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Bowl-like SnO,@Carbon Hollow Particles as an Advanced Anode
Material for Lithium-Ion Batteries™*
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Abstract: Despite the great advantages of hollow structures as
electrodes for lithium-ion batteries, one apparent common
drawback which is often criticized is their compromised
volumetric energy density due to the introduced hollow
interior. Here, we design and synthesize bowl-like
SnO,@carbon hollow particles to reduce the excessive hollow
interior space while retaining the general advantages of hollow
structures. As a result, the tap density can be increased about
30 %. The as-prepared bowl-like SnO,@carbon hollow par-
ticles with conformal carbon support exhibit excellent lithium
storage properties in terms of high capacity, stable cyclability
and excellent rate capability.

As one of the most important energy-storage devices,
lithium-ion batteries (LIBs) have been intensively studied in
recent years owing to their many merits such as high energy
density, environmental benignity, light weight and high power
density.'"! Although graphite is the dominant anode material
for commercial LIBs, its relatively low theoretical capacity
(372 mAhg ") largely impedes the development of LIBs with
high energy density. Numerous efforts have been devoted to
search for high-capacity anode materials that can replace
graphite.[*'”! Recently, many metal oxides have been widely
investigated as anode materials for next-generation LIBs
because of their natural abundance and high theoretical
capacities.> 1171

Tin oxide (SnO,) stands out as one very attractive
candidate considering its abundance, environmental benig-
nity, and high theoretical capacity (780 mAhg™).l%1l How-
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ever, large volume variation (>300%) generally occurs in
SnO,-based materials during lithium insertion and extraction,
which leads to pulverization and aggregation of electrochemi-
cally active particles, and formation of unstable solid—electro-
lyte interphase (SEI), thus resulting in rapid capacity
fading."® To solve these problems, carbon-containing nano-
structured materials including hollow and/or porous nano-
composites have been proposed to overcome the above
challenges and received considerable attention.'*?!l The
highly flexible carbon matrix could buffer the large mechan-
ical strain during cycling, maintain the integrity of the whole
electrode, and at the same time might increase the electrical
conductivity. Moreover, hollow structures would better
sustain the huge volume variation associated with lithium
insertion/extraction, compared with solid counterparts. For
example, various hollow structures, including nano-
tubes,?*?24 hollow nanospheres,” " and nanocubes'!!
have been prepared and demonstrated improved lithium
storage performance especially with improved cycling stabil-
ity.

A common drawback of these simple hollow structures is
the low packing density of the materials compared to the solid
counterparts, which originates from the large empty space
within the particles. As a result, electrodes fabricated with
these hollow spheres typically suffer from relatively low
volumetric energy and power densities, which are undesirable
for practical applications. To make better utilization of the
inner hollow cavity, construction of complex hollow struc-
tures, such as yolk—shell or multi-shell hollow spheres could
partly overcome the above-mentioned limitation of hollow
particles.®% Nevertheless, synthesis of complex hollow
structures is generally challenging and complicated, and the
shell structure should be carefully controlled to optimize the
performance.””!

Herein, we propose a novel yet simple strategy to increase
the packing density of hollow particles by using bowl-like
deflated hollow spheres. The as-prepared bowl-like
SnO,@carbon (SnO,@C) particles with conformal carbon
support inherit all advantages of hollow spheres, including the
cavity to accommodate volume expansion upon lithium
insertion and reduced distance for charge transport. More
importantly, a bowl-like hollow structure excludes the unnec-
essary void space in conventional hollow particles, thus
allowing the packing of more active materials per volume.
As illustrated in Scheme 1, more bowl-like particles could be
closely packed within a given amount of space compared to
hollow spheres with the same diameter. Meanwhile, the void
space in the bowl-like hollow structure would be still
sufficient to accommodate the volume variation of the
active material, which is similar to the spherical counterpart.
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Scheme 1. Comparison of packing of bowl-like particles and spherical
hollow particles and their participation in the charge—-discharge pro-
cess.

Subsequently, the volumetric capacity of as-fabricated elec-
trodes would be substantially increased.

The formation procedure of the bowl-like SnO,@C hybrid
hollow nanostructure is shown in Scheme 2 (experimental
details are given in the Supporting Information (SI)). First, an
emulsion containing hollow polystyrene (PS) spheres® ! is
dried in air to obtain deflated bowl-like structure due to the
capillary force during the evaporation of solvent and the soft
nature of PS thin shells. Second, the bowl-like PS particles
serve as the template to support the deposition of a uniform
SnO, layer via a simple precipitation reaction. Afterwards,
the as-prepared bowl-like SnO,@PS particles are treated in
a nitrogen atmosphere at 550°C for 4 h and converted into
bowl-like SnO,@C nanocomposite.

The morphology of the pristine hollow PS spheres is
examined by field-emission scanning electron microscopy
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/
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Figure 1. a,c) FESEM and b,d) TEM images of spherical PS hollow
particles (a, b) and bowl-like PS particles (c, d).

(FESEM) and transmission electron microscopy (TEM) as
shown in Figure 1a,b. The pristine PS hollow spheres show
high uniformity with diameter of about 1 um and relatively
smooth surface. After drying in air naturally, the pristine
spherical particles are completely converted to deflated
spheres with a bow-like morphology (Figure 1c). Meanwhile
the overall integrity of the particles is well preserved. TEM
image (Figure 1d) further reveals the well-defined cavity in
the center of particles and complete merging of two layers of
shell.

A SnO, layer is then uniformly coated on the surface of
the PS templates via a facile solution-based method. The
bowl-like structure is perfectly retained and the surface
becomes slightly rougher (Figure 2a and b). Moreover, the
diameter of such SnO,@PS particles increases to around
1.1 pm (Figure 2¢) owing to the deposition of SnO,. After
thermal treatment at 550°C for 4 h in nitrogen, the bowl-like
SnO,@PS particles are converted into bowl-like SnO,@C
particles. The SnO,@C particles well preserve the bowl-like
shape (Figure 2d), demonstrating the excellent structural
stability. An enlarged view (Figure 2e) reveals that the
surface of SnO,@C particles becomes quite rough and
wrinkled compared to the pristine SnO,@PS particles. This
could be attributed to the carbonization of the PS templates
and the generation of inner void space. TEM image (Fig-
ure 2f) evidently suggests the unusual hollow structure.
Because of the shrinkage of the shell during carbonization,
the diameter of SnO,@C particles
reduces to about 900 nm. The
selected area electron diffraction
(SAED) pattern (Figure 2g) indi-
cates the polycrystalline nature of
these bowl-like SnO,@C particles
and the diffraction rings can be
readily assigned to the SnO,
phase.' A representative high-
resolution TEM (HRTEM) image
is shown in Figure 2 h. The mea-
sured interplanar distance is

Scheme 2. Schematic illustration of the formation procedure of bowl-like SnO,@C hollow patrticles.
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Figure 2. FESEM and TEM images of a—c) bowl-like SnO,@PS particles
and d-f) bowl-like SnO,@C nanocomposite. g) SAED and h) HRTEM
of bowl-like SnO,@C nanocomposite. j-I) Elemental mapping images
of an individual bowl-like SnO,@C particle shown in (i).

0.34 nm, which matches well to the (110) plane of
Sn0,.? To illustrate the spatial distribution of
SnO, and carbon in the bowl-like SnO,@C compo-
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porous characteristics of bowl-like SnO,@C particles are
further confirmed by nitrogen adsorption-desorption mea-
surement. As shown in Figure S1d (see SI), the nitrogen
adsorption—desorption isotherm of the product appears as
a type IV with a relatively unusual type H4 hysteresis loop,
suggesting a unique characteristic of large pores (the hollow
interior) embedded in a matrix with pores of small sizes.”!
The pore size distribution (inset of Figure S1d) calculated by
the Barrett-Joyner—-Halenda (BJH) method corroborates the
co-existence of nanopores of 2-3 nm in size and large pores
over 50 nm. As expected, such a structure gives rise to a high
Brunauer-Emmett-Teller (BET) specific surface area of
about 103.8 m*g".

Next, electrochemical measurements are carried out to
evaluate the lithium storage properties of these bowl-like
SnO,@C particles. Figure 3a shows cyclic voltammograms
(CV) curves of the first, second and fifth cycles of the
electrode within the range of 0.005-3.0 V vs. Li/Li* at a scan
rate of 0.5 mVs~'. Two pronounced cathodic peaks at 0.6 and
0.07 V in the first cycle can be assigned to the initial reduction
of SnO, to Sn [Eq. (1)] and formation of the SEI layer, and
the alloying process to form Li,Sn [Eq. (2)], respectively.*"
During the first charging process, a strong peak at 0.7 and
a broad peak at 1.24 V correspond to the de-alloying process
from Li,Sn and partial reversible formation of SnO,, respec-
tively, which is in agreement with previous report.*”!

site, energy-dispersive X-ray spectroscopy (EDX)
elemental mapping is performed on a typical bowl-
like SnO,@C particle (Figure 2i). The result (Fig-
ure 2j-1) demonstrates the generally uniform dis-
tribution of Sn and C within the structure, which
suggests the intimate contact between SnO, nano-
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site is determined by themogravimetric analysis Coa00 .
(TGA) as shown in Figure Sla (see SI). The TGA ‘-,; P et 100&\;
curve illustrates a significant weight loss at about 21800: o Bowllike SnO,@C particles 75 %
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indicates the presence of only SnO, and amorphous
carbon in the bowl-like Sn0,@C particles.?”! X-ray
photoelectron spectroscopy (XPS) has been
employed to analyze the bowl-like SnO,@C nano-
composite (Figure Slc, see SI), further corroborat-
ing that Sn only exists in the form of SnO,.””! The
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Figure 3. Electrochemical measurements of the bowl-like SnO,@C nanocomposite:
a) representative cyclic voltammograms (CVs) at a scan rate of 0.5 mVs™;

b) charge—discharge voltage profiles for the 1%, 2", and 50" cycles at a current
density of 400 mAg™'; c) cycling performance at a current density of 400 mAg™'
and the coulombic efficiency; d) rate performance.

www.angewandte.org

12805


http://www.angewandte.org

12806 www.angewandte.org

Angewandte

Communications
SnO, + 4Li* +4e- = Sn +2Li,0 (1)
Sn+xLi* +xe” = Li,Sn (0 < x < 4.4) )

In the 2™ and 5" cycles, the peak at 0.62 V during cathodic
scan shifts into a broad band from 0.75 to 1.30 V. Moreover,
the CV curves of the 2™ and 5™ cycles almost overlap, in
support of the good reversibility of the electrochemical
reactions in the electrode.

The electrochemical cycling stability of the bowl-like
SnO,@C particles is studied by galvanostatic charging/dis-
charging in a voltage window of 0.05-3 V at a current density
of 400mAg'. As displayed in Figure 3b, poorly defined
plateau regions can be observed in the charge—discharge
profiles, consistent with the CV results. The initial discharge
process leads to a very high initial capacity of 1772 mAhg™".
The subsequent charge process delivers a capacity of
1212 mAhg™!, leading to an initial loss of about 31.6%
which is due to the formation of a SEI layer and the
incomplete extraction of lithium from the active material. The
discharge capacities of the 2™ and 50" cycles remain stable at
1263 and 1060 mAhg™', with the corresponding charge
capacities of 1178 and 1040 mAhg™', respectively. Thus
much higher Coulombic efficiency (CE) of 93.8% and
98.1 % respectively can be obtained. Note that the specific
capacity values are calculated based on the total mass of the
bowl-like SnO,@C nanocomposite, including the amorphous
carbon support that typically shows negligible capacity.
Figure 3¢ shows the cycling performance of the bowl-like
Sn0,@C particles at a current density of 400 mAg™' in
a voltage window from 0.005 to 3 V vs. Li/Li". The discharge
capacity slowly decreases to a value of about 963 mAhg™'
after 100 cycles, which is still significantly much higher than
the theoretical capacity for graphite (372 mAhg™). It is worth
mentioning that the capacity retention of the bowl-like
SnO,@C nanocomposite is significantly enhanced when
compared with many other SnO, based nanostructures.*!
A post-mortem study shows that there is almost no change of
the morphology after two charge—discharge cycles, and the
bowl-like structure is somewhat retained after 100 cycles
(Figure S2 and S3, see SI). Moreover, the bowl-like SnO,@C
nanocomposite can be cycled with high stability in a lower
current density of 200 mA g~! and a very high current density
of 1600 mA g™ (Figure S4, see SI). To make a further
comparison, we have also investigated the electrochemical
performance of spherical SnO,@C hollow particles, which are
prepared by the same procedure except for the pre-drying of
hollow PS spheres (Figure S5, see SI). After 100 cycles at
a current density of 400 mA g between 0.005 and 3 V, the
remaining capacity is only 97 mAhg ' (Figure 3c), showing
a fast capacity fading. The bowl-like SnO,@C structure
demonstrates satisfactory rate capability as well. As shown
in Figure 3d, at increasing current densities of 100, 200, 400,
800 and 1600 mA g~', the bowl-like SnO,@C nanocomposite
shows high reversible specific capacities of about 1255, 1152,
1077, 981 and 850 mAhg™', respectively. It should be noted
that, after the continuous cycling process with increasing
current density, a specific capacity as high as 1282 mAhg™!
could be resumed at a current density of 100 mA g’ that is,
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about 90 % retention of the reversible specific capacity in the
second cycle. Such cycling performance and rate capability
are remarkable compared with many literature reports of
carbon-SnO, nanocomposites.

The attractive lithium storage properties of these bow-like
SnO,@C hybrid particles can be attributed to the following
factors. First of all, the carbon-supported bow-like hollow
structure completely inherits the advantages of conventional
carbon-coated hollow structures, including the void space and
conformal carbon layer to maintain the integrity of the
electrode during charge—discharge cycling.""'! Secondly, the
unique bow-like particles are expected to pack more densely
as shown in Scheme 1 and Figure S6 (see SI). This unusual
structural feature would make better utilization of the empty
space of hollow particles, and thus improve the volumetric
energy/power density of the electrode, which partly over-
comes the low volumetric energy density drawback of
conventional hollow particles. More importantly, such bow-
like particles likely have more contact area with adjacent
particles compared to spherical ones, leading to enhanced
charge transport as well as better structural robustness of the
electrode. In addition, it is interesting to note that the
reversible capacity of SnO, in the bow-like SnO,@C nano-
composite (e.g., ca. 1500 mAhg™' at 400 mA g~ based on the
mass of SnO, assuming carbon is inactive) is close to the
theoretical value of 1493 mAhg™' assuming Equation (1) is
completely reversible. Therefore, the high specific capacity of
the bow-like SnO,@C nanocomposite could be probably
attributed to the improved reversibility of the reaction
described by Equation (1). Moreover, the reversible forma-
tion of gel-like film[!*1%-3404) and the interfacial storage of
additional charge between the primary nanoparticles!*®*”
might also contribute to the high specific capacity, which
have been observed in many metal oxide electrode materials.

In summary, we have developed a facile and efficient
method to synthesize bowl-like SnO,@C hollow particles as
a high-performance anode material for lithim-ion batteries.
The unique architecture, which not only retains the advan-
tages of conventional hollow structures but also brings
additional benefits such as the increased packing density
and improved interconnection of the particles, is the key
factor to remarkably improve the electrochemical perfor-
mance. Impressively, the resultant bowl-like SnO,@C hollow
nanocomposite manifests a high specific capacity with
enhanced cycling stability. The concept demonstrated here
may help pave the way for practical use of hollow particles in
next-generation lithium-ion batteries.
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