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This study reports one dimensional lithium hexaoxotungstate (LigWOg), with a diameter in the range of
200-500 nm, as a novel anode material for lithium-ion batteries. The electrochemical performance of
lithium hexaoxotungstate was investigated and a discharge capacity of 705 mA h g~* was achieved after
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50 cycles, along with an excellent rate capability. The 1D morphology of the material is believed to

provide excellent transport properties, resulting in a high rate capability. The remarkable electrochemical

DOI: 10.1039/c9na00217k

rsc.li/nanoscale-advances

Introduction

Lithium-ion batteries (LIBs) are the most commercially viable
rechargeable batteries. Owing to their endearing features such
as high energy density, light weight and low operating cost, LIBs
have found widespread applications in grid-scale energy storage
systems, portable electronic devices, medical microelectronic
devices, and hybrid electrical vehicles.** Despite the previous
successes recorded in LIB technology, currently, a large number
of research studies are focused toward the improvement of
some aspects of this technology, such as enhanced energy
density, higher power delivery for a longer time duration and
a shorter charging period. Graphite is commercially used as
a common negative electrode (anode) material for LIBs, which
offers high lithium mobility. However, some drawbacks that
limit the performance of graphite anode include its limited
theoretical capacity (372 mA h g~ '), poor structural stability and
above all, the safety concerns under high rate charge-discharge
operation.® Recently, Li,TisO;, (LTO) has emerged as a high-rate
anode material for LIBs, yet two decades of research has been
extensively dedicated to improving the charge storage capability
of LTO and its composites.*” These challenges have motivated
the quest for novel materials that could intercalate a larger
quantity of lithium at a high charge-discharge rate. Transition
metal oxides (TMOs) have emerged as potential candidates to
replace the existing carbon-based anode materials due to their
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performance of the LigWOg nanowires indicates that this new class of anode holds a lot of promise for
future deployment in energy storage devices.

higher theoretical specific capacities and high potential vs. Li'/
Li compared to graphite.® A general challenge, however, with
graphite-based anode alternatives remains the long-term
cycling and stability. The poor cycling performance of anode
materials is usually a consequence of the poor electronic
conductivity of the materials and irreversible structural distor-
tion during operation,” whereas, ionic diffusion within the
electrochemically active species generally causes limitations in
the charge-discharge rate of the battery."

Reducing the particle size of the electrode materials is
considered useful for the relaxation of mechanical stress
generated via the periodic volumetric expansion and contrac-
tion of the electrode materials during the charge and discharge
process." It has been suggested that the particle size should fall
under a certain critical radius so that the intercalation-driven
strain could be accommodated elastically instead via plastic
deformation, allowing the retention of the original structure
and thus improving the structural stability."* Nanosized elec-
trode materials offer faster intercalation of Li ions by providing
high surface areas and short diffusion channels for Li" diffu-
sion, thereby allowing expedited storage and delivery of energy.
1D nanomaterials such as nanowires (NWs), nanorods and
nanotubes are anticipated to be the materials of choice for next
generation LIBs owing to their extraordinary transport proper-
ties resulting from reduced dimensions, long cycle life due to
the flexibility offered by the material during lithium ion inser-
tion and desertion, and also because of their desirable
mechanical properties.'»**'* Nanowire-based electrodes can
offer decreased mean lithium ion diffusion path lengths and
improvement in the area of contact between the electrode-
electrolyte interfaces, which can result in high rate capability
and decreased reaction resistance.>'®'” As a consequence of
these merits, a huge amount of research has been directed
towards 1D nanostructures for their use as cathode and anode
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materials in lithium ion batteries, particularly in the past
decade.”®™ The number of elements in a nanowire is also
considered to be an important attribute while determining the
functionality of a compound. Ternary nanowires that possess
more than one redox active species in their lattice are expected
to provide exceptional lithium storage properties.>® However,
the complex methodologies required for the synthesis of 1D
ternary nanowires have rendered this area relatively less
explored. Specifically, factors such as the complexity of
synthesis and difficulty to scale-up the production of these
materials create an additional layer of roadblocks towards
commercial deployment. Fortunately, current research has
introduced a variety of functional materials with 1D morphol-
ogies that could be prepared via cost-effective and easily scal-
able procedures.**?¢

Anodes based on tungsten oxide (WOj3) and its composites,
in particular, have drawn immense attention from researchers
as they offer high specific capacities.”” WO; materials with
monoclinic and hexagonal structures with varying morphol-
ogies have been thoroughly investigated for LIB applica-
tions.>”** Moreover, mixed oxides containing tungsten and one
other metal cation including zinc (ZnwWo0,),”® cadmium
(CdWO,),*® nickel (NiWO,)° and manganese (MnWO,)** have
been explored as anode materials.

A recent study has highlighted the importance of the pres-
ence of lithium impurities in the lattice of WO3, which can help
in improving the discharge capacity and cycling performance
compared to that of pure WO; with either hexagonal or mono-
clinic structures. It has been reported that residual lithium ions
from the precursor can add stability to the structure and also
improve its conductivity by enhancing the charge-transfer
process at the interface of the semiconductor and electro-
lyte.** Although pre-lithiation of WO; has been studied for LIB
anodes, there have been no reports on the investigation of the
performance of lithium tungstate as an anode material for LIBs.
It is worth mentioning here that the capacity of lithium modi-
fied tungsten oxides could be dependent on the factors such as
impurity levels and calcination temperatures, whereas for
a lithium and tungsten mixed metal oxide compound (Li,WO,),
a consistent performance could be expected irrespective of
synthesis parameters such as impurity concentrations or calci-
nation temperatures.

Although in the past TMOs such as molybdenum oxide were
alloyed with lithium, resulting in an enhancement in the elec-
trochemical performance of these composite anode mate-
rials,®*** here, we introduce for the first time, orthorhombic
lithium hexaoxotungstate (LisWOg) nanowires as an efficient
anode material for LIBs that combines the benefits of a 1D
morphology and pre-lithiation, offering a high discharge
capacity after repetitive cycling and a high C-rate. The presence
of Li ions in the lattice is anticipated to provide structural
stability to LisWOg over continuous charge and discharge cycles
while the 1D morphology of the material is believed to facilitate
rapid charge transfer and mechanical resilience, making the
material a suitable host structure for lithium insertion and
extraction. The orthorhombic lithium hexaoxotungstate nano-
wires in this work demonstrated a high discharge capacity of
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973.8 mA h g ! after 10 cycles at 0.1C, whereas the previously
reported best performing sample among pre-lithiated mono-
clinic WO; samples displayed a discharge capacity of
703 mA h g~ " after 10 cycles, at a charge rate of 0.2C.*

Experimental

LisWO; NWs were prepared on a gram-scale via our previously
reported easy and cost-effective method.*® A solid-state thermal
oxidation method was utilized to prepare lithium tungsten
oxide NWs with high density. Lithium hydroxide and tungsten
oxide precursors were mixed in a molar ratio of 30:1, and
a small quantity of deionized water was added into the mixture.
The obtained paste was uniformly coated onto quartz slides and
was then subjected to thermal oxidation at 700 °C for 3 h. The
furnace was then allowed to cool down naturally.

Powder X-ray diffraction (XRD) patterns were obtained using
a Bruker D8 Discover diffractometer at a 40 kV accelerating
voltage and 40 mA current using Cu Ko radiation. The
morphology of the samples was analyzed using a scanning
electron microscope (SEM; TESCAN VEGA3 SBEASYPROBE).

To perform electrochemical characterization, about 1 mg of
LigWO, powder was initially weighed and mixed with 1 mg of
teflonized acetylene black (TAB-2) binder in an agate mortar.
The electrodes were pressed on a stainless steel collector with
an area of ~2 cm”. The electrodes were thereafter dried at
160 °C for 5 h under vacuum. All cells were assembled in a dry
glove box filled with argon. LisWOs was used as a working
electrode while Li foil was utilized as a counter electrode. The
electrodes were separated from each other by glass fiber
(ADVANTEC, GB-100R) using 2032 coin-type cell. The electrolyte
used was a 1 M solution of LiPF, dissolved in a 1 : 2 ratio (by
volume) of ethylene carbonate and dimethyl carbonate. The
galvanostatic charge-discharge measurements were carried out
using an Arbin instrument. Discharge and charge measure-
ments were carried out at a voltage range of 3.0-0.005 V at
a current density of 0.1 A g~ *. The cyclic voltammetry (CV)
measurements were also performed in a voltage range of 3.0-
0.005 V with a scan speed of 1 mV s~ ' using a Bio-Logic USA
Science Instrument.

Results and discussion

The LigWOs crystal structure (viewed from different axes) is
shown in Fig. 1. It is an orthorhombic structure with the space
group Immm (no. 71), which if more appropriately written as
LizW, 503 would indicate a W occupancy of 0.5 in the corner-
sharing WOg octahedra. From the figure, the Li atoms seem
unencumbered along the b axis, and so it would appear that Li
transportation occurs through the b-channel.

Fig. 2a demonstrates the SEM micrograph of LisWO, with
1D morphology. The average diameter of nanowires is
between 200-500 nm. The XRD patterns of the as-synthesized
nanowire sample as well as samples after charge-discharge
cycles are shown in Fig. 2b. The diffraction pattern of the as-
synthesized sample matches well with the characteristic
peaks of LigWOg (PDF 00-021-0532). The pristine sample also
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a) b)
<)
Fig.1 Crystal structure of orthorhombic LisWOg with the space group
Immm (no. 71) viewed along the (a) a axis (b) b axis and (c) ¢ axis, where
the green and red balls represent Li and O atoms respectively, and the

navy blue polyhedra represent WOg octahedra accommodating a W
atom (not shown) with an occupancy of 0.5.

a)

Fig. 2 (a) SEM image of an as-synthesized LigWOg sample, the scale
bar is 1 um. (b) XRD patterns of the as-synthesized LigWOg (black),
a sample charged to 3 V at the 5th charge cycle (red), and a sample
discharged to 5 mV at the 6th discharge cycle (blue).

b)
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shows the presence of some unconverted tungsten oxide in
reduced form, WO, o, (PDF 00-030-1387) and W,30,, (PDF 03-
065-1291).

The lithium insertion and extraction cycling behavior is
demonstrated in Fig. 3. The charge-discharge capacity curves of
the LigWO,e nanowire anode are shown in Fig. 3a. For the
voltage range of 3.0-0.005 V (vs. Li/Li") using a high current rate
of 100 mA g~ ', initial discharge and charge capacities of 3986
and 981 mA h g~ " were noted during the first cycle respectively,
whereas the discharge capacity in the second cycle was reduced
to 1324 mA h g . This capacity degradation between the first
and second cycle can be mainly attributed to the irreversible
decomposition of the electrolyte, which promotes the formation
of a surface passivation layer commonly known as a solid
electrolyte interphase (SEI).>*** Thereafter, the electrode
exhibits great capacity retention, which indicates good revers-
ibility and cycling performance. Overall, the discharge capacity
of the LisWOs nanowire electrode remained as high as
705 mA h g ' even after 50 cycles. The charge-discharge
capacities versus cycle number for the LisWO4 anode electrode
in the voltage range of 3.0-0.005 V with a current of 100 mA g~ "
are presented in Fig. 3b. The coulombic efficiency was
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Fig. 3 (a) Charge—discharge curves for LigWOg at a current rate of

100 mA g~! over the voltage range of 3.0-0.005 V. (b) Capacities
versus cycle number of the LisWOg anode over the voltage range of
3.0-0.005 V with a current of 100 mA g~ (c) Cyclic voltammetry of
the LigWOg electrode at a scan rate of 1 mV s1. (d) C-rate testing of
the LisWOg anode at different current densities.

calculated from the charge-discharge curves. The coulombic
efficiency of the 50th charge-discharge cycle was found to be
~85%. The huge enhancement in the coulombic efficiency
between the first and 50th cycle indicates a highly reversible
lithium insertion and desertion process. However, the low
initial coulombic efficiency is attributed to the irreversible
capacity loss resulting from the development of a SEI layer. In
addition, given that this anode material is new, the low initial
coulombic efficiency may have been due to compatibility issues
with the binder utilized in the experiment, and so, further
investigative work regarding more suitable or compatible
binders may be necessary going forward. The cyclic voltamme-
try (CV) curves of LigWOg at a scan rate of 1 mV s~ between
0.002 and 3 V are shown in Fig. 3c.

In the first cathodic polarization curve, the lithium insertion
process can be visualized at around 0.8 V and increases steadily
until it reaches 0.002 V. Also, a reduction peak was observed at
0.28 V during the initial cathodic scan that disappeared in the
following cathodic cycles, which could indicate some irrevers-
ible lithium insertion into the crystal structure and the forma-
tion of a SEI that causes irreversible capacity loss between the
first and second cycles.*

During the first anodic polarization cycle, the current peak
appears at 1V, indicating a lithium extraction process. For the
following cycles, this peak shifts towards lower potentials that
further confirms unrecoverable phase transformation due to
SEI formation. The reproducible CV curves obtained from the
second cycle onwards indicate a reversible Li insertion/
extraction process for the LisWOs NW anode.

The rate capability of the LisWO, nanowire anode is shown
in Fig. 3d. When the charging rate was increased stepwise in the
sequence of 100, 200, 500, 1000 and 2000 mA g’l, discharge
capacities of 999, 691, 448, 268, 174 mA h g~ ' were achieved.

Nanoscale Adv., 2019, 1, 2727-2731 | 2729
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Afterwards, when the current rate was reduced back to 1000,
500, 200, and 100 mA g~ ", stable discharge capacities of 330,
464, 645 and 749 mA h g~ were obtained. These results indicate
that LisWOs is an efficient material to use as a high-rate lithium
ion battery anode. The highly reversible capacity achieved after
cycling at different current rates may be related to the high
structural flexibility of the lithium hexaoxotungstate NWs
during the charge-discharge volume swing. As a matter of fact,
one of the key challenges in the design of efficient anode
materials remains the structural integrity of electrode materials
over consecutive discharge-recharge cycles.??*®

It was suggested in previous reports that pre-lithiation of
tungsten oxide can provide structural stability during charge
and discharge cycles.** To develop a better understanding of the
lithium insertion and extraction process and to investigate the
phase changes during the galvanostatic charge and discharge
cycles, we performed ex situ XRD on our samples after the 57
charge and 6" discharge cycles (Fig. 2b). The presence of excess
Li in the form of lithium oxide coming from the material
preparation method was largely reduced as can be seen from the
reduction in the peak intensity corresponding to Li,O for the
charged and discharged sample. We believe that excess lithium
oxide was likely extracted in the first discharge cycle. Also, the
residual reduced tungsten oxide that was observed in the
diffraction pattern of the pristine sample was mostly converted
during the lithium insertion and extraction cycles, which was
confirmed by the disappearance of some of the corresponding
reflections in the XRD patterns. A few unknown reflections
appeared in the patterns of the tested sample that could not be
matched with any phase and therefore very likely emanated
from a secondary reaction at the electrolyte-electrode interface,
which is also in accordance with the cyclic voltammetry results
that indicate the existence of electrolyte decomposition prod-
ucts. Also, The X-ray diffraction analysis done after the fifth
charging cycle indicates that material does not degrade during
the charge-discharge process.

As can be seen from Fig. 4, a shift in peaks toward lower
angles was observed, which indicates the lithium insertion
process in the lattice of LisWOe. This kind of peak shift occurs
when the lithium intercalation causes a slight increase in the
size of the unit cell.>”**

XRD performed after the 6™ discharge (lithium extraction)
cycle showed that the major peaks were retained at their

a) ——5 mV Discharge (6th Cycle] b) ——5 mV Discharge (6th Cycle)
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Fig. 4 Comparison of the shifts in the characteristic LigWOg X-ray

diffraction peaks for the as-synthesized LigWOg (black) a sample

charged to 3V at the 5th charge cycle (red), and a sample discharged

to 5 mV at the 6th discharge cycle (blue).
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original position after the discharge process. These results
suggest that during the lithiation process, the lattice of LisWO
expands, while during delithiation, the guest lithium ions leave
the lattice of LisWO, without affecting its crystal structure.

The formation of SEI layers can influence the electrode
kinetics. When lithium reacts with tungsten forming lithium
tungstates, the lithium ion conductivity could be significantly
increased and therefore, the reaction resistance can be reduced
efficiently.*® We believe that while LisWOs may offer increased
lithium conductivity, the 1D morphology further helps in
reducing the lithium diffusion length, which overall helps to
improve the transport properties of the anode.

Conclusions

In summary, LisWOs nanowires synthesized via a cost-effective
and scalable route were utilized as a negative electrode material
for LIBs for the first time. The NWs exhibit a high discharge
capacity, excellent rate capability and long cycle life. Granted,
the coulombic efficiency is rather low, however, further studies
may be required in search of more suitable binders. The a priori
presence of Li in the lattice of the LisWO, nanowires helped in
stabilizing the crystal structure and enhancing lithium diffu-
sion. Lithium intercalation in the nanowires during the inser-
tion stage was evidenced by a slight shift toward lower angles in
the diffraction patterns. Overall, the lithium hexaoxotungstate
did not undergo degradation during the charge and discharge
process and was proven to be an efficient alternative anode
material for LIBs by exhibiting phenomenal electrochemical
performance and rate capability.
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