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The development of high-performance Li-ion batteries is
critically important for use in portable electronics, electric

vehicles, and the storage of renewable energy.1,2 To meet these
demanding applications, Li-ion batteries with high specific en-
ergy and long cycle life are required.3 High specific energy can
be achieved by utilizing electrode materials that have a higher
specific capacity than current commercial electrodematerials, and
much research has been devoted to improving the performance
and cycle life of high-capacity electrode materials.4�8 One such
material, silicon, reacts with lithium at low potentials and has
10 times greater theoretical specific capacity than graphite.9�11

Unfortunately, the alloying reaction of Si with lithium causes
significant volume expansion and results in particle fracture and
loss of capacity with cycling.12 One way that this issue has been
addressed is to partially convert micrometer-sized crystalline
Si particles to lithiated amorphous Si during initial condition-
ing cycles and then cycle with a lower voltage limit in the fol-
lowing cycles to maintain the two-phase lithiated amorphous/
un-lithiated crystalline silicon structure.13 This electrochem-
ical conditioning method is promising, but limited capacities
(960 mAh g�1) have been exploited.13

Recently, Si nanostructures have been explored to attack the
volume expansion and fracture problem. In previous work, we
demonstrated Si nanowire electrodes that effectively address
these problems; with these electrodes, the theoretical capacity
of 4200 mAh g�1 could be reached.6 We also explored core�
shell crystalline/amorphous Si nanowires14 and carbon/Si
nanowires,15 and we showed 90% capacity retention over 100
cycles. Cho et al. fabricated three-dimensional porous Si particles
and demonstrated 2800 mAh g�1 capacity for 100 cycles.16 Song
et al. developed arrays of sealed Si nanotubes with 80% capacity

retention after 50 cycles.17 Yushin et al. reported Si/carbon
composite porous particles (50 wt % of carbon) with 1950 mAh
g�1 initial capacity and good cycling over 100 cycles.18 For all
these studies, the key design element is to have free volume
around nanostructures so that they can expand without breaking.
However, with this progress, a deeper understanding of volume
expansion and stress evolution during the lithiation process in
different types of nanostructures is important. Both theoretical
modeling19 and experimental in situ observation20 can contribute
to the understanding.

Here, we report an interconnected Si hollow nanosphere
electrode that is capable of accommodating large strain without
pulverization. Si hollow nanospheres serve as a simple model
system for study due to their uniform size distribution compared
to previously demonstrated nanostructures. We developed a
finite element model to simulate the diffusion-induced stress
evolution and investigated the volume expansion of the same
single hollow spheres before and after lithiation using transmis-
sion electron microscopy. More interestingly, we achieved high
initial discharge capacity of 2725 mAh g�1 and 700 cycles
in electrochemical tests. Less than 8% capacity degrades for
every 100 cycles. Even after 700 cycles, this Si hollow sphere
electrode shows 1420 mAh g�1 capacity. Superior rate capability
is demonstrated as well.

A number of recent models have been proposed to study stress
evolution, diffusion, and fracture in battery materials.19,21�23

We developed a finite element model to calculate the diffusion-
induced stress during lithiation. In this model, the hollow
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ABSTRACT: Silicon is a promising candidate for the anode material in
lithium-ion batteries due to its high theoretical specific capacity. How-
ever, volume changes during cycling cause pulverization and capacity
fade, and improving cycle life is a major research challenge. Here, we
report a novel interconnected Si hollow nanosphere electrode that is
capable of accommodating large volume changes without pulverization
during cycling. We achieved the high initial discharge capacity of 2725
mAh g�1 with less than 8% capacity degradation every hundred cycles for
700 total cycles. Si hollow sphere electrodes also show a Coulombic efficiency of 99.5% in later cycles. Superior rate capability is
demonstrated and attributed to fast lithium diffusion in the interconnected Si hollow structure.
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nanosphere is given mechanical properties of amorphous Si
(Young’s modulus of 80 GPa, Poisson’s ratio of 0.22, yield stress
of 1 GPa). The amorphous Si is modeled as elastically isotropic
due to its amorphous nature. Since the volume expansion is signi-
ficant, the effect of pressure gradient on Li flux needs to be
considered. Adopting related analysis for spherical particles,24,25

we rederive the stress relation for the hollow sphere geometry.
From the analytical solution for the stress associated with the
transformation strains,26 the hydrostatic stress can be expressed
by

σhðrÞ ¼ 1
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where Ω is the partial molar volume of lithium and C is the
concentration of lithium, E is Young’s modulus, v is the Poisson’s
ratio, R is the outer radius, and a is the inner radius of the hollow
sphere.

The gradient of hydrostatic stress may be expressed as
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Substituting this expression into the diffusion equation, we get
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It turns out that this equation is the same as taking the
diffusivity as a linear function of concentration

D ¼ DðcÞ ¼ �Dð1þ βcÞ ð4Þ
where β can be expressed by

β ¼ 2Ω2E
9RTð1� νÞ ð5Þ

Constant Liþ ion flux charging conditions (C/10) are used as
boundary conditions. A rate of C/10 corresponds to charging
or discharging in 10 hours. When lithium diffuses into the hollow
sphere, the outer part is lithiated first and expands but is
constrained by the inner part of sphere which remains un-
lithiated. Thus the outer part will experience compressive hoop
stress (defined as the stress in the plane perpendicular to the
radial direction) and the inner part will experience tensile hoop
stress. If a predefined crack exists, breaking will take place when
the maximum tensile stress exceeds the critical value. Figure 1A
plots the stress distribution across the shell cross section of a
hollow sphere (Rin = 175 nm, Rout = 200 nm) and its evolution
with time. Positive values indicate tensile stress, while negative
values indicate compressive stress. Themaximum tensile stress of
83.5 MPa develops at the inner surface after about 1 min of
lithiation. Figure 1B plots the stress distribution across the cross
section of a solid sphere (R = 138 nm) and its evolution with
time. The maximum tensile stress of 439.7 MPa is generated in

the center of the sphere after about 6 min of lithiation. Figure 1
shows that the maximum tensile stress in a hollow Si sphere is∼5
times lower than that in a solid sphere with an equal volume of Si
(83.5 vs 439.7 MPa, respectively). This significant difference in
the maximum tensile stress shows the unique advantage of a
hollow sphere; these lower stress values mean that the hollow
sphere will fracture less readily.

To fabricate Si hollow nanosphere electrodes, we employed a
template approach using solid silica nanospheres, as shown by
the schematic in Figure 2A. First, monodisperse suspensions of
colloidal silica particles with 350 nm diameter were prepared
following the modified St€ober method;27 these spheres were
then drop-coated onto a stainless steel substrate. The thickness
of this layer can be varied from 10 to 20 μm by the number of
drop-coating steps. Next, an amorphous Si layer was deposited
on the silica template by chemical vapor deposition (CVD) of
SiH4 at 485 �C for 20 min. Finally, the silica cores were removed
by dilute HF etching. Figure 2B shows a typical cross-sectional
scanning electron microscopy (SEM) image of an as-fabricated
hollow Si sphere electrode; this image shows that the spheres
are interconnected to form one piece with thickness ∼12 μm.

Figure 1. Theoretical modeling of stress evolution during lithiation in a
hollow sphere vs a solid sphere with the same volume of Si. (A) Hoop
stress (σθθ) evolution of a hollow Si sphere at lithiation rate of C/10 for
0.5, 1, 2, 6, and 60 min. The inset shows a schematic of the hollow Si
sphere (Rin = 175 nm, Rout = 200 nm). (B) Hoop stress (σθθ) evolution
of a solid Si sphere at at lithiation rate of C/10 for 0.5, 1, 2, 6, and 60min.
The inset shows a schematic of the solid Si sphere (R = 138 nm) that has
the same volume of the hollow sphere. Positive stress valuemeans tensile
stress, while negative value means compressive stress.
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Higher-magnification SEM images in Figure S1 (Supporting
Information) show that magnified spheres at the top, middle,
and bottom parts of the electrode are all similar. The side-view
SEM image of the same sample in Figure 2C shows the regular
closed packed arrangement of spheres on the top surface.

To observe the vacant inner space in the spheres, samples were
scraped using a sharp razor blade. The SEM image in Figure 2D
clearly shows the inner and outer surfaces of hollow spheres,
which are actually interconnected through shared shells. The
transmission electron microscopy (TEM) image in Figure 2E
further confirms the structure; the spheres have an inner radius
(Rin) of ∼175 nm and an outer radius (Rout) of ∼200 nm. Rin is
similar to that of the initial silica spheres. The area outlined by red
lines indicates a shared shell between two interconnected spheres.
Since we start from densely packed silica spheres, amorphous Si
is deposited as a conformal coating on the surface of the spheres
except in those areas where two silica spheres are in close contact.
When HF is used to etch the SiO2 template, HF solution flows
through these contact points to neighboring spheres and results
in holes on the shell (Figure 2C,E), thus forming an intercon-
nected network. The selected area electron diffraction pattern in
Figure 2E and the energy dispersive X-ray spectroscopy (EDS)
data in Figure 2F confirm that the hollow spheres are composed
of amorphous Si (the Cu and carbon signals come from the holey
carbon TEM grid).

To investigate the electrochemical performance of hollow Si
spheres, two-electrode 2032 coin cells with hollow Si sphere
anodes (Rin ∼ 175 nm, Rout ∼ 200 nm) were fabricated with Li
metal as the counter electrode. To investigate the intrinsic

properties of the hollow Si nanospheres, galvanostatic cycling
was used with voltage cutoffs of 0.01 and 1 V vs Li/Liþ. Figure 3A
shows the voltage profiles of a hollow sphere anode for the first,
second, 100th, and 500th galvanostatic charge/discharge cycles.
For the first cycle at a rate of C/10, the charge and discharge
capacities reach 3544 and 2725 mAh g�1, and the Coulombic
efficiency (CE) is 77%. In the following cycles, a rate of C/2 was
used. The capacity at the 100th and 500th cycle, compared to the
second cycle at the same rate, was 74% and 60%, respectively.
The fact that the capacity only degrades 8% per 100 cycles over
700 total cycles indicates the superior stability of the hollow
sphere electrode. The reversible Li discharge capacity and the
Coulombic efficiency of the hollow Si nanospheres versus cycle
number are plotted in Figure 3C. The Coulombic efficiency
increases to 99% after 20 cycles and stabilizes at 99.5% in later
cycles. Even at the 700th cycle, the discharge capacity is still 1420
mAh g�1, which is 3.8 times that of the theoretical capacity of a
graphite anode (372 mAh g�1).

Figure 3B shows a typical cyclic voltammetry (CV) curve of
the hollow Si nanosphere electrode over the potential window
of 0.01�1 V at a scan rate of 0.1mVs�1 after the first cycle. The
cathodic branch (Li alloy) shows two peaks at 0.07 and 0.21 V,
which are attributed to the formation of an amorphous LixSi
phase.28 In the anodic branch (Li dealloy) the two peaks at
0.29 and 0.49 V correspond to de-lithiation back to amorphous
Si.28 The peaks and shape of the CV curve are consis-
tent with the results previously reported in the literature for
Si electrodes.14,29,30 Figure 3D shows the charge/discharge
capacities of the Si hollow spheres at 0.2, 1, 2, 5, and

Figure 2. Synthesis and characterization of an interconnected Si hollow nanosphere electrode. (A) Schematic of hollow sphere synthesis. Silica particles
(R ∼ 175 nm) are first coated onto a stainless steel substrate, followed by CVD deposition of Si. The SiO2 core is then removed by HF etching.
(B) Typical cross-sectional SEM image of hollow Si nanospheres showing the underlying substrate and the electrode thickness of∼12 μm. Magnified
images (Supplementary Figure 1, Supporting Information) show that spheres throughout the thickness of the electrode are all similar. (C) SEM side view
(45� tilt) of the same sample of hollow Si nanospheres. (D) SEM image of hollow Si nanospheres scraped using a sharp razor blade, revealing the interior
empty space in the spheres. (E) TEM image of interconnected hollow Si spheres (Rin ∼ 175 nm, Rout ∼ 200 nm). The area outlined by red dotted line
indicates a shared shell between two interconnected spheres. Inset, the selected area electron diffraction pattern shows the amorphous nature of the sample.
(F) Energy dispersive X-ray spectroscopy (EDS) of a hollow Si sphere. The carbon and copper signals come from the holey carbon TEM grids.
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10 C rates, at the current density of 0.44, 2.2, 4.4, 7.8, 14 A/g,
respectively. The discharge (Li dealloying) capacities at these
rates were 2417, 2378, 2060, 1756, and 1387 mAh g�1, respec-
tively. The discharge capacities at 2 and 5 C, compared to 0.2 C,
were 85 and 73%, respectively. Even at 10 C, 57% of the 0.2 C
capacity remained, with the voltage profile in the typical shape of
amorphous Si. These high-rate capacity values are among the
highest reported for silicon electrodes, and such a superior rate
capability can be attributed to short lithium diffusion distance in
the Si hollow shell.

To explore the volume changes in hollow Si spheres during
reaction with Li, we used ex situ TEM to examine a set of the
same spheres before and after lithiation. The spheres were placed
on a conventional amorphous carbon TEM grid that had been
coated with 20 nm of Ti; this was then inserted directly in a half-
cell for reaction with Li by sweeping the voltage to 10 mV and
holding for 24 h. TEM images of the same hollow spheres before
(Figure 4A) and after (Figure 4B) lithiation reveal that the
spheres undergo isotropic volume expansion. In this sphere, the
inner radius Rin increases from∼175 to∼191 nm after lithiation,
the shell thickness increases from∼25 to∼46 nm, and the outer
radius increases from ∼200 to ∼237 nm. This results in a 240%
volume expansion, and no fracture of the hollow spheres was
observed. TEM images at lower magnification show that all con-
nected spheres expand in a similar manner (see Figure S2, Sup-
porting Information). This indicates that anodes made from
hollow spheres can withstand volume expansion and could be an

effective platform for enabling long cycle life. SEM was also used
to monitor changes in morphology before (Figure 4C) and after
40 cycles (Figure 4D) and 700 cycles (Figure 4E) for different
samples fabricated under the same condition. The surface of the
hollow spheres becomes rough after 40 cycles, but the spheres are
still intact even after 700 cycles.

The interconnected Si hollow nanosphere electrode has
several advantages as an anode. First, the maximum tensile stress
is greatly reduced compared to solid spheres; thus the hollow
spheres are capable of accommodating large volume expansion
without breaking. Second, the spheres are naturally intercon-
nected, which eliminates the need for binders and Super P carbon
black additives that normally constitute up to 20% of the weight
in typical Si powder electrodes31�33 and do not contribute to the
total capacity. Third, Rin and Rout of the hollow spheres can be
precisely controlled by the initial size of the silica spheres and the
CVD deposition parameters, such as time and temperature. Shell
thicknesses of tens of nanometers enable fast lithium diffusion
and high rate capability. The combination of these factors
indicates that this geometry is promising for use in Li-ion battery
anodes. We note Ozin et al. explored inverse-opal structure Si
electrodes using a similar template approach and demonstrated
good capacity and cycling performance.30 Compared to existing
Si nanostructure anodes, such as crystalline nanowires6 and
nanoparticles,34 the major improvement of Si hollow nanosphere
electrodes comes from significantly reduced diffusion-induced
stress due to the hollow nature of the structure. We recently

Figure 3. Electrochemical performance of interconnected Si hollow nanosphere electrodes (Rin ∼ 175 nm, Rout ∼ 200 nm). (A) Galvanostatic
charge�discharge profiles between 0.01 and 1 V vs Li/Liþ for the 1st, 2nd, 100th, and 500th cycles at a rate of 0.5 C, with the first cycle performed at
0.1 C. (B) Cyclic voltammetry curves of the second cycle of the hollow Si nanosphere electrode in the potential window between 0.01 to 1 V at a rate of
0.1 mV s�1. (C) Reversible Li discharge capacity and Coulombic efficiency of the hollow Si nanospheres versus cycle number in comparison with the
theoretical capacity of graphite. The discharge capacity degrades 8% per 100 cycles during the 700 total cycles. (D) Galvanostatic charge/discharge
curves of Si hollow spheres electrode sequentially cycled at 0.2, 1, 2, 5, and 10 C rates with voltage cutoffs of 0.01 and 1 V. All measurements were carried
out at room temperature in two-electrode 2032 coin-type half cells and no special cycling procedure was used.
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studied the critical size of Si NWs and found Si NWs prone to
fracture when the diameter is larger than 300 nm.35 In contrast,
the hollow Si nanospheres shown in Figure 4, with outer
diameter of 350 nm, still remain intact after full lithiation. The
improved capacity retention may also due to reduced so-
lid�electrolyte interphase (SEI) formation compared to smaller
size solid Si nanoparticles. Aurbach et al. reported that the
irreversible capacity of the nanoparticles is closely related to
the intensive side reactions between the active material and
electrolyte.36 The hollow spheres have a free surface on the inside
of the structure that is ideally not exposed to electrolyte.
Compared to nanoparticles 10 nm in size that could have similar
reduced stress values,34 the hollow sphere geometry results in
85% less surface area exposed to the electrolyte for an equal
volume of Si. This would decrease the significance of side
reactions and SEI formation. Better control of SEI formation
and disruption in our hollow nanospheres is expected to further
improve the cycle stability.

In conclusion, we report the modeling, synthesis, and char-
acterization of interconnected silicon hollow nanospheres as
anodes in lithium-ion batteries. As an ideal model system, finite
element modeling and ex situ TEM observation lead us to a
deeper understanding of the volume expansion and stress
evolution during the lithiation process. This study reports high

capacity over 700 cycles, which is the longest ever reported for
the silicon anode. These results suggest that the interconnected
hollow nanosphere architecture is effective for mitigating the
effects of volume expansion/contraction and represents a pro-
mising direction for use in practical batteries.
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