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1. Introduction

The highly demand for flexible/wearable electronics, which
holds unique properties and wide application in a variety of
fields, has led to an upsurge in the development of corresponding
flexible energy-storage systems (FESS).[1] There are two main
structures for FESS, planar structures and fiber structures.
Compared with the planar ones, the linear structures with omni-
directional flexibility can be twisted, tied, and woven into textiles
and are more adaptable and wearable.[2] Recently, much

progresses have been made to develop
wire-shaped FESS, such as alkali metal–
ion batteries, solar cells, and supercapaci-
tors.[3] However, these FESS, including
the mostly explored wire-type lithium–ion
batteries with paired electrodes structures,
face the common bottlenecks of inherent
low energy density, preventing them from
commercialization.[4] Fortunately, the wire-
type lithium–oxygen batteries (LOBs), with
a coaxial structure which constituted of a
linear lithium metal anode, Li-ion conduct-
ing electrolyte, and composite air cathode,
have been developed as a promising tech-
nology to flexible batteries, because of their
favorable advantages including the ultra-
high energy density of 3500Wh kg�1, low
cost, and environmental friendliness.[5]

To endow the wire-type LOBs with
flexibility, it is necessary to make each
component flexible, especially the core
anode that supports the rest of the battery

components. However, the anodes in reported linear structure
LOBs almost are pure lithium rods.[6] During repeated deforma-
tion, the pure lithium rod anode with low strength may generate
cracks. In addition, the poor interfacial contact of lithium metal
on the current collector may lead to limited electron transfer and
a detachment between the anode and current collector, hamper-
ing the flexible LOBs toward practical applications.[7] Moreover,
the formation of undesirable Li dendrite during cycling not only
corrodes the lithium anode, then forming dead Li, but also con-
sumes the electrolyte, thus inducing the premature failure and
safety issues of the battery.[8] Therefore, it is highly required and
challenging to develop an effective strategy to increase the struc-
tural robustness and efficiency of anodes in the linear LOBs and
reduce the formation of lithium dendrites concurrently.

Electrical wire that composed of copper fibers plays a crucial
role in social progress, and it is an inexpensive current collector
and an ideal flexible substrate for constructing flexible anodes
(Figure S1, Supporting Information). However, it is impractica-
ble to coat Li metal on the copper fibers’ current collector as
molten Li shows weak wettability with copper substrates.
Herein, inspired by the fact that tin solders are widely used
for joining electric circuits, we fabricated the LiSn hybrid anode
that utilized Sn as the coating modification layer on flexible Cu
fibers. The LiSn hybrid anode improved the wettability and
structural robustness of molten Li against Cu, solved the issues
caused by Li dendrite, and demonstrated enhanced electrochem-
ical performances. In addition, the LiSn hybrid anode accompa-
nied by the in situ fabricated gel–polymer electrolyte (GPE) and
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Flexible lithium–oxygen batteries (LOBs) are promising candidates for next-
generation portable and flexible devices due to their ultrahigh theoretical energy
density. However, the widely used metallic lithium anode leads to many obstacles
that have to be surmounted when it is applied to the 1D flexible LOB. Herein, the
LiSn hybrid anode that is facilely generated by molten tin solders and lithium
metal is used in wire-type LOBs to improve the wettability of molten Li against
Cu current collectors, increase the strength of anode, and repress the growth
of dendrites. This anode cycles stably for more than 1000 h at the current density
of 5 mA cm�2 with minimal voltage divergence. The obtained wire-type LOB
composed of this LiSn hybrid anode, flexible gel–polymer electrolyte, and carbon
thread cathode exhibit a higher specific capacity, stable reversibility, superior
structure flexibility, and cycling stability (up to 247 cycles). Utilizing the tin
solders to fabricate the LiSn hybrid anode not only decreases the fabrication
cost but also simplifies the production procedures of flexible wire-type LOBs,
providing new ideas for environmental protection and practical applications.
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flexible carbon thread cathode forms a flexible wire-type LOB
with excellent performance and mechanical stability.

2. Results and Discussion

As shown in Figure 1a,b, the pure liquated lithium metal
dewets the stainless steel and copper foil due to the difference
in surface energy. Even after cooling down to room temperature
and the liquated lithium metal becomes solidified lithium metal,
there is poor contact between the solidified Li and Cu that is con-
firmed by the hole between them in the SEM (Figure 1c), which
might cause limited and sluggish electron transfer and even
battery premature death. In sharp contrast, after adding Sn into
the molten lithium metal, the new formed LiSn hybrid metal
shows much-improved wettability on the stainless steel and cop-
per foil (Figure 1d,e). The scanning electron microscopy (SEM)
image in Figure 1f showed that the LiSn hybrid anode continu-
ously and conformally contacts with the Cu fiber, indicating
that Li alloying with Sn could overcome the contact difficulty
within Li metal and Cu current collector. The uneven surface
of pure Li metal would induce inhomogeneous conductivity,
leading to selective electrodeposition on sparse local sites

and then forming lithium dendrites (Figure S2, Supporting
Information). Different from pure Li, the morphology of LiSn
hybrid metal is more smooth which benefits the uniform trans-
fer of lithium ion (Figure 1g). Energy-dispersive spectroscopy
(EDS) mapping of the LiSn hybrid anode showed a uniform dis-
tribution of Sn in the LiSn hybrid metal (Figure S3, Supporting
Information). Compared with the X-ray diffraction (XRD) pattern
of pure lithium metal, the XRD pattern of the LiSn hybrid metal
indicated the coexistence of Li22Sn5 alloy and Li metal (Figure S4,
Supporting Information). This is because in the preparation
progress of the LiSn hybrid anode, the lithiummetal is excessive.
After the excessive molten Li reacted with soldering tin, Li22Sn5
alloy and residual lithium metal were formed. The mechanical
strength of the LiSn hybrid metal with a copper core (LiSn–
Cu) and the pristine Li anode are compared in Figure 1h.
LiSn–Cu could withstand the stress of 30.3MPa which is much
higher than 0.89MPa of pristine Li, revealing that it has enough
toughness to maintain structural integrity during the bending
process of flexible electronics.

To assess the electrochemical performance of LiSn hybrid
metal in a practical battery system, we first assembled and tested
the button cells with LiSn hybrid metal as the anode. Coulombic
efficiency (CE) is a generally accepted index to evaluate the
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Figure 1. Photographs of pure liquated Li on a) stainless steel and b) copper foil. c) Cross-sectional SEM images of the Cu fiber coated with pure Li.
Photographs of liquated LiSn hybrid anode on d) stainless steel and e) copper foil. f ) Cross-sectional SEM images of the Cu fiber coated with LiSn
hybrid anode. g) The SEM image of LiSn hybrid anode. h) Stress–strain curves of pristine Li and LiSn–Cu hybrid anode.
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sustainability of anodes.[9] We tested the CE of LiSn|Cu and Li|Cu
symmetric batteries at a current of 1 mA cm�2 with the plating
capacity of 1 mAh cm�2 and stripping capacity controlled by
the cutoff voltage at 0.5 V. As shown in Figure 2a, the cell with
pure Li showed a poor CE that failed after 60 cycles, which may
result from the short circuit due to the formation of dendritic Li.
However, the LiSn hybrid anode demonstrated a stable CE
throughout 120 cycles. From the 1st and 50th discharge–charge
curves of LiSn|Cu and Li|Cu cells in Figure 2b and Figure S5,
Supporting Information, it is evident that the LiSn hybrid anode
shows a lower charge overpotential, demonstrating lower resis-
tance for lithium ion to deposit at the LiSn hybrid metal surface.
Furthermore, we investigated the morphology of the discharged
anodes which were taken apart from the failed cells. Compared
with the rough and porous surface of pure Li, the morphology of
LiSn hybrid anode is flat and compact, which mostly maintained

the initial state, suggesting that Li alloying with Sn is efficient
in homogeneous deposition behavior (Figure S6, Supporting
Information).

To further illustrate the lithium electrodeposition process on
LiSn and Li anodes, respectively, we compared the voltage
profiles of Li|LiSn and Li|Li symmetric cells (Figure 2c). At
the beginning of Li-ion deposition, there is a distinct voltage
dip, which is then followed by a flat voltage plateau. The voltage
difference between the platform voltage and peak voltage, mainly
influenced by the characteristic of the substrate, is usually
defined as the Li metal’s nucleation overpotential (μn).

[10] The
LiSn hybrid anode displayed a μn of 92mV, which is much less
than that of pure Li (161mV), indicating that LiSn has a lower
heterogeneous nucleation barrier and thus more uniform
lithium nucleation compared with pure Li.[11] To understand
the mass transport processes of anodes at electrode/electrolyte
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Figure 2. a) CE and the b) first-cycle voltage curves of LiSn|Cu and Li|Cu cells at a current density of 1 mA cm�2 with a cycling capacity of 1 mAh cm�2.
c) The voltage curves of lithium plating on LiSn hybrid and pristine Li anodes at a current density of 1.0 mA cm�2 for 1 mAh cm�2. Operando optical
microscopy images of the electrolyte–electrode interface during electrodeposition on d) pristine Li and e) LiSn hybrid anode in a symmetric transparent
cell at a current density of 5 mA cm�2. f ) Voltage profiles of pristine Li symmetric cells (blue) and LiSn symmetric cells (green) with a cycle capacity
of 5 mAh cm�2 at 5 mA cm�2.
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interphases in symmetric cells, we carried out electrochemical
impedance spectroscopy (EIS) measurements. The Nyquist plots
in Figure S7, Supporting Information, showed that the LiSn
hybrid anode has a lower interfacial resistance than pristine
Li, demonstrating that mass transport through the LiSn hybrid
anode interface is not hindered or even promoted.[12] To further
compare the morphology evolutions of the two anodes during
the Li plating process, sealed transparent Li|LiSn and Li|Li
symmetric cells were monitored with an optical microscope.[13]

As shown in Figure 2d, Li protrusions start to appear along the
edge of the pure Li electrode after about 5min at a deposition
current of 5 mA cm�2, and it grew into pronounced dendritic
Li after 30min. In contrast, the LiSn hybrid anode exhibits
smooth lithium deposition with a visibly slower growth rate
and is almost dendrite free, indicating that it could effectively
mitigate the generation of Li dendrites (Figure 2e).

To probe the cycling stability of LiSn hybrid anode, we
examined galvanostatic cycles of LiSn|LiSn and Li|Li symmetric
cells conducted at 5 mA cm�2 and 5mAh cm�2. As shown in
Figure 2f, the voltage of the Li|Li symmetric cell gradually
increased to 500mV in 100 h (50 cycles), followed by the voltage
fluctuating irregularly. As opposed to the control, the voltage of
LiSn symmetric cell was steady with a nearly constant voltage
polarization of �30mV throughout the whole 1000 h, indicating
the stable plating/stripping process of LiSn hybrid anode. These
improvements make the LiSn hybrid anode a hopeful candidate
for the anode in new types of Li metal batteries.

To identify the electrochemical properties of LiSn hybrid
anode in Li–O2 battery, we investigated it in an Li–O2 button cell
coupled with a Super P (SP) cathode. Cyclic voltammetry (CV)
was conducted demonstrate the electrochemical activity of

LiSn hybrid anode in Li–O2 cell. As shown in Figure 3a, the
LiSn hybrid anode exhibited a similar curve to pure Li, and there
are no other peaks except for that related to the formation/
decomposition of discharge product, indicating LiSn hybrid
anode is electrochemical stable in the LOB system. Figure 3b
shows the rate capacities of LOBs with LiSn hybrid anode at
different current densities. At the current of 200mAg�1, the
discharge capacity of LOB with LiSn is 9130mAh g�1, which
is much higher than 5500mAh g�1 of LOBs with pure Li
(Figure S8, Supporting information). When the current densities
increased to 500 and 1000mAg�1, the discharge capacities of
LiSn are still higher than those of pristine Li (Figure 3c).
Moreover, the stable charging curves of LiSn hybrid anode
demonstrated good reversibility in LOBs. As shown in Figure 3d,
the LOB with LiSn hybrid anode and SP cathode demonstrates
stable discharge–charge curves for more than 100 cycles, further
suggesting the good rechargeability of LiSn hybrid anode in
LOBs (Figure S9, Supporting information). We argued that
the good performances of LiSn hybrid anode might arise from
homogeneous lithium deposition, good charge/atom transport,
low interface resistance, and mitigation of dendrite formation,
indicating the LiSn hybrid anode might be a better choice for
the anode in LOBs.

To verify the effects of the introduction of LiSn hybrid
anode on the electrochemical behavior of LOB, we explored
the evolution of discharge products during charging and
discharging. From the SEM image in Figure 3e, we found the
toroidal products formed on the cathode after initial discharge,
which is consistent with the typical morphology of Li2O2 reported
in many other studies.[14] After charging, Li2O2 disappeared
and the SP cathode recovered to its pristine state with a smooth
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Figure 3. a) CV curves of the LOBs with pure lithium and LiSn hybrid anode at a constant scan rate of 0.1 mV s�1. b) The discharge–charge curves
of LOBs with LiSn hybrid anodes at current densities of 200, 500, and 1000mA g�1. c) The discharge capacity of the pristine lithium and the LiSn hybrid
anode in LOBs. d) The cycle performance of LiSn anodes at a current density of 200mA g�1 and a specific capacity limited to 500mA h g�1. e) The SEM
image of discharged SP cathode in LOB with LiSn anode. f ) The XRD patterns of the SP cathode after discharge and recharge.
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surface (Figure S10, Supporting Information). Furthermore, the
XRD patterns of the SP cathode (Figure 3f ) also confirmed the
formation and decomposition of Li2O2 after discharging
and recharging, which is consistent with the SEM results. The
equilibrium potential of LOB with LiSn hybrid anode was close
to 2.96 V, indicating that the discharge products were Li2O2

(Figure S11, Supporting Information).[15] Therefore, the earlier
results confirmed that the LiSn anode did not affect the forma-
tion/decomposition of discharge product Li2O2, that is, the LOB
with LiSn hybrid anode is highly reversible.

Encouraged by the excellent performance of LiSn hybrid
anode, we fabricated a flexible rechargeable wire-type LOB to
demonstrate the potential of LiSn–Cu fiber anode in flexible
energy-storage systems. For improving the safety and perfor-
mance of this wire-type LOB, an easy-to-produce GPE and a
carbon thread coated with Ru nanoparticles and modified
Super P (Ru–SP) cathode were incorporated (Figure S12 and S13,
Supporting Information). A typical fabrication process of the
wire-type LOB is schematically shown in Figure 4a. In brief,
the Cu fibers were first stripped out from the waste electric wire.
After cleaning with deionized water and ethanol, the Cu fibers
were uniformly coated by molten Sn. Subsequently, the tinned

copper fibers were immersed into the liquated lithium at a
high temperature of 250 �C, forming the LiSn–Cu fibers anode.
After naturally being cooled to room temperature, the anode was
passed through a vessel filled with predispersed GPE paste.
It was dried at room temperature in a vacuum for 24 h to remove
the excess solution. Then, the as-prepared GPE-coated anode
was wound by the flexible cathode to obtain the wire-type
LOB. Prior to the demonstration of wire-type LOB, we character-
ized the synthesized GPE which consists of poly(vinylidene
fluoride-co-hexafluoropropylene), polyurethane (PU), and hydro-
phobic SiO2. We added PU and SiO2 to enhance the mechanical
strength and hydrophobicity of the GPE, respectively. As shown
in Figure S14–S19, Supporting Information, the large-area
fabricated flexible porous GPE exhibits excellent mechanical/
electrochemical/chemical stability, high ionic conductivity, and
water contact angle of 124.8�, indicating that it could provide
full-range protection for the anode without damaging the battery
performance. The flexible GPE that separated the LiSn–Cu fibers
anode and carbon thread cathode could prevent the battery from
short circuiting in the process of deformation conditions.
Figure 4b shows the photo of the as-fabricated wire-type
LOB with an open-circuit voltage of 2.94 V (Figure 4b).

Figure 4. a) Schematic diagram of fabrication procedure of the wire-type LOB. b) Photograph of the fabricated wire-type LOB with an open-circuit
voltage of 2.94 V. The length of the flexible LOB was about 22 cm. c) The flexible wire-type LOB powered a blue LED under the unfolded condition.
d) The 1.47 g wire-type LOB hanging from a flying helium balloon powered a blue LED. e) The wire-type LOB intentionally bendt into quadrangular
shape. f ) The wire-type LOB which wrapped around the wrist powering a red LED light strip. g) The wire-type LOB knitted into the cloth powering
a red LED light strip.
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To demonstrate its potential application in flexible electronics,
the wire-type LOB was used to power a blue light-emitting diode
(LED) (Figure 4c). The LOB with a lightweight of 1.47 g can be
easily carried by a flying helium balloon (Figure 4d), indicating
its excellent portability. Note that the blue LED remains shiny
when intentionally bended into a quadrangular shape. The fab-
ricated wire-type LOB wrapped around the wrist and powered a
red LED light strip (Figure 4e), revealing it can be applied in
smartwatches/bracelets. More excitingly, the wire-type LOB
could be easily knitted into the cloth to power the red LED light
strip. These tests demonstrated the great commercial prospects
of our wire-type LOB in portable flexible/wearable electronics.

To study the mechanical and electrochemical stability of the
wire-type LOB in diverse deformations, galvanostatic discharged/
charged measurements were carried out at different deformation
states. As shown in Figure 5a, after 10 000 cycles of repeated
bending, the charging and discharging curves of the wire-type
LOB were nearly unaffected, indicating that the wire-type LOB
is highly stable to mechanical stress. The SEM in Figure 5b
showed that LiSn alloy still tightly attached to the inner Cu fiber
current collector after thousands of time bends, proving the good
stability of a flexible linear anode structure. After every ten
discharge–charge cycles, the wire-type battery bent into different
angles, including 90�, 180�, 360�, 180�, and 0�. As shown in
Figure 5c, there is only a little change in the discharge terminal
voltage of the battery as it bent into different angles. More
importantly, the flexible wire-type LOB exhibited superior cycling
stability for 247 cycles, which is longer than many recently

reported wire-type batteries (Figure 5d, Table S1, Supporting
Information).[16] The wire-type LOB demonstrated excellent
structural flexibility and electrochemical performances, which
should be attributed to the following factors. First and foremost,
compared with the pure lithium anode, the LiSn–Cu anode
with the features of good infiltration, high strength, and inhibi-
tion of dendrite could improve the cycle life of the anode. Second,
the adoption of GPE could effectively avoid the leakage of
electrolyte and provide full-range protection for the anode, thus
preventing short circuit during battery deformation conditions
and increasing the wire-type LOB safety. Third, the conductive
carbon thread consisted of numerous carbon fibers that could
facilitate electron conduction and mass transfer, and the
Ru–SP catalysts with high catalytic activity could improve
the electrochemical performance of wire-type LOB. Fourth, all
the components in wire-type LOB are lightweight, mechanically
robust, and flexible, given the battery with flexibility and
wearability. All these factors enable the wire-type LOB to apply
in portable and flexible devices, such as smart fitness wristbands
and virtual reality glasses.

3. Conclusion

In summary, we proposed a facile strategy of adding Sn
into the pristine Li to fabricate the LiSn–Cu anode which
could improve the wettability of molten Li against Cu current
collectors, increase the structural strength of anode, and repress
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the growth of dendrites. A flexible and wearable wire-type LOB
was designed and successfully assembled based on this LiSn–Cu
anode, free-standing GPE, and Ru–SP-loaded carbon thread cath-
ode. The outstanding mechanical flexibility and electrochemical
performances of wire-type LOBs demonstrated that our prototype
is successful, and it could be a promising energy-storage device
in flexible/wearable electronics.
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Supporting Information is available from the Wiley Online Library or from
the author.
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