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R
echargeable lithium-ion batteries (LIBs)
have attracted great interest in recent
years due to their wide range of appli-

cations in portable electronic devices and
their promise for powering electric vehicles
(EVs) and hybrid electric vehicles (HEVs).1�3

However, the performance of LIBs still needs
to be improved to meet the increasing de-
mand for higher energy and power density
and longer cycling life. To achieve the above
objectives, it is essential to develop novel
electrodematerials with higher electrochemi-
cal performance.4,5 An attractive candidate
for replacing the current carbonaceous an-
odes is silicon, which has the highest theo-
retical gravimetric and volumetric capacity
of ∼4200 mAh g�1 and ∼8500 mAh cm�3

among all possible anodematerials.6�10 How-
ever, themajor drawbackof a siliconelectrode
is the extremely high volume expansion of
∼300% that can occur when lithiation occurs,
which leads to mechanical stresses large en-
ough to fracture and severely pulverize the
Si electrode and causes the loss of electrical
contact and rapid capacity fade upon cy-
cling.11 Several strategies have been explored
in recent years to improve the cyclability of
Si-based anodes.9,12�20 For example, Cui et al.

prepared Si nanowires and nanoparticles en-
capsulated in carbon shells with excellent
electrochemical performance.7,21On theother
hand, due to their one-dimensional tubular
morphology, good electrical conductivity,
high mechanical strength and structural
flexibility, and their ability to form an effi-
cient conductive network, carbonnanotubes
(CNTs) have drawn intense attention for use
as the anodematerial of LIBs.22,23 Nanostruc-
tures of Si nanobeads strung by CNTs24 and
Si nanotubes confined in CNTs25 were pro-
posed toaccommodatehugevolumechanges
of Si during lithiation and delithiation without
appreciable mechanical failure. Most previous
reports on CNT-containing Si anode materials
mainly emphasized the electrical connection
of Si with the CNT exterior surface by simple
mechanical mixing,26 growth of CNTs on Si,18

anchoring Si on theCNT surface,27 anddeposi-
tion of Si on a CNT film to form a Si/CNT
compositepaper,28 inwhich theCNTs function
as both a good electrical conducting network
and a mechanical support for structural rein-
forcement. However, the confinement effect
of CNTs is not satisfactory due to the inhomo-
geneousdistributionof Si particles and the fact
that they are not strongly confined by the CNT
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ABSTRACT Silicon has the highest theoretical lithium storage capacity of all materials at 4200mAh/g;

therefore, it is considered to be a promising candidate as the anode of high-energy-density lithium-ion

batteries (LIBs). However, serious volume changes caused by lithium insertion/deinsertion lead to a rapid

decay of the performance of the Si anode. Here, a Si nanoparticle (NP)-filled carbon nanotube (CNT)

material was prepared by chemical vapor deposition, and a nanobattery was constructed inside a

transmission electron microscope (TEM) using the Si NP-filled CNT as working electrode to directly

investigate the structural change of the Si NPs and the confinement effect of the CNT during the lithiation

and delithiation processes. It is found that the volume expansion (∼180%) of the lithiated Si NPs is

restricted by the wall of the CNTs and that the CNT can accommodate this volume expansion without

breaking its tubular structure. The Si NP-filled CNTs showed a high reversible lithium storage capacity and

desirable high rate capability, because the pulverization and exfoliation of the Si NPs confined in CNTs were

efficiently prevented. Our results demonstrate that filling CNTs with high-capacity active materials is a feasible way to make high-performance LIB electrode

materials, taking advantage of the unique confinement effect and good electrical conductivity of the CNTs.
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network within a nanospace. On the other hand, the
detailed reaction process for the above Si/CNT compo-
sites and the role that CNTs play during lithiation/
delithiation are far from clear. In addition, there is
no report revealing the confinement effect of CNTs
on active electrode materials, especially an anode in
which Si fine particles are filled inside CNTs. However,
understanding of this effect may be essential for the
design and optimization of high-performance hybrid
electrode materials for LIBs.
In this work, we prepared a Si nanoparticle (NP)-filled

CNT structure by the chemical vapor deposition of
SiH4 into the hollow cores of CNTs with two open ends.
To the best of our knowledge, this is the first report of
the synthesis of Si NPs encapsulated in CNTs. A nano-
battery was then constructed inside a transmission
electron microscope using the Si NP-filled CNT as a
working electrode to directly investigate the structural
change of Si NPs and the confinement effect of CNTs
during lithiation and delithiation. Our results show that
CNTs can accommodate the large volume expansion
of the lithiated Si NPs. The diameter of the CNTs was
observed to expand by 14%, while the overall mor-
phology and hollow tubular structure of the CNTs were
preservedwithout any rupture. Furthermore, the trans-
port velocity of lithium ions along the axis of the
CNTs was measured to be ∼30 nm/s. Excellent lithium
storage properties of the Si NP-filled CNTs in terms
of high reversible capacity, good cycling stability, and
high rate capability were demonstrated.

RESULTS AND DISCUSSION

Structural Characterization of Si NP-Filled CNTs. Figure 1a
and b show typical scanning electron microscopy
(SEM) images of the Si NP-filled CNTs with a uniform
length of∼30 μm and a diameter of∼50 nm. It can be
seen that there is no Si deposited on the outer surface
of the CNTs. Figure 1c, a transmission electron micro-
scopy (TEM) image, reveals that the Si NPs are well
dispersed inside the hollow core of the CNTs, and the
selected area electron diffraction (SAED) pattern (inset
of Figure 1c) indicates that they are amorphous.28 This
is in good agreement with the results of laser Raman
spectroscopy (Figure S1, Supporting Information)29,30

and X-ray diffraction (XRD) characterization (Figure S2,
Supporting Information). A high-magnification TEM im-
age of a Si NP-filled CNT is shown in Figure 1d. It can
be seen that the thickness of the tube wall is ∼5 nm,
and the Si NPs are firmly anchored onto the inner CNT
wall. The walls of the CNT are undulating due to the
low synthesis temperature used. No lattice fringes of
the SiNPs canbediscerned, ingoodagreementwith the
Raman, SAED, and XRD characterization results. For
better visualization of the Si NP dispersion, a high-angle
annular-dark-field (HAADF) image of the Si NP-filled
CNTs (Figure 1e) was acquired. The elemental maps of
carbon, silicon, and oxygen from the rectangular area

indicated in Figure 1e are shown in Figure 1f, g, and h,
respectively. The appearance of oxygen signals can
be ascribed to oxygen-containing functional groups
on the CNT surface (Figures S3 and S4a, Supporting
Information) induced during the chemical removal of
the anodic aluminum oxide (AAO) template and partial
oxidation of the filled Si NPs. X-ray photoelectron
spectroscopy (XPS) analysis (Figure S4b and Table S1,
Supporting Information) shows that the atomic percent-
age of silicon is 22.2% in the Si NP-filled CNTs, much
higher than that of oxygen (6.3%).

Nanobattery Construction. In situ TEM electrochemical
measurements have proven to be a direct and effective
way to probe the morphology and structure changes
of electrode materials during the discharge/charge
process.31,32 We constructed a nanobattery inside a
TEM using a Si NP-filled CNT as the working electrode
to examine its structural changes during lithiation/
delithiation and to obtain insight into the spatial con-
finement effect of the CNTs. A schematic construction of
the nanobattery is shown in Figure 2a. A Si NP-filled CNT
was loaded onto the edge of a gold probe with a freshly
cut tip, serving as theworking electrode. A small piece of
metallic lithium attached to another gold rod was used
as the reference/counter electrode. A Li2O layer on the
surface of the Li metal formed by exposure to air for less
than 5 s served as a solid electrolyte.33,34 Figure 2b
shows a low-magnification TEM image of a Si NP-filled
CNT bridging the electrodes. The lithiation/delithiation
experiment was conducted by applying a voltage of
�2/þ2 V to the working electrode.

Microstructure Characterization. Figure 3 shows TEM
images of a Si NP-filled CNT before and after lithium

Figure 1. Microstructure and elemental analysis of the Si
NP-filled CNTs. (a and b) SEM images; (c) low- and (d) high-
magnification TEM images, clearly showing that Si NPs are
100% filled inside the CNTs. The inset in (c) shows the SAED
pattern. (e) HAADF image and the corresponding (f) C, (g) Si,
and (h) O elemental mapping.
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insertion, and the influence of lithiation on the mor-
phology and structure of the Si NPs and CNT is clearly
observed. As can be seen in Figure 3a, the pristine Si
NPs have a mean diameter of ∼20 nm and are firmly
attached to the inner wall of the CNT. After lithiation,
the size of the Si NPs increased due to the formation of
a LixSi phase and the accompanying volume expansion
(Figure 3b).35 Typically, a volume expansion of ∼180%
for the Si NPs (indicated by red arrows) is observed,
much less than previously reported results.33,34,36 This
is mainly because the CNT shell confines the expansion
of the LixSi NPs. The Si NPs are confined in the hollow
core of CNTs. As a result, the volume expansion of Si
NPs during lithiation is restricted due to the mechan-
ical confinement�lithiation coupling.37,38 The stress
induced by lithiation of Si NPs within CNTs may slow
down and limit further lithium diffusion and result in
an incomplete lithiation of the encapsulated Si NPs
by forming LixSi (x < 3.75). As a result, a much lower
volume expansion rate compared with that of Si
existing in a free space was observed.39,40 Moreover,
the thin SiOx layer on the surface of Si NPs could also
contribute to the lower volume expansion.41 No dis-
tinct cracking or pulverization of the lithiated Si NPs
was observed, which can be ascribed to their small size
and homogeneous volume expansion. It is noteworthy
that the lithiated Si NPs maintain good electrical con-
tact with the CNT, as can be observed in Figure 3b.
Due to the expansion of the Si NPs and the insertion
of lithium ions into the carbon layers, the diameter of
the CNT expanded from 49 nm to 56 nm after the
electrochemical lithiation, while the hollow tubular
structure of the CNT was well preserved and there
was no breakage because of its high mechanical
strength and good flexibility. These results indicate

that CNTs effectively restrain the lithiation-induced
swelling and exfoliation of the Si NPs inside them.
A TEM image (Figure 3c) of a pristine Si NP-filled CNT
shows that most of the carbon layers have an angle
of ∼12� to the tube axis direction. After lithiation,
the angle between the carbon layers and tube axis is
obviously increased to ∼28�, caused by the volume
expansion of the Si NPs and the resulting inhomoge-
neous stress upon lithiation, which is not observed for
the CNTswithout filling of Si NPs (Figure S5, Supporting
Information). Actually, when the lithiation of the
confined Si NPs proceeds, the volume of the Si NPs
expands. As a result, a compressive stress is yielded
at the radial direction of the CNT. To release this high
stress, the CNTs expand locally and an enlarged di-
ameter is observed (Figure 3). Because the CNT has a
poor crystallinity and the carbon walls are not quite
straight and ordered, the angle between the carbon
layers and the tube axis was changed along with the
local expansion of the CNT. After delithiation, the stress
can be unloaded upon the volume contraction of the Si
NPs and the CNT shrinks to its original state. Moreover,
the thickness of the CNT wall increased from 4.5 nm to
5.6 nm, possibly due to the insertion of lithium ions.
An ultrathin lithium-containing film (marked by awhite
arrow) related to the solid electrolyte interphase layer
in a conventional electrochemical cell has been formed
on the outer surface of the CNT (Figure 3d).42 A fast
Fourier transform (FFT) pattern of the Si NPs is shown in
the inset of Figure 3c, revealing an amorphous struc-
ture of the Si, and no crystalline Li15Si4

10 or Li22Si5
43was

Figure 3. Structural changes of the Si NP-filled CNT before
and after lithiation. Low-magnification TEM images of the
(a) pristine and (b) lithiated Si NP-filled CNT showing an
obvious expansionof both the siliconNPs and theCNTupon
lithium insertion. HRTEM images of the Si NP-filled CNT (c)
before and (d) after lithiation, showing an increase of the
angle between the carbon layers and tube axis after the
lithiation. The insets in (c) and (d) are fast Fourier transforms
(FFT) of the Si NPs, indicating the existence of amorphous Si
and LixSi before and after lithiation.

Figure 2. In situ TEM electrochemical measurements. (a)
Schematic showing the construction of the electrochemical
testing setup. (b) TEM image showing a Si NP-filled CNT
bridging a Au probe and a Li electrode.
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formed after the lithiation (inset of FFT pattern in
Figure 3d). This could be ascribed to the lithiation-
induced stress and restrained strain in confined space
accompanied by the slow-down of Liþ diffusion, which
may lead to a decrease in the equilibrium concentra-
tion of Li in the Li�Si phase and the formation of an
amorphous lithiated Si structure.41

Dynamic Electrochemical Lithiation and Delithiation. Figure 4
depicts dynamic structural evolution of a single Si NP-
filled CNT during lithiation/delithiation. When a poten-
tial of �2 V was applied, lithiation of the Si NP-filled
CNT occurred (Figure 4a�d and Movie S1, Supporting
Information). During lithiation, a three-step Li ion trans-
port during the lithiation process is considered. First,
Li ions transport through the surface of the CNT.
An ultrathin lithium-containing film related to the
solid electrolyte interphase layer was observed on the
outer surface of the CNTs after lithiation (Figure S5,
Supporting Information). A similar phenomenon was
also observed for carbon nanofibers (CNFs).44 Second,
since the CNT is poorly crystallized (due to the low
synthesis temperature) and the carbon layers are wavy
and discontinuous, Li ions can easily penetrate the
carbon layer to access the interior of the CNTs. Third,
the SiNPs are firmly anchoredon the inner surfaceof the
CNTs (Figure 3); thus the Li ions can transport easily
through the CNT/Si NP interface to Si NPs by fast surface
diffusion, which results in relatively uniform lithiation of
the Si NPs.45 The arrows in Figure 4b�d clearly show the
insertion of lithium and the resulting large volume
expansion of the Si NPs due to the formation of a LixSi
phase. While the pristine Si NPs were discontinuously

distributed inside the core of the CNT, aggregation of
LixSi NPs (Figure 4c,d) was observed after lithiation
ended. This might be caused by the volume expansion
and lithiation-induced contact flattening as a result of
the NP deformation through viscous flow, which often
happens for particles in a restricted reaction space.35

The entire lithiation process was finished within 10 s,
indicating fast lithium diffusion along the carbon layers
and subsequent rapid lithiation of the Si NPs. On
the basis of the time delay of the lithiation of the NPs
at different locations and the distance of lithium diffu-
sion in Figure 4, we calculated the rate of lithium-ion
transport along theCNT tobe∼30nms�1 in thepresent
conditions, which is much higher than that reported
for amorphous carbon.35 Moreover, a lithiation rate of
∼20 nm s�1 was detected for the Si NPs, much higher
than value reported for Si NPs embedded in CNFs.35 For
in situ experiments, lithiation behavior can be quite
different, relying on different experimental conditions,
such as the electrical contact between the sample and
Li source, the thickness of the Li2O layer, and the elec-
tric conductivity of the specimen. In this work, the fast
lithiation rate demonstrated can be partially ascribed to
the small size of the Si NPs, easy breakage of weakened
Si�Si bonds induced by partial surface oxidation, the
amorphous structure of the NP,45 and the good contact
between the Si NPs and CNTs. No core�shell lithiation
of the Si NPs was observed, also indicating a fast lithium
transport. Although the internal diameter of the CNT
was observed to rapidly increase as a result of the
expansion of the Si NPs, there was no cracking, indicat-
ing that the CNT has a sufficiently high mechanical
strength and good flexibility to accommodate the
volume change. Figure 4e�h show the structural
change in a lithiated Si NP-filled CNT upon delithiation
by reversing the applied bias (Movie S2, Supporting
Information). Obviously, the LixSi NPs show a uniform
contraction during delithiation, accompanied by shrink-
age of the CNT diameter. Interestingly, a single lithiated
Si particle (indicated by a red arrow in Figure 4e)
completely vanished during delithiation, indicating
rapid mass transport of Si through viscous flow when
Liþ is removed (indicated by a white arrow in Figure 4f).
Finally, an amorphous Si nanorod was preserved inside
the core of the CNT. Although the diameter of the CNT
was locally enlarged and turned out to be uneven
during lithiation (Figure 4c,d) due to the nonuniform
distribution of Si NPs filled inside, it can be seen that the
morphology and tubular structure of the CNT are well
preserved (Figure 4h) after delithiation. By comparing
Figure 4g and h, we can see that the delithiation of the
Si NP-filled CNT was completed in 9 s, which is exactly
the same as that for the lithiation. This means that
the dynamics of the insertion and removal of lithium
are similar for the Si NP-filled CNTs. This excellent
reversibility is very important in improving the high
rate capability of the Si NP-filled CNTs. Furthermore, the

Figure 4. Dynamic structural changes of a Si NP-filled CNT
under electrochemical lithiation/delithiation. (a�d) Lithia-
tion of a Si NP-filled CNT. The arrows in images (b)�(d)
indicate the Liþ transport direction and the site where LixSi
begins to form during lithiation. (e�h) Delithiation of the
same Si NP-filled CNT. The arrow in image (f) shows the Liþ

transport direction during delithiation. (i) Illustration of the
lithiation/delithiation of Si NP-filled CNTs.
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growth of an electronically insulating SEI film on the
surface of the Si NPs can be effectively hindered during
the charge/discharge process due to the shielding of
the CNT wall (Figure 3b).21 Further discharge/charge
testing (Figure S6, Supporting Information) showed
that the lithiation and delithiation behaviors of the Si
NP-filled CNT remained almost unchanged, and during
these cycles themorphology and tubular structure of the
CNT were well retained.

The overall lithiation/delithiation of the Si NPs
confined within a CNT are schematically described
in Figure 4i. Upon lithiation, Li ions from the counter
electrode can easily enter CNTs through structural
defects on the walls or open ends46,47 and are quickly
transported along the tube axis.21 The Si NPs quickly
swell upon the insertion of Li ions. No fracture of Si
NPs occurs, due to the spatial restraint of the CNT and
the fine Si particle size as well as alleviation of the
lithiation-induced strain at the reaction front from
two-phase lithiation of the two-step lithiation process
in a-Si.33,40,44 The CNT with good toughness would
expand accordingly driven by the stress in the radial
direction, caused by lithiation-induced volume expan-
sion of Si, and the diameter of the CNT is increased to
partially release the lithiation-induced stress and ac-
commodate the Si volume expansion, which can be
well confined inside the nanochannel of the CNT.
Meanwhile, the contact area between Si-based NPs
and carbon layers greatly increases, which facilitates
fast electron transport, and the carbon layers act as
a current collector for the encapsulated Si NPs. After
delithiation, the NPs show volume shrinkage as a result
of the extraction of Li ions from the LixSi phase.
Simultaneously, the CNT unloads elastically following
the volume contraction of Si, which can induce the
reversal of hoop stress from the initial tension to
compression, leading to the shrinkage of the CNT,
and the hollow tubular structure of the CNT was well
preserved with the Si restrained inside the core, in-
dicating an excellent stability of this hybrid structure.

Bending and Restoration. An important reason that
accounts for the rapid capacity fade of a Si electrode
is that the lithiated Si tends to be pulverized and
detached from the current collector, due to the large
stress caused by volume changes. To further reveal the
structural stability of the lithiated Si NP-filled CNTs, we
performed compressive loading and unloading tests
inside the TEM (Movie S3, Supporting Information).
Two lithiated Si NP-filled CNTs marked “1” and “2” in
Figure 5a were pushed and pulled using the piezo-
manipulator of a TEM-scanning tunneling microscopy
(STM) holder, and a series of snapshots showing the
structural change are given in Figure 5. When a com-
pressive force was applied, the lithiated CNTs were
deformed and bent as indicated by thewhite and black
arrows in Figure 5b. Obtuse angles were formed at the
bends when the CNTs were continuously driven by the

piezomanipulator (Figure 5c), and an inverted “S”
shape was observed for CNT 2 (Figure 5d). No cracking
or fracture appears even at the most sharply bent sites
(Figure 5b�d). After compressive loading, the lithiated
Si NP-filled CNTs were pulled back to their original
positions, as shown in Figure 5h. The CNTs recovered
their original straight morphology, and the large
deformation at the bends (Figure 5e�h) was fully
recovered after unloading without leaving any damage.
These bending and pulling tests prove that the Si
NP-filled CNTs are strong and flexible enough to under-
go reversible deformation. Furthermore, the lithiated
LixSi NPs are firmly attached to the inner surface of the
CNTs during the whole mechanical testing process.
These results indicate the strong binding between Si
NPs and CNTs, which facilitates the cyclic stability of the
Si NP-filled CNTs as an anode material for LIBs.

Electrochemical Performance. We investigated the elec-
trochemical lithium storage performance of the Si
NP-filled CNTs as the anode of LIBs. Figure 6a shows
differential capacity curves of the first three cycles of
Si NP-filled CNTs, which are consistent with typical
amorphous silicon charge�discharge behavior.27,48,49

During the first discharge, one broad and three sharp
peaks can be observed. The broad peak at 0.8�0.9 V
(versus Li/Liþ) is attributed to the side reaction related
to the formation of a solid electrolyte interphase (SEI)
layer,28,50 which disappeared in the subsequent dis-
charge process (inset of Figure 6a). The sharp reduction
peaks at 0.2, 0.05, and 0.14 V can be assigned to typical
lithiation of amorphous silicon27,48 and Li ion inter-
calation into the CNTs,51 respectively. Meanwhile, the
peak for the reduction of SiOx by lithium was not
observed,15,52 possibly due to the very small amount
of the SiOx layer. Two oxidation peaks at around
0.32 and 0.51 V in the first cycle were observed,
which can be ascribed to the phase transition between
the amorphous LixSi alloy phase and the formation of
amorphous Si by the dealloying reaction.27,48 In the
subsequent two cycles, the two cathodic peaks during
discharge shifted to higher potentials of ∼0.22 and

Figure 5. Compressive loading and unloading tests of the
lithiated Si NP-filled CNTs. (a�d) Structure of the lithiated Si
NP-filled CNTs under compressive loading. (e�h) Structure
of the lithiated Si NP-filled CNTs when they are restored to
the original position. The white arrows in (b)�(h) show a
bend in the upper CNT marked “1”. The black arrows in
(b)�(h) indicate a bend in the lower CNT marked “2”.
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∼0.07 V, while the two anodic peaks during charge
downshifted 0.02 V to ∼0.3 and ∼0.49 V, indicating
improved reactivity of the electrodes as a result of the
first irreversible Li ion intercalation.53 Importantly, the
peak intensities of the Si NP-filled CNTs remained
almost unchanged, showing greatly improved cycling
stability. The discharge/charge capacities as a function
of cycle number for the Si NP-filled CNTs and commer-
cial Si NPs are shown in Figure 6b. It can be seen
that a high reversible capacity of 2660 mA h g�1 for
the commercial Si NPs was observed (Figure S7,
Supporting Information) in the first cycle, but only
311 mA h g�1 was delivered after 20 cycles, which is
lower than the theoretical capacity of graphite. On the
other hand, the reversible specific capacity of the Si NP-
filled CNTs is 1671 mA h g�1 based on the mass of the
composite anode in the initial cycle, and the capacity
tends to be stable throughout the whole cycling
process. After 20 cycles, the Si NP-filled CNTs retain a
reversible capacity of 1475 mA h g�1, which is about
4 times the theoretical capacity of graphite anodes.
Figure 6c shows the rate performance (obtained after
three initial cycles at a current rate of 50mA g�1) of the
Si NP-filled CNTs and commercial Si NPs. It can be seen
that the specific capacity of Si NPs drops rapidly from
813 mAh g�1 to 366.9 mAh g�1 at a low current density
of 100 mA g�1 and is only 5.3 mAh g�1 at 2000 mA g�1,
showing poor rate capability. In contrast, the Si NP-filled
CNTs exhibit a high reversible capacity of 1684.1mAhg�1

at 100 mA g�1 and more than 1200 mAh g�1 at

500 mAh g�1, which is much higher than the value
previously reported for Si NPs in CNFs.54 Remarkably,
when the current density is increased to 2000 mA g�1

stepwise, the Si NP-filled CNTs still retain a reversible
capacity of 614.6 mAh g�1, much higher than the
theoretical capacity of graphite. As mentioned above,
all these results can be attributed to the unique spatial
confinement effect, good electrical conductivity, and
excellentmechanical properties of the Si NP-filled CNTs.

General Discussions. CNTs have been widely used
as an additive in the electrode materials of LIBs. It is
generally considered that the one-dimensional CNTs
may form networks and hence improve the electrical
conductivity and high rate capability of LIBs. In this
study, by fabricating Si NP-filled CNTs and constructing
a nanobattery, we clearly demonstrated that CNTs can
also improve the ionic conductivity of the electrodes.
This is because CNTs have cylindrical sp2-bonded tube
walls, along which Liþ can transport rapidly.52 In addi-
tion, structural defects in CNTs allow penetration of
Liþ through the tube wall to the hollow core of CNTs.
As a result, the ionic conductivity of CNTs is much
higher than that of CNFs, in which no “expressway” for
Liþ transport is provided. Another point is that the Si
nanoparticles are firmly anchored to the inner wall of
the CNTs, which also improves Liþ transport through
the C/Si interface. The Si NPs with a small and uniform
size confined in CNTs lead to shortened electronic and
ionic transport lengths, which facilitates fast lithium
insertion into the Si NPs. Last, but certainly not least,

Figure 6. Electrochemical performance of the Si NP-filled CNTs. (a) Plots of the differential capacity of the Si NP-filled CNTs in
thefirst three cycles. The inset in (a) shows the enlargement of aparticular potential region. (b) Cyclingperformanceof the SiNP-
filled CNTs and that of commercial Si NPs for comparison. (c) Rate performance of the Si NP-filled CNTs and commercial Si NPs.
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the confined conductive CNT interior environment can
act as a buffer to alleviate volume changes during
charge/discharge processes and meanwhile confine
Liþ transport within the CNTs, which can accelerate
Liþ diffusion and lithiation of the Si.

When Si NPs are confined in the nanospace of CNTs,
their volume expansion during the lithiation process
can be restricted by mechanical confinement of CNTs.
During the lithiation, the Si NPs inside CNTs start to
swell, which can drive the carbon wall of the CNTs
outward to release partial stress from lithiation-
induced volume expansion of lithiated Si. Also, compres-
sive stress on lithiated Si from the CNTs is increased
together with the expansion of CNTs, due to their
elastic feature. Then, the confinement�lithiation cou-
pling can occur, caused by lithiation-induced stress
and restrained strain in a confined space, and limiting
behavior of deep lithiation in Si could happen due to
the slow-down of Liþ diffusion. Hence, the volume
expansion of lithiated Si can bewell confined inside the
nanochannel of a CNT. Although superior electrochem-
ical Li storage properties of the Si NP-filled CNTs have
been achieved, slight performance decay is observed
upon cycling compared with some Si-CNT nano-
composite systems.25,27 This can be ascribed to the
instability of the whole electrode structure, which
comprises both active and inactive materials, such as
Si NP-filled CNTs, Super P carbon, and polyvinylidene
fluoride (PVDF) binder. Due to the obvious swelling of
the CNTs during lithiation, cracking, deformation, and
partial exfoliation of the electrode components may
occur upon cycling, leading to deteriorated cycling
performance. There are several possible ways to ad-
dress the above issue. First, the filling rate of Si in CNTs

can be properly reduced to improve the structural
stability of the electrode. Second, increasing the thick-
ness of the carbon wall of CNTs can further confine the
volume expansion in a smaller range. Third, a proper
design of the composition and structure of the whole
electrode may also further improve its overall electro-
chemical performance.

CONCLUSION

In summary, a Si NP-filled CNT anode material has
been synthesized. Silicon NPs with a mean diameter of
∼20 nm were homogeneously encapsulated within
the hollow core of the CNTs. Lithiation of individual
Si NP-filled CNTs was investigated for the first time
by constructing a nanobattery in a transmission elec-
tron microscope. The Si NPs inside the CNT were
transformed to LixSi upon lithiation accompanied by
a volume expansion of only ∼180%. The CNTs acted
as an excellent buffer to accommodate the volume
expansion of Si NPs confined in them, and the di-
ameters of the CNTs were increased by ∼14%. The
lithiation of Si NPs was found to be significantly
accelerated inside the CNT because of the good elec-
tronic and ionic conductivity of the CNTs, as well as the
small size of the Si. The hollow tubular structure of the
CNTs was well preserved after lithiation/delithiation
tests due to the excellent mechanical strength and
flexibility of the CNTs. As an anode of LIBs, the Si NP-
filled CNTs exhibited a high reversible lithium storage
capacity, good cycling stability, and superior rate cap-
ability. Our results indicate that high-performance
hybrid electrode materials can be designed and fabri-
cated by optimizing their structure and the combina-
tion of materials used.

METHODS
The preparation process of the Si NP-filled CNTs is schemat-

ically given in Figure S8 of the Supporting Information.
Synthesis of CNTs by the Anodic Aluminum Oxide Template Method.

AAO templates with a channel size of 50 nm were prepared by
the two-step anodic oxidation of high-purity aluminum sheets
under a direct current (dc) in an acidic solution. The aluminum
sheets were sonicated in acetone to degrease them and then
etched in a 5 M NaOH aqueous solution to remove impurities
and the oxide layer on the surface. They were then anodized
under 40 V dc for 4 h in a 3 wt % oxalic acid solution to obtain a
nanoporous alumina layer. After removal of the original alumina
layer, an ordered pore arrangement was prepared on the Al
substrate by the same anodic oxidation treatment described
above. Free-standing AAO films with two open ends were
obtained by detaching the AAO nanoporous layers from the
Al substrates under a dc voltage 5 V higher than the forming
voltage in a solution of mixed perchloric acid and acetone. The
as-obtained free-standing AAO films were placed in the middle
of a quartz tube, which was inserted into a vertical tubular
furnace, then heated to 650 �C at a rate of 10 �Cmin�1 under an
argon flow of 300 cm3min�1. Acetylenewas introduced into the
furnace at 10 cm3min�1 with an argon flow of 190 cm3min�1 as
the carrier gas to deposit carbon on the inner surface of the AAO
channels. After 2 h of deposition, the acetylene flow was turned
off, and the furnace was cooled to room temperature while

protected with an Ar flow. As a result, CNTs replicated from the
nanochannels of AAO templates were obtained.

Synthesis of Si NPs-Filled CNTs. The Si NP-filled CNTs were
prepared by the chemical vapor decomposition of SiH4 in
CNT cores. The AAO film with a deposited carbon layer was
placed in the middle of a horizontal tube furnace and heated
to 500 �C in 30 min under a hydrogen flow of 200 cm3 min�1. A
SiH4 (10% SiH4 in H2) flow was introduced into the furnace at
10 cm3 min�1 using a hydrogen flow of 40 cm3 min�1 as carrier
gas. The CVD process lasted for 20 min. Finally, Si NP-filled CNTs
were obtained by dissolving the AAO films in a 10 wt % H3PO4

aqueous solution at 60 �C for 24 h.
Structure Characterization. The morphology and microstruc-

ture of the samples were observed using scanning (FEI Nova
Nano 430 system) and transmission electron microscopes
(JEOL JEM-2010 and FEI Tecnai F20). Laser Ramanmeasurements
wereperformedusingaRamanspectrometer (JobinYvonLabRam
HR800) with an excitation laser wavelength of 632.8 nm. X-ray
diffraction was used to identify the sample using a diffractometer
(Rigaku D/max-2400) with Cu KR (λ = 1.540 56 Å) radiation. X-ray
photoelectron spectroscopy measurements were carried out on
an ESCALAB 250 with Al KR radiation (15 kV, 150 W).

Electrochemical Property Measurements. The electrochemical
measurements were carried out with coin-type two-electrode
half-cells. To prepare the working electrode, 70 wt % of the Si
NP-filled CNTs, 15wt% conducting agent (Super P), and 15wt%

A
RTIC

LE



YU ET AL . VOL. 9 ’ NO. 5 ’ 5063–5071 ’ 2015

www.acsnano.org

5070

polyvinylidene fluoride dissolved in N-methyl-2-pyrrolidone
were mixed to form a slurry, which was coated on a copper foil
and then dried under vacuum at 120 �C for 12 h. Metallic lithium
foil was used as the counter/reference electrodes, and a Celgard
2400 membrane was used as separator. LiPF6 (1 M) dissolved
in a 1:1 (v/v) mixture of ethylene carbonate and dimethyl
carbonate was used as electrolyte. Galvanostatic charge and
discharge measurements were carried out in the voltage range
0.01�2.0 V versus Liþ/Li at a current density of 100mAg�1 using
a battery test system (LAND CT2001A model, Wuhan Jinnuo
Eletronic Co. Ltd.)

Construction of the Nanobattery. In situ transmission electron
microscopy tests were conducted in a Tecnai F20 TEM with
a Nanofactory TEM-STM holder. Briefly, the Si NP-filled CNTs
were attached to a gold rod by directly touching the sample
powder with a freshly cut tip. One protruding Si NP-filled CNT
was selected under TEM as the working electrode. A small piece
of lithium foil was scratched with another gold rod inside a
glovebox filled with argon (O2 and H2O content <0.1 ppm) and
served as the reference electrode and lithium source. A naturally
grown Li2O layer was formed on the surface of the lithium
foil by air exposure (∼5 s) and used as the solid electrolyte for
Liþ transport between the Si NP-filled CNT and the metallic Li
counter electrode. The counter electrode was mounted on a
piezomanipulator and driven to approach the working elec-
trode inside the TEM for the lithiation treatment during the
experiment. A potential of �2/þ2 V was applied to the Si NP-
filled CNT with respect to the Li counter electrode to promote
lithiation/delithiation of the samples.
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