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ABSTRACT: Here we demonstrated tantalum trisulfide
(TaS;) nanowires as a new self-supported and flexible anode
material for Li-ion batteries with high specific capacity and
excellent electrochemical cycling. The TaS; nanofibers were
fabricated by a solid state reaction process, delivering a good
reversible capacity of ~400 mAhg™" after 100 cycles at 0.1C
with only 0.1% decay per cycle compared with the initial
charge capacity. Cycled at 10C, it displays a capacity as high as
60 mAh g~'. The continuous and interconnected TaS;
nanowires not only enable fast access of electrons and ions
but also grant the electrode with high mechanical flexibility.
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Lithium—ion batteries (LIBs) have become the main power
source for wearable electronics (rollup displays, wearable
devices and implantable medical devices) because of the high
energy density, high output voltage, long life, and environ-
mentally friendly operation."” To meet the requirements of
high performance power sources for wearable electronics, it is
necessary to fabricate flexible electrodes with high electro-
chemical and mechanical performance.** Some efforts have
been made to explore flexible electrodes for LIBs.*”® Among
them, introducing carbon matrix (such as graphene, carbon
nanotubes, etc.) to flexible electrodes for LIBs is one of the
most popular approaches for enhancing the mechanical and
electrochemical performance.lo_12 However, the limited
specific capacity of carbon materials could lower the specific
capacity of the overall electrodes.> Therefore, design and
development of electrode materials with a higher theoretical
capacity, 3D interconnected network with a short ion diffusion
path is highly beneficial for the enhanced gravimetric/
volumetric performances of flexible battery.'*

Metal sulfides have (such as a-MnS,"® FeSz,lé CoSz,17 NiS,'®
MoS,,"" WS,*° and CuS*') recently emerged as a new
promising class of active materials because of their excellent
reversibility and relatively high capacity. TaS;, is an interesting
conductor that has a lamellar crystal structure, whose basic
crystal unit is built of S—Ta—$ sandwich layers.”* Layer-
structured TaS; is of great potential in energy storage because
their crystal structure can be easily utilized for the reversible
storage of lithium.

Herein, we first report TaS; nanowires (NWs) with 3D
interconnected structure as a new self-supported and flexible
anode material for LIBs. Benefiting from its 3D interconnected
conducting networks, TaS; NWs displays excellent electro-

-4 ACS Publications  © 2015 American Chemical Society

5629

chemical performance including little capacity fading over 100
cycles (~400 mAh g™" at 0.1 C after 100 cycles) and good rate
capability (~60 mAh g™" at 10 C). The mechanism of lithium-
ion insertion/extraction in the TaS; NWs was also explored by
an ex situ X-ray diffraction method. The excellent performance
of TaS; NWs results from the 3D interconnected nanowires
forming conductive network and facilitating electron trans-
port.23=25

Figure 1A, B show the digital photographs of one piece of
TaS; NWs film. As shown in Figure 1A, the obtained TaS;
NWs film was cut into small pieces (~0.5 mg, ~0.65 X 0.4 X
0.1 cm), then directly used as self-supported working electrodes
for LIBs. The TaS; NWs film composed of interconnected
nanofibers exhibited high flexibility (Figure 1B). The scanning
electron microscopy (SEM) images (Figure 1C) reveals that
TaS; NW film consists entirely of uniform nanowires without
impurity particles or aggregates. The diameter of nanowire is
about 120—210 nm (inset of Figure 1C). The continuous and
interconnected structure can facilitate both electron and Li-ion
transport>® and electrolyte access to TaS;® Transmission
electron microscopy (TEM) (Figure 1D) was utilized to
investigate the microstructure of TaS; nanofibers. The obtained
TaS; nanofibers show uniform structure without obvious crack
and fracture, which would guarantee structure stability during
cycling. The high resolution (HR) TEM image, shown in the
inset of Figure 1D, reveals that the TaS; NWs are crystalline
with a sandwichlike structure.
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Figure 1. (A, B) Photograph of the free-standing flexible TaS; nanowires electrodes (~0.65 X 0.4 X 0.1 cm®). TaS; nanowires show excellent
flexibility, bent by two tweezers. (C) Scanning electron microscopy (SEM) images and (D) transmission electron microscopy (TEM) images of TaS,
nanowires. The inset pictures are corresponding high-magnification images.
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Figure 2. (A) Discharge/charge profiles of TaS; nanowires electrode for the first cycle. The voltage stages for such cells were taken, where the letters
A—G denote the states of various lithiated electrode materials for corresponding ex situ X-ray diffraction patterns. (B) E situ X-ray diffraction
patterns collected at various states of discharge and charge states of TaS;/Li electrochemical cells.

To investigate the lithium-storage mechanism of TaS;, we
carried out an ex situ X-ray diffraction (XRD) analysis
combined with electrochemical measurement. Figure 2A
shows the first discharge/charge cycle curve of TaS; NWs,
with a series of partially lithiated cells at different voltage states
denoted as the letters A—G for the ex situ XRD measurement.
During the first discharge process, there is no obvious change of
XRD patterns when discharged from state A to B, indicating no
structural change. After the plateau from state B to C at ~1.75
V, the main peaks of state C correspond to the main peaks of
TaS; with intensity weakening. This plateau might come from

5630

lithium-ion irreversible insertion into atomic layers of TaS; as
shown in the HRTEM images (Figure 1D) with irreversible
capacity. Afterward, TaS; would start a reaction to form Li,S
and Ta, associating with electrolyte decomposition at ~0.7 V to
form solid-electrolyte-interphase (SEI).”” During the charge
process, Li,S and Ta would react to form TaSs;, as the XRD
pattern of state G suggested. However, the crystallinity of TaS;
was degraded after the first cycle compared with the original
TaS; NWs. The mechanism of lithium-ion reaction with TaS;
can be summarized as 6Li + TaS; < 3Li,S + Ta with an
irreversible lithium-ion insertion into atomic layers during the
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Figure 3. (A) Voltage profiles of TaS; nanowires electrode cycled between 0.001 and 3 V vs Li*/Li at a cycling rate of 0.1C. (B) Electrochemical
performance of TaS; nanowires electrode cycled between 0.001 and 3 V vs Li*/Li. Capacity and Colombic efficiency—cycle number curves of TaS;

nanowires electrode at a cycling rate of 0.1C.

first cycle. The theoretical capacity of TaS; is 579 mAhg™!
calculated on the basis of this mechanism.

Figure 3A displays the voltage profiles TaS; NWs in the
voltage window between 0.001-3.0 V (vs Li*/Li) at a rate of
0.1C. During the first cycle, the discharge and charge step
delivers a specific capacity of 997 and 450 mAh g~' for TaS3
NWs, respectively, giving an initial Coulombic efficiency (CE)
of ~45%.The first charge capacity is lower than that of the
theoretical capacity, which might attribute to electrolyte
decomposition and formation of gel-like polymeric layer (SEI).

Figure 3B shows the capacity retention of TaS; NWs at 0.1C.
A high reversible specific capacity of about 400 mAh g™ was
obtained after 100 cycles, higher than that of commercial
graphite materials (372 mAh g™"). After the capacity loss of first
cycle, the CE reaches ~95% after several cycles, indicating the
structural stability after the first cycle. Compared with the first
lithiation capacity, the capacity decay in Figure 3B was very
slow, at only 0.1% decay per cycle. To demonstrate the
electrochemical performance of TaS; NWs electrode at higher
densities, we investigated the rate capability TaS; NWs at
different cycling current as shown in Figure 4. The TaS; NWs
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Figure 4. Rate performance and Coulombic efficiency—cycle number
curves of TaS; nanowires electrodes as a function of discharge rate
(0.1-10C).

electrode delivers a rate capacity as high as 340, 260, 180, 130,
90, and 80 mAh g~! when cycled at a current density of 0.2,
0.35, 1, 2, 3.5, and 4.5C, respectively. It could maintain a
reversible capacity of 60 mAh g~' even cycled at a current
density as high as 10C for 10 cycles, demonstrating excellent
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rate performance of this free-standing and flexible TaS; NWs
electrode.

The good cyclability at 0.1C and rate capability of TaS; NWs
might result from the special self-supported continuous and
interconnected structure, which would form a continuous
electronic path for fast electron transfer and provide large
surface area access to electrolyte and high mechanical
flexibility.>** Moreover, the ionic diffusion length would be
greatly shortened with the thin film electrode.” The integration
of all these advantages leads to the potential of the TaS; NWs
as flexible anode materials for LIBs.

The morphology of the TaS; NW electrode was investigated
after 100 cycles at a rate of 0.1C to confirm the structure
stability of this electrode. As shown in Figure 5, no obvious

Figure S. SEM micrographs of TaS; nanowires after 100 cycles
between 0.001 and 3 V vs Li*/Li at a cycling rate of 0.1C, inset shows
the corresponding high magnification image.

pulverization and fracture appears. The continuous and
interconnected structure of TaS; NWs remained almost
unchanged after 100 cycles. This result indicates that the
interconnect NWs network could mitigate the strains caused by
the lithium-ion insertion/extraction during cycling and
maintain the continuous and interconnected structure to
provide a short electron and ion transfer path. Notably, the
formation of SEI and some residual electrolyte resulted in a
rough surface of TaS; NWs.
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To show the potential of application of the flexible anode
materials, we further assembled a flexible full battery. Figure 6A
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Figure 6. (A) Schematic illustration of a flexible lithium-ion battery
assembled using TaS; NWs film as the anode and commercial LiCoO,
loaded on Al foil as the cathode; (B—C) digital photographs of a red
LED lightened by the flexible battery under (B) flat and (C) bent
states.

displays the structure of the prepared flexible full battery,
consisting of freestanding TaS; NWs film as the anode, a
separator, a commercial LiCoO,/Al foil as the cathode and
LiPF¢-based electrolyte. As shown in Figure 6B, C, the final
packaged flexible Li-ion battery is thin and bendable, which
could be fully charged to 3 V and is able to light a lighting
emitting diode (LED) as the battery is flat and bended,
indicating good flexibility of this anode material during cycling.

In summary, we have successfully prepared TaS; NWs by a
solid state reaction process as a new self-supported and flexible
anode material for LIBs. The obtained self-supported and
binder free TaS; NWs electrodes show good cyclability and rate
capability without any protection and conductive layer or
additive. It delivers a good reversible capacity of ~400 mAh g~
after 100 cycles at 0.1C with only 0.1% decay per cycle
compared with of the initial charge capacity. When cycled at
10G, it still displays a capacity as high as 60 mAh g~'. Moreover,
this direct utilization of TaS; NWs as novel self-supported and
binder-free working electrodes can improve the overall
performance of full-cell and simplify the packing process of
batteries. This design of nanowires directly used as self-
supported and flexible electrodes provides a potential solution
to design new flexible electrodes for LIBs or other energy
storage systems.
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