electrolyte (10¢5 to 10¢1 mS cm¢1),[26–29] which was derived from
the high ion transferability of TMPET. Importantly, the gel
electrolyte protected the lithium anode from corrosion by
water, nitrogen, oxygen, water vapor, and carbon dioxide
in the air. As shown in Figure S4, after being placed in
a drop of water, the lithium sheet coated with the gel
electrolyte remained stable; in contrast, the lithium sheet
without the gel electrolyte reacted violently, producing
a large amount of bubbles. The same comparison with and Figure 2. Electrochemical performance of the fiber-shaped Li–air battery.
oxygen. b) Galvanwithout protection of gel electrolyte was also made in a) Rate capability at different current densities in air and
static discharge curves at current density of 1400 mA g¢1. c) and d) Charge
ambient air (Figure S5). After 60 min, the lithium sheet
and discharge curves and the corresponding cycling performance at current
under the gel electrolyte was almost unchanged and shined density of 1400 mA g¢1 in air. e) X-ray diffraction patterns of the cathode at
a metallic luster, while the lithium sheet without gel different states. f) The specific capacity of the fiber-shaped Li–air battery
electrolyte turned black. These results indicated that the and the fiber-shaped LMO–LTO Li-ion battery,[34] LMO–Si Li-ion battery,[35]
Zn–C battery[36] and Li–S battery.[37] LMO and LTO represent LiMn2O4 and
gel electrolyte effectively protected the lithium.
Figure 1 c shows SEM image of a typical CNT sheet Li4Ti5O12, respectively.
where the building CNTs are highly aligned along the
long-axis direction. The CNT displays a multi-walled
structure with diameter of approximately 12 nm (Figure S6),
The discharge voltage plateau tested in pure O2 slightly
and the formed nano-sized voids among the aligned CNTs
decreased from 2.75 to 2.71, 2.61, 2.56 and 2.45 V with
favored a highly efficient diffusion of air; due to the aligned
increasing current densities from 35 to 70, 350, 700 and
structure, the CNT sheets exhibited high electrical conduc1400 mA g¢1, respectively (Figure 2 a), indicating that it can
2
3
¢1 [30]
tivities on the level of 10 –10 S cm , so they may serve as
be steadily operated at a wide variety of current densities.
continuous electron conduction pathways for high-perforBesides, the Li–air battery delivered a discharge capacity of
mance Li–air batteries; the CNT sheet was freestanding,
13 055 mAh g¢1 at the current density of 1400 mAh g¢1 in
[31]
lightweight, and flexible,
thus no binder, metal current
a blackout voltage of 2 V (Figure 2 b). Note that the tradicollector was needed for the air electrode.
tional planar architecture using the same material was also
Figure 1 d shows a typical fiber-shaped Li–air battery with
suitable for this system (Figure S9), and the electrochemical
a diameter of several millimeters. We first compared the
properties were normalized on the weight of CNTs.
electrochemical performances of the battery with different
The ultimate target is to develop Li–air batteries that can
thickness of the CNT layer in pure O2 (Figure S7). The
directly use O2 from the ambient air. Unfortunately, so far
discharge voltage and specific capacity increased with
most of the work reported is based on pure oxygen, and the
increasing thickness from 0.08 to 0.40 mm, which is mainly
parasitic reactions with air, solvent volatility, and unstable
a result of the decreasing electrical resistance. With the
recyclability are bottleneck problems which limit the
further increase to 0.80 mm, the specific capacity was reduced
advancement of Li–air batteries.[23, 32] In our system, the gel
as O2 cannot efficiently diffuse in the CNT layer. Therefore,
electrolyte served not only as an ion conductor but also an
an optimal thickness of 0.40 mm was used in the following
effective lithium-metal protector to prevent side reactions in
discussion. As a comparison, the aligned CNT layer was also
air, thus it can stably work in air. To this end, the electroreplaced by randomly dispersed CNT film, and the specific
chemical performances of the fiber-shaped Li–air battery
capacity was decreased remarkably (Figure S8), indicating
were further investigated in ambient air with a relative
that the aligned CNT sheet is the better air electrode for the
humidity of 5 % at room temperature. It demonstrated
Li–air battery.
a similar discharge voltage plateau compared with the case
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in O2 (Figure 2 a), and a specific capacity of 12 470 mAh g¢1
to enhance these batteries, for example, introducing another
hydrophobic diffusion layer to suppress the H2O from the
was achieved at the current density of 1400 mA g¢1 (Figure 2 b). When the current density decreased to 350 mA g¢1,
air.[16]
¢1
the specific capacity increased to 12 865 mAh g
(FigThe fiber-shaped Li–air battery delivered a high specific
capacity of 12 470 mAh g¢1 based on the weight of cathode
ure S10). The time-dependence impedance spectra and leakage current of the Li–air battery further verified this. As
and 2.5 mAh cm¢1 based on the length of the battery. The
shown in Figure S11, no significant impedance change was
length specific capacity is about 900 times higher than that of
observed after being placed in air for 30 h, and the leakage
the fiber-shaped Li-ion battery derived from LiMn2O4 and
current was measured to be 0.321 mA after 10 h in air
Li4Ti5O12,[34] 11 times that of the Li-ion battery produced from
(Figure S12). More significantly, it showed a high cycling
LiMn2O4 and silicon,[35] 17 times that of the Zn-C battery[36]
performance in air. Figure 2 c shows typical charge and
and 20 times that of the Li–S battery.[37] In addition, the
¢1
discharge curves at a high current density of 1400 mA g
energy and power densities based on the total weight of air
with a cutoff capacity of 500 mAh g¢1. The specific capacity
electrode (CNT) and resultant Li2O2 are 2457 Wh k¢1 and
presented no decay and the discharge voltage remained
250 W k¢1, respectively. The energy density is over 25 times
almost unchanged over 100 cycles (Figure 2 d). When the
that of previous fibrous lithium ion batteries.[25]
¢1
discharge depth was increased to 1000 mAh g , a stable
The fiber-shaped Li–air battery also exhibited a high
performance was maintained for 30 cycles in air (Figure S13).
flexibility and can be deformed into different shapes without
The reaction products of the fiber-shaped Li–air batteries
damages in structure (Figure 3 a). In addition, the discharge
after first discharging and recharging process in air were
curves were well maintained under increasing bending angles
investigated by a combination of SEM and X-ray diffraction
(Figure 3 b). The voltage profiles were almost unchanged
(XRD). After the first discharge at a current density of
after bending for 100 cycles (Figures 3 c and Figure S17). In
350 mA g¢1, some nanoparticles with an average diameter of
addition, it can be stably operated even under a dynamic
around 270 nm appeared on the air electrode; they were all
bending and releasing process at a speed of 10 degrees per
second (Figure 3 d). To demonstrate the wearable applicadecomposed after the subsequent recharge process (Figtions, three fiber-shaped Li–air batteries were woven into
ure S14). The above phenomena were also verified by XRD.
a flexible powering textile (Figure 3 e), and the resulting
The characteristic peaks of 32.988 and 3588 related to Li2O2 were
energy fabric delivered a discharge voltage up to 8 V (Figobserved after the first discharge process, and the peaks all
vanished after the following
recharge
process
(Figure 2 e). These results indicated the main reaction
product of Li2O2 and a high
reversibility during recharge.
Additionally,
after
five
cycles in air, LiOH and
Li2CO3 were detected by Xray photoelectron spectroscopy (Figure S15a, c), showing that the CO2 and minute
amount of moisture in air
can also infiltrate through
the air electrode and react
with the Li2O2.[28] Much
weaker signals for LiOH
and Li2CO3 were observed
in pure O2 (Figures S15b, d),
which was attributed to the
exposure to air during the
test.[33] The above results
were also verified by Fourier
transform infrared spectroscopy (Figure S16). The generated Li2CO3 would affect
the performance of the Li–
air battery, for example, the Figure 3. The flexibility and weavability of the fiber-shaped Li–air battery. a) and b) Photographs and
discharge curves under increasing bending angles. c) Dependence of discharge voltage on bending cycle at
electrochemical
perfora bending angle of 9088. d) Discharge curve under a dynamic bending and releasing process at a speed of
mance may degrade after 10 degree per second. e),f) Photograph and discharge curves of a Li–air battery textile, respectively.
storing for months; some g) Photograph of fiber-shaped Li–air batteries woven into a knapsack to power a commercial blue lightmodifications can be made emitting diode display screen. (b), (c), and (d) measured at a current density of 350 mA g¢1.
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ure 3 f). They were also integrated into a knapsack and can
effectively power a commercial light-emitting diode screen
(Figure 3 g).
To summarize, a new family of fiber-shaped Li–air
batteries has been developed with a coaxial structure, that
is, an outer aligned CNT sheet cathode, middle polymer gel
electrolyte, and inner lithium wire anode. The aligned CNTs
in the cathode enhance air diffusion and electron conduction
for high electrochemical properties, while the polymer gel
electrolyte prevents air diffusion to the lithium electrode and
alleviate its corrosion for high cyclic stability in air. The fiber
shape makes the Li–air battery flexible and weaveable, which
is critical for the modern electronics.

Experimental Section

Preparation of gel electrolyte: LiTF (0.318 g) was first dissolved in
TEGDME (2 mL) to form Solution A. PVDF-HFP (1 g) was
dissolved in NMP (4 g) to produce Solution B. HMPP (0.01 g) was
added to TMPET (3 g) to form Solution C. The precursor solution of
gel electrolyte was obtained by mixing Solutions A, B, and C with
weight ratios of 4/5/3. After UV irradiation (wavelength of 365 nm)
for about 10 s, a solidified and flexible gel electrolyte was obtained.
All samples were processed and prepared in an argon-filled glove
box. Solution C and the precursor solution were stored in dark.
Fabrication of fiber-shaped Li–air battery: A lithium wire
connected with a copper wire current collector was dipped into the
precursor solution, followed by exposing to UV irradiation (wavelength of 365 nm) for about 10 s in an argon-filled glove box. The
process was repeated at least three times. The aligned CNT sheet was
carefully wrapped on the gel electrolyte-coated lithium wire as the
cathode and the thickness was controlled by the number if layers of
CNT sheet. A punched heat-shrinkable tube was finally used to
protect the resulting Li–air battery.
Electrochemical measurements: The electrochemical measurements were conducted on an Arbin multichannel electrochemical
testing system (MSTAT-5 V/10 mA/16Ch). Electrochemical impedance spectroscopy was measured on a CHI 660D electrochemical
workstation with frequencies ranging from 1 Hz to 100 kHz. The Li–
air battery was placed in air with a relative humidity of 5 % and pure
oxygen, respectively. The specific capacity (C) was calculated by C =
(I × t)/m, where I, t, and m represent the discharge current, discharge
time, and weight of the CNT sheet electrode, respectively. The CNT
weight at a thickness of 0.40 mm was calculated to be about 0.15 mg.
The ionic conductivity (s) of gel electrolyte was calculated from the
equation of s = l/(R × A), where l, R, and A correspond to the
thickness, resistance, and area of gel electrolyte, respectively.
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