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Lithium reactive Sb-based alloys have been investigated
as a possible candidate among metallic anode materials for
replacing the graphite currently used as a lithium battery
anode materia.l'™ These materials have been showed large
degree of volume expansion and contraction during lithium
alloy and dealloy processes, resulting in a rapid capacity fade.
Given that lithium—metal alloys have an ionic character, it
is, therefore, very easy to pulverize during lithium alloying
and dealloying.'® This pulverization results in an electrical
disconnect between the particles and current collectors,
resulting in rapid capacity fading. To improve the capacity
retention of lithium reactive metal alloys, many attempts,
such as the formation of mesopores,“*14 the use of metal
and carbon composites,lS*20 and the introduction of nano-
sized metals,”’ > have been reported. Studies involving
hollow lithium reactive metal, however, have yet to be
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Figure 1. (a) Schematic diagram of the preparation of hollow Sb particles
from the CTAB-functionalized SiO, template. (b, ¢) SEM images of the
SiO; template, and (d, €) SEM images of the SiO, template coated with Sb
particles.

reported, although investigations of hollow Sn0,?*%® have
been carried out. The use of hollow SnO; led to improved
specific capacity and capacity retention characteristics com-
pared to SnO; nanoparticles.

On the other hand, hollow spheres of various materials,
including oxides, metals, and semiconductors, have been
created via template approaches for possible new opportuni-
ties in catalysis, microelectronics, and photonics.zg*31 Among
the various types of hollow materials, hollow metals using
silica and polymers as well as those without templates have
been studied.>>*° For instance, Kim et al. reported that
hollow Pd spheres was obtained after coating functionalized
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Figure 2. (a) XRD patterns of the as-prepared hollow Sb particles after
thermal annealing at 400 °C, (b, c) SEM images of the as-prepared hollow
Sb particles, and (d) SEM image of the cross-sectioned sample shown in
(c). (e) EDX spectra of regions 1 and 2 in the SEM image shown in (d).

SiO, spheres with mercaptopropylsiyl groups followed by
successive decomposition of Pd(acac), in toluene at 250 °C. ¥
Dhas et al. reported that hollow MoS;-coated SiO, nano-
particles were prepared with the thermal decomposition of
Mo(CO)¢ in isodurene under an Ar flow, and the SiO,
template was removed by etching in HF.*°

In the present study, the synthesis of hollow Sb particles
using a SiO, template functionalized with cetyltrimrthylam-
monium bromide (CTAB) groups is reported. Its electro-
chemical result showes superior cycling performance to
nanosized Sb.

Figure la shows a schematic diagram of the preparation
procedure of hollow Sb particles, and the initially prepared
uniform silica template is shown. When the surfaces of the
hollow Sb particles were functionalized with CTAB groups
in ethanol, dissolved Sb precursor Sb(acac); was then
absorbed on the CTAB-functionalized template. The resulting
template was heat-treated at 300 °C in an Ar atmosphere.
SEM images of as-prepared SiO, template (b and c¢) and of
Sb-coated template (d and e) were taken, and the SiO,
templates are spherical with diameters of approximately 300
nm. After Sb coating, the original morphology remains. This
was followed by NaOH etching and annealing at 400 °C for
1 h under a vacuum to remove the CTAB.
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Figure 2a shows XRD patterns of the hollow Sb powder
after NaOH etching and annealing at 400 °C under a
vacuum. No secondary phases are observable. The dif-
fraction patterns can be indexed to a rhombohedral
structure with the R3m space group, and the lattice
constants were estimated as @ = 4.306 A and ¢ = 11.271
A. Images b and c in Figure 2 show SEM images of the
hollow Sb. The empty cores in the Sb particles are clearly
shown. Figure 2c shows a cross-sectioned SEM image of
the hollow Sn particles with shell thicknesses of ap-
proximately 20 nm. The energy-dispersive X-ray spectra
in the hollow sphere and shell regions confirm the pure
Sb with no traces of Si detected at 1.7 KeV. Figure 3
shows TEM images of the hollow Sb particles with an
empty core. The uniform shell thickness of nearly 20 nm
agrees with that shown in the SEM results. A HREM
image of shell (c) shows that the lattice fringes of the
(116) plane correspond to 1.42 A of Sb. The selected area
diffraction pattern clearly shows the formation of single-
crystalline Sb.

Figure 4a shows the voltage profiles of the hollow and
nanosized Sb metals (SEM images of the nanosized Sb
showing particle sizes of approximately 100 nm (see the
Supporting Information, Figure S1)) during the first cycle.
The discharge and charge capacities of the hollow Sb are
798 and 665 mAh/g, respectively, showing Coulombic
efficiency of 83%, whereas those of the nanosized Sb are
732 and 620 mAh/g, respectively, showing a Coulombic
efficiency of 84%. It is believed that the improved specific
lithium storage capacity of the hollow Sb is largely associated
with the unique structure of the hollow nanostructure, which
has high porous shells that formed during NaOH etching.
Figure 4b shows the cycle number vs the charge capacities
of the hollow and nanosized Sb particles out to 100 cycles.
The capacities of the hollow and nanosized Sb after 100
cycles are 615 and 342 mAh/g and have capacity retention
ratios of 94 and 55%, respectively (note that hollow Sb was
cycled at a rate of 1C). It is evident that the cycling
performance of the hollow Sb is substantially improved while
the nanosized Sb shows a large amount of capacity fade after
100 cycles.

Figure 4C exhibits the rate capabilities of the samples with
increasing current rates from 0.2C to 7C (= 4200 mA/g),
and hollow Sb shows superior charge capacity retention at
higher rates to the nanoparticle counterpart. The hollow
sample shows the first charge capacity and its capacity after
10 cycles at a 7C rate is 587 and 570 mAh/g, respectively.

Figure 3. (a) TEM images of the hollow Sb particles, and (b) an expanded image of (a). (c) Expanded image of the shell in (b) with the inset indicating the

selected area diffraction pattern of (b).
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Figure 4. (a) Voltage profiles of hollow and nanosized Sb particles between
O and 1.2V at arate of 0.2 (=120 mA/g) in coin-type half-cells and (b) the
corresponding charge capacities vs the cycle number (1C and 0.2C rates
were used for the hollow and nanosized Sb particles, respectively). (c) Plot
of charge capacity vs cycle number of hollow and nanosized Sb particles
between 0 and 1.2 V at different current rates from 0.2C to 7C (discharge
current rate was fixed at 0.2 C).

However, Sb nanoparticles shows 373 and 306 mAh/g at
the same test conditions.

In contrast to the metal hosts (M), lithium alloys Li,M
are of highly ionic character and therefore they are usually
fairly brittle. Thus, mechanical stresses, related with the
volume changes, induce a rapid decay in mechanical stability.
This is particularly true for coarse-grained, macrostructured

Chem. Mater., Vol. 20, No. 5, 2008 1681

—
“Hollow cores

Figure 5. SEM image of the cycled hollow Sb electrode (after 100 cycles).

metals. However, mechanical strain has been reported to be
reduced by tailoring the particle morphologies, such as
particle size, shape, texture, and porosity, ete. 112627 1
our case, SEM image of the cycled hollow Sb particles
clearly shows the presence of the hollow cores (Figure 5),
indicating that the empty core can act as a buffer layer to
accommodate the volume expansion of the shell.

In conclusion, Hollow Sb particles prepared from a CTAB-
functionalized SiO, template showed significantly improved
capacity retention compared with previously reported Sb-
related materials. This improvement was largely associated
with the presence of hollow cores that acted as buffer layers
for the volume change of the Sb shell. Because of the
formation of the empty core, the volumetric energy density
of the cell is expected to be decreased, compared to its solid
counterpart. However, hollow metallic Sb anode demon-
strated higher energy density than its solid counterpart at
higher current rates.
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