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Nanosized LisTisO;, powders are prepared from a spray solution with a 15 % excess of lithium using a
flame spray pyrolysis process. The mean particle size of the precursor powders is 23 nm. The
Li,TisO12 powders obtained after post-treatment at 700°C have small amounts of rutile TiO, impurities
and have a mean particle size of 47 nm. Post-treatment at 800°C, however, produces phase-pure
LisTisO;, powders with a mean particle size of 300 nm. The initial discharge capacities of the
LisTisO1, powders are 132, 160, and 151 mAh g™ for post-treatment temperatures of 600, 700, and
800°C, respectively, and the Coulombic efficiencies are 87 %, 92 %, and 99 %. The hard aggregation
between the particles and growth of the particles to submicron sizes that occur at a high post-treatment
temperature of 800°C make a large proportion of the LisTisO;, grains inactive, lowering the specific
capacity. The discharge capacities of the powders post-treated at 700°C decrease from 160 to 157 mAh
g™ over 50 cycles, and the capacity retention is 98 %.
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1. INTRODUCTION

Spinel lithium titanate (Li4TisO12) has good Li™ insertion and de-insertion reversibility, exhibits
zero strain volume change during charge and discharge cycles, and achieves excellent safety
performance, which makes it an attractive anode material for Li-ion batteries [1-9]. Furthermore,
nanosized powders provide short diffusion lengths and more active surface areas for Li* intercalation
[10-13]. For these reasons, there has been extensive study on the characteristics of nanosized LisTisO1
powders prepared using various solid-state and liquid-solution methods [14-20]. However, the
preparation of nanosized LisTisO12 powders via gas-phase reaction methods has been much less well
studied [21,22]. One such gas-phase reaction method, flame spray pyrolysis, has been shown to have
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certain advantages for the preparation of aggregation-free nanosized powders with complex
compositions [23-27] and has been used to synthesize various anode and cathode materials for Li-ion
batteries [22,28-32]. In particular, nanosized LisTisO1, powders have been prepared via flame spray
pyrolysis using nonaqueous solvents such as xylene [21]. Metal alkoxides of Li and Ti components
were dissolved into the non-aqueous solution. The directly obtained LisTisO1, powders had particle
sizes of several tens of nanometers, and the main impurity was rutile TiO, that remained because of the
short residence time of the powders inside the high-temperature flame. Post-treatment of these
powders to obtain LisTisO;, powders with fewer impurities resulted in rapid particle growth and hard
particle aggregation [22].

In this study, nanosized LisTisO1, powders were prepared from an aqueous spray solution of
lithium nitrate and titanium(lV) tetraisopropoxide using high-temperature flame spray pyrolysis. The
physical and electrochemical properties of the nanosized LisTisO:, powders formed from the spray
solution with excess lithium were compared to those of powders formed from a spray solution with a
stoichiometric amount of lithium.

2. EXPERIMENTAL

Nanosized LisTisO;, powders were synthesized from titanium(lV) tetraisopropoxide (TTIP,
Ti[OCH(CHs)2]4) and lithium nitrate (LiNO3) using a high-temperature flame spray pyrolysis setup
consisting of a droplet generator, a flame nozzle, a quartz reactor, a powder collector, and a blower
[33]. Propane (fuel) and oxygen (oxidizer) were used to produce the diffusion flame. The flow rate of
the fuel gas was 5 L min™, and the flow rates of the oxidizer and carrier gases were fixed at 40 L min™
and 10 L min™, respectively. A 1.7 MHz ultrasonic spray generator with six resonators was used to
generate the droplets, which were then carried into the high-temperature diffusion flame by the oxygen
carrier gas. A mixed solvent with a volume ratio of ethyl alcohol to distilled water of 3:7 was used to
produce a spray solution with an overall concentration of the lithium and titanium components of 0.5
M. The excess amounts of lithium dissolved in the spray solution were 0 % and 15 % of the
stoichiometric amount. To improve the crystallinity and remove possible impurity phases, the as-
prepared powders obtained by the flame spray pyrolysis procedure were post-treated in a box furnace
at temperatures between 600 and 800°C for 3 h in an air atmosphere. The crystal structures of the post-
treated powders were investigated by performing X-ray diffractometry (XRD, Rigaku DMAX-33)
analyses using Cu Ka radiation at room temperature. The morphological characteristics of the powders
were investigated using field-emission transmission electron microscopy (FETEM, JEOL, JEM-
2100F). The electrode was fabricated using a mixture of 20 mg of LisTisO12, 2.5 mg of carbon black
(Super P), and 2.5 mg of polytetrafluoroethylene (PTFE). Lithium metal and a microporous
polypropylene film were used as the counter electrode and separator, respectively. The electrolyte
(Techno Semichem Co.) was 1 M LiPFg in a 1:1 mixture by volume of ethylene carbonate/dimethyl
carbonate (EC/DMC). The entire cell was assembled in a glove box in an argon atmosphere. The
charge/discharge characteristics of the samples were determined by performing potential cycling in the
range 1-3 V at a current density of 0.1 C.
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3. RESULTS AND DISCUSSION

Figure 1. TEM images of the LisTisO1, powders directly prepared by flame spray pyrolysis.

During the flame spray pyrolysis, micron-sized mixed oxide powders were first formed as an
intermediate product after drying and decomposition of droplets containing of Li and Ti components.
Then, complete evaporation of the Li,O and TiO, occurred inside the high-temperature diffusion
flame, irrespective of whether there was an excess of lithium. Therefore, the LisTisO1, nanopowders
were formed by nucleation and growth processes from the evaporated vapors. Fig. 1 shows TEM
images of the LisTisO;, powders prepared from the spray solution with a 15 % excess of Li using
flame spray pyrolysis. All the powders prepared via flame spray pyrolysis consisted of nanosized
particles. The mean particle size of the precursor powders measured from the TEM images was 23 nm.
Necking between the nanopowders was observed in the TEM image, as shown by the arrow in Fig.
1(c). This necking between particles resulted from the high number concentration of the nanopowders
inside the high-temperature diffusion flame due to the high concentration of the spray solution, 0.5 M,
which resulted in many collisions. The high-resolution TEM image of the powders shows a single-
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crystalline structure and had a clear lattice fringe spacing of approximately 0.48 nm, which
corresponds to the (111) interplanar spacing in LisTisO1,. Thus, highly crystalline Li;TisO:, powders

were directly prepared by high-temperature flame spray pyrolysis.
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Figure 2. XRD patterns of the LisTisO1, powders post-treated at different temperatures with 15 %
excess amount of lithium.
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Figure 3. XRD patterns of the LisTisO;, powders post-treated at different temperatures without an
excess amount of lithium.
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Figs. 2 and 3 show the XRD patterns of the post-treated LisTisO1, powders prepared from the
spray solutions with and without an excess of lithium. The XRD patterns (not shown here) of the
powders directly prepared by flame spray pyrolysis showed that the main crystal structures were spinel
Li;TisO;, (JCPDS Card No. 26-1198) and rutile TiO, phases with small peaks corresponding to
Li,TiO3 (JCPDS Card No. 33-0831), irrespective of the presence of excess lithium. Phase-pure
Li,sTisO12 powders were not directly obtained after flame spray pyrolysis because of the extremely
short residence time of the powders inside the high-temperature diffusion flame. The small peak
corresponding to the Li-inactive Li, TiO3 phase was observed when the post-treatment temperature was
low, i.e., 600°C. Jiang et al. showed that for powders produced using a sol-gel process, the Li,TiOs3
phase would also coexist with the main LisTisO;, phase when the sintering temperature was 600°C
[34]. Fig. 2 shows that with increasing post-treatment temperature, the diffraction peaks of the spinel
LisTisO42 phase become sharper, and the peak intensities for rutile TiO, decrease. Eventually, phase-
pure spinel LisTisO;, powders were formed at a post-treatment temperature of 800°C. Fig. 2 also
shows that the XRD pattern of the LisTisO12, powders post-treated at 700°C had small peaks
corresponding to rutile TiO,. However, the TiO, phase remained in the powders formed from the spray
solution without an excess of lithium, as shown in the XRD pattern of the powders post-treated at a
high temperature of 800°C in Fig. 3. Thus, lithium-deficient precursor powders were prepared from the
spray solution without an excess of lithium. The mean crystallite sizes for the rutile TiO, phase of the
powders prepared from the spray solution without an excess of lithium increased from 33 to 82 nm
when the post-treatment temperature was increased from 600 to 800°C.
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Figure 4. TEM images of the LisTisO;, powders post-treated at different temperatures with 15 %
excess amount of lithium.
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Fig. 4 shows the TEM images of the post-treated LisTisO1, powders prepared from the spray
solution with a 15 % excess amount of lithium. The high-resolution TEM image of the post-treated
powders again showed a single-crystalline structure and had a clear lattice fringe spacing of
approximately 0.48 nm corresponding to the (111) interplanar spacing in LisTisO1,. The powder post-
treated at 600°C had a similar mean particle size and morphology to those of the precursor powders
directly prepared by flame spray pyrolysis. The LisTisO1, powders post-treated at 700°C, which had
small impurity peaks corresponding to rutile TiO,, had a mean particle size of 47 nm and slight particle
aggregation. However, abrupt particle growth and hard aggregation between the particles occurred at a
high post-treatment temperature of 800°C. The mean particle size of the powders post-treated at 800°C
was 300 nm.
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Figure 5. Initial charge/discharge curves of the LisTisO;, powders post-treated at different
temperatures without an excess amount of lithium.

Figs. 5 and 6 show the initial charge-discharge curves of the post-treated Li;TisO;, powders
prepared from the spray solutions without and with excess lithium. The slopes were observed before
and after the voltage plateaus for the charge and discharge processes for the powders post-treated at
temperatures of 600 and 700°C in Figs. 5 and 6. The areas of the slope of the voltage curves may
indicate single-phase regions. The nanometer sizes of the LisTisO;, powders post-treated at low
temperatures resulted in these distinct single-phase regions. Extension of the single-phase region was
already reported for high-surface-area LisTisO1, [22,35]. The initial discharge capacities of the
powders prepared from the spray solution without excess lithium were 131, 154, and 137 mAh g™ for
post-treatment temperatures of 600, 700, and 800°C, respectively, as shown in Fig. 5, and the
Coulombic efficiencies were 82, 87, and 98 %. As shown in Fig. 2, the mean crystallite size for the
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rutile TiO; phase of the powders increased from 33 to 82 nm when the post-treatment temperature was
increased from 600 to 800°C. However, the peak intensities of the rutile TiO, phase did not change for
different post-treatment temperatures.
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Figure 6. Initial charge/discharge curves of the LisTisO;, powders post-treated at different
temperatures with 15 % excess amount of lithium.

Nanometer-sized rutile TiO, exhibited a much higher electroactivity towards lithium insertion
than micrometer-sized rutile TiO, [36,37]. Furthermore, electrochemical cycling experiments on
nanosized rutile showed a high degree of insertion and de-insertion irreversibility [36,38]. Therefore,
this irreversibility of the LisTisO1, powders formed from a spray solution without excess lithium
decreased as the post-treatment temperature increased because of the crystal growth of the rutile TiO,
and the particle growth from nanometer to submicron sizes. The initial discharge capacities of the
LisTisO12 powders prepared from the spray solution with a 15% excess of lithium were 132, 160, and
151 mAh g* for post-treatment temperatures of 600, 700, and 800°C, respectively, as shown in Fig. 6,
and the Coulombic efficiencies were 87, 92, and 99 %. The increase in post-treatment temperature
from 600 to 800°C decreased the irreversible capacity loss in the first cycles for the LisTisO12 powders
prepared from the spray solution with excess lithium for two reasons: (1) the decrease in the amount of
the rutile TiO, phase with its high irreversible capacity loss and (2) the particle growth from sizes of
several tens nanometers to submicron sizes [36,38]. The powders post-treated at 700°C had the highest
initial discharge capacity, irrespective of the lithium content of the spray solution. The phase-pure
LisTisO12 powder post-treated at 800°C also had a lower initial discharge capacity than that of the
powders with TiO, impurities, as shown in Fig. 6. Previous study of LisTisO;, has indicated that the
hard aggregation between nanoparticles can decrease the powder’s discharge capacity [39]. It is
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believed that such hard aggregation between the particles and the growth of the particles to submicron
sizes at the high post-treatment temperature of 800°C make a large proportion of the LizTisO12 grains
inactive, lowering the specific capacity.
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Figure 7. Cycling performances of the LisTisO1, powders post-treated at a temperature of 700°C.

Fig. 7 shows the cycle performance of LisTisO1, powders prepared from the spray solutions
without and with excess lithium. The LisTisO;, powders post-treated at 700°C were cycled at a
constant current density of 0.1 C. The discharge capacities of the powders prepared from the spray
solution without excess lithium decreased from 154 to 151 mAh g™ over 50 cycles, while the discharge
capacities of the powders prepared from the spray solution with a 15 % excess of lithium decreased
from 160 to 157 mAh g™ over 50 cycles. Thus, the capacity retention was 98 % irrespective of the
presence of excess lithium. The Coulombic efficiencies of the powders increased during the first
several cycles and then became saturated above 99 %, irrespective of the lithium content of the spray
solution. The powder formed from the spray solution with a 15 % excess amount of lithium had a
higher discharge capacity than the powder formed from the spray solution without excess lithium
because of its phase homogeneity and its low amount of the rutile TiO, phase.

4. CONCLUSIONS

Li,TisO;, powders were prepared from the spray solutions with and without excess lithium
using flame spray pyrolysis. The optimum amount of excess lithium in order to obtain LisTisO1,
powders with the best electrochemical properties was 15 %. The LisTisO1, powders had particle sizes
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of several tens nanometers and slight particle aggregation even after post-treatment at a high
temperature of 700°C. The increase in post-treatment temperature from 600 to 800°C decreased the
irreversible capacity loss in the first cycles for the Li,TisO12 powders prepared from the spray solution
with excess lithium for two reasons: (1) the decrease in the amount of the rutile TiO, phase with its
high irreversible capacity loss and (2) the particle growth from sizes of several tens nanometers to
submicron sizes. The LisTisO12 nanopowders with small amounts of rutile TiO, impurities had higher
discharge capacities than did the phase-pure LisTisO1, powders with submicron particle sizes.
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