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LisTi501,-SnO, composite powders with different LisTisO12/SnO; ratios and comprising hollow and
sphere particles are prepared by an ultrasonic spray pyrolysis process. The composite powders exhibit
mixed-crystal structures consisting of LisTisO;, and SnO, phases with no impurities being present,
irrespective of their LisTisO12/SnO; ratios. The composite powders with low concentrations of SnO,
contained SnO, nanocrystals several tens of nanometers in size, which are uniformly distributed in the
LisTisO12 matrix. Complete necking between the SnO, nanocrystals results in an increase in the
electrical conductivity of the composite powder with a high concentration of SnO; (LisTis012/SnO; =
0.4/0.6). These composite powders exhibit a high initial charge capacity of 730 mAh g™ and good
cyclability even at a high charge-and-discharge rate of 700 mA g™ for voltages between 0.1 and 2.5 V.
In addition, it retained 70% of its initial capacity after 60 cycles. The initial charge capacities of this
composite powder are 572, 399, and 303 mAh g™ at the extremely high charge-and-discharge rates of
3500, 7000, and 14000 mA g™, respectively.
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1. INTRODUCTION

LisTisO12- and SnO,-based composite materials have been studied with the aim of obtaining
anodic materials with high capacities and good cyclabilities for use in lithium-ion batteries [1-9].
LisTisO1,-based composite powders with improved electrochemical properties have been developed by
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enhancing the electronic conductivity of LisTisO1,. However, LisTisO1, has a relatively low theoretical
capacity (175 mAh g™). SnO,-based materials have also been studied widely to devise methods of
retarding the large changes (of up to 300%) that take place in the volume of SnO, during the insertion
or removal of Li* ions when used in lithium-ion batteries. The inactive or active component that does
not undergo volume change during cycling buffers the large change in the volume of SnO,, which has
a high theoretical capacity (781 mAh g?) [6-12]. A LisTisO12-SnO, composite with a controlled
morphology could overcome the disadvantages associated with the two anodic materials. The
electrochemical properties of LisTisO1,-SnO, (or Sn) composite powders prepared by high-energy
mechanical milling, sol-gel, and solution precipitation have been reported [13-16]. In the previous
studies, LisTisO12 or SnO, powders had to be used as colloidal seed materials to fabricate the
composite powders. The characteristics of these powders, such as the distribution of each phase, phase
homogeneity, mean size, and internal structure, among others, affected the electrochemical properties
of the composite anodic materials strongly. Therefore, the development of an appropriate process for
preparing such composite powders is one of the major challenges in improving lithium-ion batteries.

Spray pyrolysis had been reported to be suitable for the large-scale and continuous production
of multicomponent cathodic and anodic materials for lithium-ion batteries [17-20]. Spray pyrolysis is
also suitable for the preparation of composite powders comprising two different phases, because of the
microscaled reactions involving each component that take place within the micron-sized droplets [20-
23].

In this study, composite powders with different LisTisO1,/SnO; ratios and comprising spherical
and hollow particles were prepared by an ultrasonic spray process using an aqueous spray solution.
The morphologies, crystal structures, and electrochemical properties of the composite powders, which
had both high and low concentrations of SnO,, were investigated.

2. EXPERIMENTAL

The precursor powders for the Li;TisO12-SnO, composite powders were prepared by ultrasonic
spray pyrolysis. The equipment used for the preparation consisted of six ultrasonic spray generators
operated at 1.7 MHz, a tubular quartz reactor (length = 1000 mm; inner diameter = 50 mm), and a bag
filter. The spray pyrolysis process was performed at a fixed temperature of 900°C. The flow rate of air,
which was used as the carrier gas during the process, was fixed at 10 Lmin™. The spray solution used
was prepared by dissolving appropriate amounts of lithium nitrate (LiNiOgs; Aldrich), titanium
tetraisopropoxide (TTIP) (Ti(OCH(CHs)2)4; Junsei) and tin oxalate (SnC,04; Aldrich) in distilled
water containing an appropriate amount of nitric acid. The amount of lithium nitrate added to the spray
solution was in excess of 5 wt% of the stoichiometric amount required to facilitate the formation of a
LisTisO;1, phase. The overall concentration of the Li, Ti, and Sn components was 0.5 M. Citric acid
with a concentration of 0.5 M was used as the chelating agent. The precursor powders obtained using
the spray pyrolysis process were heat treated at a temperature of 800°C for 3 h in air to obtain the
composite powders.
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The crystal structures of the composite powders obtained after the heat treatment were
investigated using X-ray diffraction (XRD) analysis (Rigaku DMAX-33), performed at the Korea
Basic Science Institute (Daegu). The morphological characteristics of the powders were investigated
using scanning electron microscopy (SEM) (JEOL JSM-6060) and transmission electron microscopy
(TEM) (JEOL JEM-2010). The surface areas of the powders were measured by employing the
Brunauer—Emmett—Teller (BET) method with N, as adsorbate gas.

The capacities and cyclabilities of the LisTisO1,-SnO, composite powders were measured using
2032-type coin cells. Electrodes were made from 40 mg samples of the composite powders, which
were mixed with 5 mg of carbon black and 5 mg of sodium carboxymethyl cellulose (CMC) in
distilled water. Li metal and a polypropylene film were used as the counter electrode and separator,
respectively. LiPFg (1 M) in a mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) in a
1:1 volume ratio, with 2 wt% vinylene carbonate (VC) added to the mixture, was used as the
electrolyte (Techno Semichem. Co.). The cells were assembled in a glove box in an argon atmosphere.
The electrochemical properties of the composite powders were measured via cycling using voltages of
0.1-2.5V at various current densities.

3. RESULTS AND DISCUSSIONS
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Figure 1. SEM images of the precursor powders with different LisTisO12/SnO; ratios prepared directly
by spray pyrolysis: (a) 0.8/0.2, (b) 0.6/0.4, (c) 0.4/0.6, (d) 0.2/0.8.
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The morphologies of the precursor powders with different LisTisO12/SnO, ratios, prepared
directly by spray pyrolysis, are shown in Fig. 1. The particles of the precursor powders were micron
sized, spherical, and hollow, irrespective of their compositions. The particles of the pure LisTisO;2 and
SnO; powders (not shown in this manuscript), prepared via spray pyrolysis using a citric acid-free
aqueous spray solution, were fine sized and had spherical shapes and dense structures. Each droplet
usually results in the formation of a single dense particle—via densification—during the preparation of
the powders. However, in this study, each droplet resulted in the formation of a hollow powder particle
during the spray pyrolysis process. Citric acid, used as the chelating agent, changed the drying and
decomposition characteristics of the metal salts. In addition, the abrupt evolution of gas owing to the
decomposition of the metal chelates resulted in the formation of precursor powders with particles that
were hollow in shape and large in size.

The precursor powders prepared directly via spray pyrolysis exhibited poor electrochemical
properties. This was because the powders were present within the hot-walled reactor, maintained at
900°C, for only a short period (7 s). This is also the reason the precursor powders had to be heat
treated at 800°C to form the LisTisO12-SnO, composite powders.
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Figure 2. XRD patterns of the composite powders with different Li;TisO1,/SnO, ratios post-treated at

800°C.

Fig. 2 shows the crystal structures of the heat-treated composite powders with different
LisTisO12/Sn0O;, ratios. The diffraction patterns of the composite powder with a high concentration of
SnO; (LisTisO12/Sn0O, = 0.2/0.8) mainly contained peaks attributable to SnO,, with smaller peaks
ascribable to LisTisO1, also being present. The intensity of the peaks related to the LisTisO1, phase
increased with an increase in the LisTisO12/SnO, ratio. Consequently, the diffraction patterns of the



Int. J. Electrochem. Sci., Vol. 8, 2013 11976

composite powder with a low concentration of SnO; (LisTisO12/SnO, = 0.8/0.2) contained primary
peaks related to both the LisTisO;, phase and the SnO, phase. The diffraction patterns of all the
composite powders contained peaks related to the LisTisO12 and SnO, phases alone, with no peaks
attributable to any impurities being present. This was the case irrespective of the LisTisO12/SnO;
ratios. The mean size of the SnO, crystallites, measured from the peak widths of (110) peaks using the
Scherrer’s equation, was 27 nm, irrespective of the LisTisO12/SnO; ratio.

Figure 3. TEM and dot-mapping images of the post-treated LisTisO12-SnO, (0.8/0.2) composite
powders.

The TEM and dot-mapping images of the composite powders with different LisTisO12/SnO,
ratios are shown in Figs. 3-6. The particles of the composite powders had a spherical shape and a
hollow structure, even after the heat treatment at 800°C, irrespective of the LisTisO1,/SnO; ratio. The
TEM and dot-mapping images of the composite powders suggested the presence of two separate
phases. In the composite powder with a low concentration of SnO, (LisTisO12/SnO, = 0.8/0.2), shown
in Fig. 3, the Li4TisO1, and SnO, phases were observably distinct. High-resolution TEM images of the
composite powders, shown in Fig. 3b, showed clear lattice fringes separated by 0.48 and 0.33 nm.
These values correspond to the (111) plane of LisTisO;, and the (110) plane of SnO,, respectively. The
results of the dot mapping of the composite powders, shown in Fig. 3c, also indicated that the dark
nanocrystals seen in the TEM images were of SnO,. SnO, nanocrystals several tens of nanometers in
size were uniformly distributed in the Li,TisO1, matrix, as can be seen from the TEM image in Fig. 3a.
The mean size of the SnO, crystallites measured from the TEM image was similar to that calculated
using the Scherrer’s equation and the peak widths of the XRD patterns. Therefore, it was concluded
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that the SnO, nanocrystals see in the TEM images in Fig. 3 were single crystals. In the case of the
composite powders with reversed ratios of LisTisO1, and SnO; (LisTisO12/SnO, = 0.6/0.4 and 0.4/0.6),
shown in Figs. 4 and 5, respectively, a clear separation of the Li4TisO1, and SnO, phases was observed
in the corresponding high-resolution TEM and dot-mapping images.

Figure 4. TEM and dot-mapping images of the post-treated LisTisO12-SnO, (0.6/0.4) composite
powders.

The mean sizes of the SnO, crystallites, measured using the TEM images shown in Figs. 3-5,
were 32, 49, and 66 nm, respectively, with the size of the SnO, crystals increasing with an increase in
the SnO, concentration. Necking between the SnO, nanocrystals were not observed in the TEM image
shown in Fig. 3a. However, complete necking between the SnO, nanocrystals, which resulted in the
crystals being highly electrically conductive, was seen in the TEM images shown in Fig. 5a. As can be
seen from the figure, the LisTisO12 nanocrystals were surrounded by a network of SnO, nanocrystals.
In the composite powder with a high concentration of SnO, (LisTisO12/SnO, = 0.2/0.8), a clear
separation of the phases of the composite powder were not observed in the corresponding TEM image,
shown in Fig. 6. It was noticed from the dot-mapping images, shown in Fig. 6c, that the Ti component,
which originated from the Li;TisO1, nanocrystals, was uniformly distributed in the composite powders.
Therefore, it was assumed that Li;TisO1, nanocrystals few nanometers in size would also be uniformly
distributed in the SnO, crystal matrix. In keeping in this assumption, well-defined peaks ascribable to
the LisTisO;, phase of the composite powder with a LisTisO12/SnO; ratio of 0.2/0.8 were not observed
in the corresponding XRD patterns, as can be seen from Fig. 2. The TEM image of this composite
powder, which can be seen in Fig. 6a, was more filled out that those of the other powders, shown in



Int. J. Electrochem. Sci., Vol. 8, 2013 11978

Figs. 3-5. This was because this composite powder (Li4TisO1,/SnO, = 0.2/0.8), which contained SnO,
in a high concentration, had a yolk-shell structure.

Figure 5. TEM and dot-mapping images of the post-treated LisTisO1,-SnO, (0.4/0.6) composite
powders.
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Figure 6. TEM and dot-mapping images of the post-treated LisTisO1,-SnO, (0.2/0.8) composite
powders.
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Figure 7. Schematic diagram of the structure of the composite powders with different Li;TisO12/SnO;

ratios.
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Figure 8. Charge and discharge curves of the composite powders with different LisTisO12/SnO; ratios:
(a) 0.8/0.2, (b) 0.6/0.4, (c) 0.4/0.6, (d) 0.2/0.8.

A clear void space was noticed between the core and the shell parts of the yolk-shell structure
in the TEM image of the composite powder, as indicated by the arrow in Fig. 6¢. The core part was
also observed in the SEM image (Fig. 1d) of the powder, which contained disjointed particles, and is
again indicated by arrows. The BET surface areas of the composite powders with LisTisO12/SnO;
ratios of 0.2/0.8, 0.4/0.6, 0.6/0.4, and 0.8/0.2 were 1.5, 4.2, 8.0, and 8.1 m? g™, respectively. Fig. 7
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shows schematic diagrams of the structures of the Li;TisO12-SnO, composite powders prepared by the
spray pyrolysis process.

Fig. 8 shows the charge-and-discharge curves for the first and second cycles of the LisTisO1,-
SnO, composite powders with different LisTisO1,/SnO, ratios, measured at room temperature at a
constant charge-and-discharge rate of 700 mA g™ for voltages between 0.1 and 2.5 V. The discharge
curves for the composite powders with low concentrations of SnO, (LisTisO12/SnO, = 0.8/0.2 and
0.6/0.4) exhibited two distinct potential plateaus, at ~1.5 V and at ~0.8 V, during their first cycles. The
two plateaus could be attributed to the reduction of Ti(IV) to Ti(lll) and of Sn(IV) to Sn(0),
respectively [24-27]. However, the potential plateaus at ~1.5 V were not observed in the first discharge
curves of the composite powders with high concentrations of SnO, (Li;TisO12/SnO, = 0.4/0.6 and
0.2/0.8). This was because of the high charge-and-discharge rate (700 mA g*). The potential plateaus
at ~1.6V, attributable to LisTisO;, nanocrystals, were also observed in the first and second charge
curves of the composite powders with low concentrations of SnO, (LisTisO1,/SnO, = 0.8/0.2 and
0.6/0.4). The initial charge-and-discharge capacities of the composite powders increased with a
decrease in the LisTisO1,/Sn0O, ratio. This was because increasing the concentration of SnO; increased
the theoretical capacity of the composite powders. The first Coulombic efficiencies of the composite
powders decreased from 73 to 69% when the LisTisO12/SnO, ratio was decreased from 0.8/0.2 to
0.2/0.8. These large irreversible losses in the capacities of the composite powders were mainly
attributable to the formation of Li,O during the first charging cycle, owing to a reaction of SnO, with
Li [28-30]. The lengths of the potential plateaus at ~1.6 and ~1.5 V in the second charge-and-discharge
curves of the composite powders with low concentrations of SnO, did not decrease. This was so
because of the high stability of the LisTisO1, phase. The decrease in the capacities of the composite
powders in the second cycles resulted from the instability of the SnO, component.
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Figure 9. Cycling properties of the composite powders with different Li;TisO12/SnO; ratios.
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Fig. 9 shows the cyclabilities of the composite powders with different LisTisO12/SnO; ratios at
a constant charge-and-discharge rate of 700 mA g*. The charge capacities of the composite powder
with a high concentration of SnO; (LisTisO12/SnO, = 0.2/0.8) decreased abruptly from 970 to 338 mAh
g™ after 60 cycles. However, the charge capacities of the composite powders with LisTisO12/SnO-
ratios of 0.4/0.6, 0.6/0.4, and 0.8/0.2 were high at 513, 312, and 271 mAh g™, respectively, after 60
cycles. The composite powders with high concentrations of LisTisO1, had higher capacities and better
cyclabilities even at a high charge-and-discharge rate of 700 mA g™. In particular, the composite
powder with a Li,TisO12/SnO, ratio of 0.4/0.6 exhibited a high initial charge capacity of 730 mAh g™
and good cyclability even at a high charge-and-discharge rate of 700 mA g™. In addition, the powder
was able to retain 70% of its initial capacity after 60 cycles. The uniform mixing of the LisTisO1, and
SnO, phases, as well as the phase purities, and unique morphologies of the spherical and hollow
particles, improved the electrochemical properties of the composite powders prepared by spray
pyrolysis. In addition, the complete necking of the SnO, nanocrystals, which resulted in an increase in
electrical conductivity, improved the electrochemical properties of the composite powder with a
Li4Ti5012/Sn02 ratio of 0.4/0.6.
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Figure 10. Rate performances of the Li;TisO12-SnO, composite powders (LisTisO12/Sn0, : 0.4/0.6).

Fig. 10 showed the rate performances of the composite powder with a LisTisO12/SnO, ratio of
0.4/0.6, measured at various charge-and-discharge rates. These were measured to investigate the
potential of using this powder in applications requiring high power densities. The initial charge
capacities of the composite powder were 572, 399, and 303 mAh g™ at the extremely high charge-and-
discharge rates of 3500, 7000, and 14000 mA g™, respectively. In addition, the composite powder was
able to retain 87%, 78%, and 78% of its initial capacity at charge-and-discharge rates of 3500, 7000,
and 14000 mA g™, respectively, after 50 cycles.
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4. CONCLUSIONS

The composite powders prepared by spray pyrolysis and subsequently heat treated at 800°C
comprised particles with a spherical shape and a hollow structure, irrespective of their LisTisO12/SnO;
ratios. The high-resolution TEM and dot-mapping images of the composite powders with
LisTisO12/Sn0O, ratios of 0.6/0.4 and 0.4/0.6, i.e., those containing LisTisO1, and SnO; in reversed
ratios, indicated the presence of distinct LisTisO12 and SnO, phases. In the composite powder with a
LisTisO12/Sn0, ratio of 0.6/0.4, SnO, nanocrystals several tens of nanometers in size were uniformly
distributed in the LisTisO1, matrix. However, in the composite powder with a LisTi5012/SnO; ratio of
0.4/0.6, the LisTisO12 nanocrystals were uniformly distributed in the SnO, matrix, resulting in an
increase in electrical conductivity of the powder. The composite powder (LizTisO1,/SnO, = 0.4/0.6)
with high electrical conductivity exhibited high capacities and cyclabilities even at a high charge-and-
discharge rate of 700 mA g™. This was because of the uniform mixing of the LisTisO1; and SnO,
phases in the power, the pure nature of the two phases, and the unique morphologies of the spherical
and hollow particles of the powder.
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