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M
any applications require batteries
with greater than currently avail-
able energy densities,1�3 which

has motivated numerous research efforts4,5

including investigations on high energy
density anode and cathode materials, and
engineered electrode structures which
maximize capacity utilization and rate
performance.6�9 Si has attracted broad at-
tention as an anode material because of its
high theoretical capacity of∼4200mAh g�1,
which is about 10 times that of carbonaceous
anodes.10,11 However, Si expands ∼300%
during lithiation and subsequently contracts
during delithiation, which leads to fracture,
loss of contact between the active material
and the current collector, and continuous

formation of a solid-electrolyte interphase
(SEI) layer.12�14 SEI stabilization efforts have
included carbon, oxide and polymer coat-
ings.15�17 Carbon coatings are attractive be-
cause they concurrently provide a conduc-
tive pathwaywithin the electrode and form a
barrier layer between the electrolyte and the
Si.18�20 For example, Cui et al. reported a Si/C
hybrid inspired by a pomegranate structure
inwhich Si nanoparticles are encapsulated in
a larger carbon sphere, leaving a void that
provides space for the volume expansion of
the Si upon lithiation.21 The carbon isolates
the Si nanoparticles from the electrolyte,
limiting SEI formation on the Si.
Here we fabricate, electrochemically cycle,

andmodel themechanicsof a carbon-coated
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ABSTRACT Stability and high energy densities are essential qualities

for emerging battery electrodes. Because of its high specific capacity,

silicon has been considered a promising anode candidate. However, the

several-fold volume changes during lithiation and delithiation leads to

fractures and continuous formation of an unstable solid-electrolyte

interphase (SEI) layer, resulting in rapid capacity decay. Here, we present

a carbon�silicon�carbon (C@Si@C) nanotube sandwich structure that

addresses the mechanical and chemical stability issues commonly

associated with Si anodes. The C@Si@C nanotube array exhibits a

capacity of ∼2200 mAh g�1 (∼750 mAh cm�3), which significantly exceeds that of a commercial graphite anode, and a nearly constant Coulombic

efficiency of∼98% over 60 cycles. In addition, the C@Si@C nanotube array gives much better capacity and structure stability compared to the Si nanotubes

without carbon coatings, the ZnO@C@Si@C nanorods, a Si thin film on Ni foam, and C@Si and Si@C nanotubes. In situ SEM during cycling shows that the

tubes expand both inward and outward upon lithiation, as well as elongate, and then revert back to their initial size and shape after delithiation,

suggesting stability during volume changes. The mechanical modeling indicates the overall plastic strain in a nanotube is much less than in a nanorod,

which may significantly reduce low-cycle fatigue. The sandwich-structured nanotube design is quite general, and may serve as a guide for many emerging

anode and cathode systems.
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tubular Si architecture designed to minimize the me-
chanical plastic strain associated with cycling and
maintain a stable SEI. We show, relative to a solid rod,
for example, the lithiated Si nanowires simulated by
Zhang et al.,22,23 that the plastic strain upon lithiation
of a silicon tube is significantly less than that of a rod. A
tubular architecture presents the possibility of a high
energy density through the efficient packing of tubes,
and carbon-coated tubes provide an efficient path-
way for current collection, assuming the tubes are
connected to a current collector, as is the case here.
By growing the tubes on an electrically conductive 3D
scaffold, thick electrodes with high energy densities
can be fabricated. Specifically the electrode consists of
sandwich-structured nanotubes arrayed on an electri-
cally conductive Ni foam. The Si nanotubes are closed
on one end, and are coated, both inside and outside,
with a carbon layer (Figure 1). The electrode exhibits
a gravimetric capacity of 2246 mAh g�1 (Si basis) and
200mAh g�1 (electrode basis), and a volumetric capac-
ity of 767 mAh cm�3, which significantly exceeds that
of a commercial graphite anode (∼300 mAh cm�3).24

While the theoretical volumetric capacity of carbon is
830 mAh cm�3, this does not include the current
collector, binder, porosity, etc. The capacity fade of
the structure is about 9.6% between the 20th and 60th
cycle, and the Coulombic efficiency is about 98% over
most C-rates.

RESULTS AND DISCUSSION

Fabrication of Sandwich-Structured C@Si@C Nanotube Elec-
trode. A dense array of nearly uniform ∼50 nm diam-
eter, 500 nm long ZnO nanorods (Figure 2a and
Figure S1a, Supporting Information) were hydro-
thermally grown onto a Ni foam (Figure S1b). The
ZnO nanorods are then coated with 3�5 nm of carbon
(Figure 2b), which in the final structure is the inter-
nal layer of the sandwich-structured nanotubes, by

polymerizing a thin layer of furfuryl alcohol on the
surface of ZnO nanorods (Figure S1c,d) followed by
carbonization in Ar at 500 �C for 3 h. SEM images of the
ZnO@C nanorod array are presented in Figure S1e,f.
Twenty nanometers of Si was then deposited on the
surface of the ZnO@C nanorods via static CVD
(Figure 2c and Figure S1g,h), followed by the forma-
tion of a second 3�5 nm thick carbon layer, also by
carbonization of a polymerized furfuryl alcohol layer
(Figure 2d and Figure S1i,j). Finally, the ZnO nanorods
were etched with dilute acetic acid, yielding the final
C@Si@C nanotube structure.

Structural Characterization. X-ray diffraction (XRD)
(Figure S2a) and energy dispersive X-ray (EDX) spectro-
metry (Figure S2b) confirm the crystalline nature of the
hexagonal ZnO nanorods and presence of the Si coat-
ing, respectively. A cross-section of the layer-by-layer
structure can be observed in a focused ion beam (FIB)
milled sample (Figure S3). After etching the ZnO core,
the sandwich nanotube structure can be visualized via

SEM and TEM (Figure 2e,f). In Figure 1f, both the Si layer
and the carbon layers can be observed. The sample
composition and the complete removal of the ZnO
core were confirmed by elemental mapping, EDX, and
XRD (Figure S4).

Electrochemical Properties of the Sandwich-Structured
C@Si@C Nanotube Array Anodes. The galvanostatic charge
and discharge performance at 0.07 C (1 C corresponds
to complete charge or discharge of theoretical capacity
in 1 h) for 60 cycles is shown in Figure 3a. There is a
long flat plateau during the first discharge (lithiation)
consistent with previous reports on Si-based elec-
trodes,25,26 which can be assigned to the reaction
between Si and Li-ion to form amorphous LixSi.

27 The
electrode shows first cycle discharge and charge capac-
ities of 4130 and 2545 mAh g�1 (Si basis), respectively
giving an initial Coulombic efficiency of 61.6% (Figure 3b).
For the second cycle, the Coulombic efficiency is

Figure 1. Schematic illustrating the fabrication of the 3D Ni foam supported sandwich-structured C@Si@C nanotube array.
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85.1%, the discharge and charge capacities are 3181
and 2707 mAh g�1, respectively. Over the first 10
cycles, the charge capacity gradually increases up to
about 3006 mAh g�1; the capacity increase with cy-
cling for Si has previously been ascribed to the activa-
tion of Si.28,29 After about 15 cycles, the cycling
becomes stable, with a typical discharge capacity of
2246 mAh g�1, charge capacity of 2208 mAh g�1, and
Coulombic efficiency of∼98.3%, which is considerably
better than some previous reports,30�33 although not
as good as Cui's results.21 The capacity then fades
slowly over the following cycles, perhaps due to the
choice of LiClO4 in EC-DMC as the electrolyte. It was
recently reported lithium hexafluorophosphate and
fluorinated ethylene carbonate provide more stable
cycling,34 and such a system will be considered for
future work. The initially very porous 3D electrode can
be compressed from ∼1000 to 150 μm thick without
structural and electrochemical performance degrada-
tion (Figures S5 and S6), yielding an electrode volu-
metric capacity of 767 mAh cm�3.

The cyclic voltammetry (CV) curves of the C@Si@C
nanotube array at a scan rate of 0.1 mV s�1 over
the range of 0.0 to 2.0 V are shown in Figure 3c and
Figure S7. Reduction peaks around 0.04 and 0.19 V can
be found in the cathodic branch of the curves, which
can be attributed to the lithiation of Si to form LixSi
alloys.35,36 Starting from the second cycle, the weak
cathodic peaks located round 0.5 V can be observed.
No obvious oxidation peaks indicative of SEI formation
are observed in the anodic sweep.37 The anodic peaks

at about 0.33 and 0.51 V overlap slightly, and can be
assigned to reversible reactions between Li-ion and Si
and probably correspond to the cathodic peaks around
0.04 and 0.19 V.38 As seen in the inset in Figure 3c, the
intensity of each peak increases with cycling, indicat-
ing the activation of more Si with Li during the charge/
discharge process, in good agreement with the galva-
nostatic data.

Figure 3d shows the rate performance of the 3D
electrodes (galvanostatic cycling curves are shown in
Figure S8). All electrodes were precycled ca. 15 times
at 0.06 C before C-rate measurements. Both charge
and discharge capacities decrease as the C-rate in-
creases; however, the Coulombic efficiency stays
around 96�99%, indicating a stable electron transfer
performance at all current densities, The electrode
retains discharge and charge capacities of about
1235 and 1223 mAh g�1 even at a rate of 2 C. When
the C-rate was returned to 0.05 C, the capacities
recovered, and the Coulombic efficiency remained
greater than 98%.

Control Architectures. To determine the origin of the
electrochemical properties of the C@Si@C nanotube
array structures, a series of related structures were
fabricated including carbon-layer free Si nanotubes
(Figure 4a, and Figure S9a,b), formed by growing Si
directly on the ZnO nanorods followed by ZnO etching,
ZnO@C@Si@C nanorods (Figure 4b, and Figure S9c,d),
and a Si thin film grown directly on the Ni foam
(Figure 4c). The electrochemical properties including
discharge and charge capacities, and the corresponding

Figure 2. (a) SEM image of the ZnO nanorods grown on the Ni foam. The inset is a low-magnification SEM image of the ZnO
nanorod array coated Ni foam (scale bar: 200 μm). (b) TEM image of a single carbon-coated ZnO nanorod after carbonization
of carbon precursor-coated ZnO nanorods. (c) TEM image of a ZnO@C@Si nanorod. (d) SEM image of the ZnO@C@Si@C
nanorod array. (e) SEM image of the C@Si@C nanotube array after etching the ZnO core. (f) TEM image of a C@Si@C nanotube.
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Coulombic efficiencyof these three electrodes, aswell as
the C@Si@C nanotube array at a rate of 0.08 C are shown
in Figure 4d�f (galvanostatic cycling curves are shown
in Figure S10). The discharge capacity of the Si nano-
tubes shows a pronounced decay to ∼1800 mAh g�1

after 15 cycles, and after 15 cycles, the Si thin film shows
a decay to below 1000 mAh g�1. Both the Si nanotubes
and the Si thin film show low Coulombic efficiencies,
probably due to continuous SEI formation, which agrees

with the thick SEI layer that can be observed in the SEM
images after cycling (Figure S11a�d). The capacity of
the ZnO@C@Si@C nanorods also decays rapidly, and
obvious cracks after cycling are observed (Figure S11e,f).
The solid core requires all volume expansion during
lithiation to be outward, which is probably the origin of
the cracks. C@Si (Figure S12a�c) and Si@C nanotubes
(Figure S12d�f) were also fabricated and compared
with the sandwich-structured nanotubes. These structures

Figure 3. (a) Galvanostatic charge/discharge cycles at a rate of 0.07 C. (b) Specific capacity and Coulombic efficiency over
60 cycles. (c) The first five CV curves over the potential range of 0.0 to 2.0 V versus Li/Liþ at a scan rate of 0.1 mV s�1. (d) The
C-rate performance of the electrode from 0.05 to 2 C.

Figure 4. TEM images of (a) the Si nanotube and (b) the ZnO@C@Si@C nanorod. (c) SEM image of the Si thin film deposited on
a strut of the Ni foam. The inset is a high-magnification image. (d) Discharge capacity, (e) charge capacity and (f) Coulombic
efficiency of different structures at 0.08 C over 30 cycles.
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give high discharge capacities (in particular the Si@C
nanotubes) in the initial cycles (Figure S13); how-
ever, they both showobvious capacity decays to below
2000 mAh g�1 after 30 cycles.

We hypothesize the electrochemical performance
of the C@Si@C nanotube array is superior to the other
designs for the following reasons. The electrode design
presented here consists of closed-end (Figure 2e) Si
nanotubes sandwiched between two carbon layers.
The external carbon layer appears to assist in forma-
tion of a stable SEI as can be noted by comparing
Figure S14, where the carbon layer is present, and only
a thin SEI forms, and Figure S11a�d, where no carbon
is present, and a thick SEI forms. It is possible the
carbon surface chemistry is playing a role due in SEI
formation. Previous reports,34,39,40 have found that the
surface functionalities present on carbon depend on
the fabrication processes and the SEI performance is a
function of the surface chemistry.41,42 To limit forma-
tion of SiO2 and SiC, known to form at 900 �C when Si
and carbon are both present, and known to prevents
efficient lithitation-delithiation,39 a heat treatment
temperature of 500 �C was employed to pyrolyze
furfuryl alcohol, and at this low of a temperature, there
are almost certainly a diversity of surface chemical
functionalities on the carbon layer. The internal carbon
layer appears to play a significant role in providing a
continuous conductive pathway for electron transfer,
and may also limit SEI formation as noted by the
significant reduction in capacity fade for a sandwich
structure vs a structure with the carbon layer only on
the outside. During lithiation�delithiation, the mor-
phology of nanotube changes reversibly, retaining a
stable tubular structure, as shown through the in situ

SEM observations described below. It also should be
noted that the acetic acid, which is used to etch the
ZnO nanorods, presumably reaches the nanorods
through pinholes or cracks in the Si tube; however, as
SEI is not observed inside the C@Si@C nanotubes after
cycling, it appears electrolyte may not substantially
enter the tubes, perhaps because the pinholes become
clogged by a thin SEI layer. The combination of the
nanotube structure and the open structure of the 3D
porous Ni scaffold accommodate the volume change
of Si during lithiation�delithiation.

The improved electrochemical performance of the
C@Si@C nanotube array sandwich structure relative to
the Si nanotubes, the ZnO@C@Si@C nanorods, a Si thin
film on Ni foam, and C@Si and Si@C nanotubes indi-
cates the importance of each structural element of the
nanotube array electrode. Impedance spectroscopy
(EIS, Figure S15) indicates a stable surface chemistry
and consistent Li ion diffusion kinetics for the C@Si@C
nanotube array sandwich structure. In addition, the
presented electrode is also designed to concurrently
mitigate the effects of the volume changes of the Si
whilemaintaining good ionic and electrical conductivities

through the structure. The high surface area of the
foam, results in a high density of ZnO nanorods,
which leads to a high volume density of Si in the final
structure. Because of the nanorod structure, substan-
tially more Si is present in the final structure than if the
Si was simply grown on the Ni foam. To increase both
the gravimetric and volumetric capacity, structurally
optimized 3D scaffolds, formed perhaps from lower
density metals may be required; however, even with-
out such efforts, this design already provides an volu-
metric capacity significantly greater than a commercial
carbon-based anode.

In Situ Observations. The lithiation and delithiation of
a nanotube was observed in situ using a design which
did not place external mechanical constraints on the
tubes (the tubes are freely lying on a substrate). Even
though the lithium diffusion pathways in the in situ

studies are different than in an electrolyte flooded
system, we suspect lithium surface diffusion on the
surface of the nanotubes is fast enough that lithiation
of the nanotubes is still homogeneous in the in situ

experiments. Evidence for this is that the nanotubes do
not appear to bend during lithiation in the in situ

experiments, which would be the case if one side of
the nanotubes lithiated first.

For in situ observations larger diameter C@Si@
Cnanotubes were fabricated by starting with ∼800 nm
diameter ZnO rods; all subsequent fabrication steps
were the same as for the standard electrode (larger
rods were necessary to provide sufficient resolution
during imaging). To keep the ratio of the thickness
of the silicon to the diameter of the rods similar to
the standard electrode, a thicker Si layer was grown
(Figure S16). The volume changes with cycling can be
observed in Figure 5a�c. There is an expansion during
lithiation, and contraction during delithiation (video is
shown asMovie S1). During lithiation, the tube exhibits
both inward and outward expansion, along with elon-
gation, and no obvious cracking was observed. The
ratio of expansion and elongation is constant between
the first and second lithiation (Figure S17 and Table S1),
indicating the strain is reversible during lithiation�
delithiation.

Mechanics Evaluation. The large volume changes dur-
ing cycling lead to significant stresses in both lithiated
and unlithiated Si.43,44 The stress build-up is the results
of two effects, external constraints (e.g., the substrate)
that prevent the lithiated Si from expanding freely, and
the deformation mismatch between lithiated and un-
lithiated regions. Because lithiated Si is ductile, once
the von Mises stress in the lithiated Si exceeds its yield
strength,45 plastic deformation begins. After yield,
plastic strain can increase until it reaches the ultimate
strain, at which point fracture occurs. If a material is
stressed repetitively above the yield stress, but not
strained to the ultimate strain, plastic deformation
will still accumulate and eventually lead to fracture
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(low cycle fatigue). The greater the plastic strain in each
cycle, the earlier the material will fail, thus the motiva-
tion for architectures which reduce the plastic strain for
a given degree of lithiation.

The stress distributions and plastic strain in both the
silicon nanotubes used in electrochemical measure-
ments and the larger tubes used for the in situ SEM
studies are studied here via finite element analysis
(FEA) using ABAQUS,46 and comparedwith Si nanorods
with the same Si cross-sectional area. In the FEA, we
assume that an atomically sharp reaction front mi-
grates through Si nanowires during lithiation,22,23

forming a sharp boundary between Li-poor and Li-rich
phases. The reaction rate is considered to be constant
and uniform ignoring the crystallographic orientation
dependence,47,48 leading to constant migration vel-
ocity (the Si used here is amorphous). We assume that
the rate of lithiation is the same on the inside and
outside walls of the tubes. The coefficient of linear
expansion upon lithiation is chosen to be 60% to
match the 300% volume expansion.23 Young's moduli
and Poisson's ratios of silicon and lithiated silicon are
chosen to be 80 and 15 GPa, and 0.22 and 0.17,
respectively.12 The lithiated Si is considered to obey
elastic-perfectly plastic constitutive law with a yielding
stress of 0.5 GPa.45

Two stress components in the Si nanotubes and
nanorods were evaluated as lithiation progresses: the
maximum principal stress, which is responsible for
crack initiation and propagation; and the von Mises
stress, which drives plastic deformation. The magni-
tudes of the stresses in nanotubes and nanorods were
compared to identify possible failure mechanisms.
Figures 6 and 7 show the highest maximum principal
stress as a function of the thickness ratio, and the
contours of the maximum principal stress in the nano-
tubes and nanorods (contours of the von Mises stress
shown in Figure S18), respectively. For both the nano-
tubes and the nanorods, the thickness ratio is defined
as silicon equivalent thickness of the lithiated region
divided by that of the original total thickness of the
silicon. For the nanorods, the original total thickness of
the silicon is the original nanorod radius, and for the

nanotubes, the original total thickness is the thickness
of the nanotube wall. Equations to convert thickness
ratio to degree of lithiation are provided in the Sup-
porting Information. Note, for the nanotubes, the
degree of lithiation is equal to the thickness ratio, while
for the nanorods, the degree of lithiation grows more
rapidly than the thickness ratio. The detailed distribu-
tions of the maximum principal stresses and von Mises
stresses in nanotubes and nanorods are given in
Figure S19. The results show that, due to the elastic-
perfectly plastic property of lithiated Si, the highest von
Mises stress levels in lithiated regions of both nano-
tubes and nanorods are limited by the yield strength of
0.5 GPa. Furthermore, in both the nanotubes and the
nanorods, the highest maximum principal stresses in
lithiated regions are well below the tensile strength of
lithiated Si, and that in the unlithiated Si (around 5GPa)
is also below the tensile strength of Si.49 This is con-
sistent with experimental observations that no cracks
were present upon the first lithiation cycle. The lithia-
tion-induced stress change in the Si nanorods is also
in agreement with the report by Zhang et al.23

Figure 5. In situ observations: SEM images of a C@Si@C nanotube (a) as fabricated, (b) after discharge (lithiation), and (c) after
charge (delithiation).

Figure 6. Maximumprincipal stress in the silicon nanotubes
and the nanorods as a function of lithiation (expressed as
the thickness ratio as defined in the text). The Si nanotube
(standard) has a 90 nm outer diameter, and 20 nm thick Si
wall. The equivalent Si nanorod (same amount of silicon)
has an outer diameter of 74.8 nm. The in situ SEM observa-
tion Si nanotubehas an 820 nmouter diameter, and a 75 nm
thick Si wall.

A
RTIC

LE



LIU ET AL. VOL. 9 ’ NO. 2 ’ 1985–1994 ’ 2015

www.acsnano.org

1991

They stimulated the morphological changes and
stress evolution of Si nanowires based on a finite-strain
model, and showed that the predicted morphological
change of the cross section of Si nanowires is similar to
those by a small-strain model and some experimental
reports.50,51

The situation is different if one considers the plastic
strain in the nanotubes and nanorods. The highest
plastic strain in the Si nanotubes and nanorods are
plotted as a function of the thickness ratio in Figure 8.
Although the highest plastic strains in nanotubes and
nanorods are similar at the beginning of lithiation (low
values of thickness ratio), they become very different as
lithiation progresses. While the plastic strain in the
nanotubes increases gently, the plastic strain in the
nanorods increases dramatically. As the thickness ratio
approaches 1.0, both structures becomes fully lithiated
and the stresses and elastic strains in the structure go
to zero.52,53 However, the plastic strains do not go to
zero. This is because, as previously demonstrated,45,54 a
core�shell structure forms in Si nanowires during
lithiation. At the core�shell interface, a large strain is
produced by the abrupt change of Li concentration,
which can only relax by plastic deformation of the
lithiated silicon. Figure 8 also shows that the highest
plastic strain in the larger nanotube in the in situ SEM
study is slightly less than that in the standard Si
nanotubes in the electrochemical study. Plastic strain
contours of nanotubes and nanorods through lithia-
tion process are given in Figure 9. Evolutions of the
plastic strain contours on deformed shape during
lithiation of the nanorods and nanotubes are shown
in Movies S2 and S3, respectively.

The numerical simulation results in Figures 8 and 9
also point to the possibility of a failure mechanism of
the lithiated Si during charge�discharge cycles, i.e.,
low-cycle fatigue. Low-cycle fatigue is induced by
repeated plastic deformation, with a total cycle to
failure fewer than 103 (often of the order of tens of

cycles if large plastic deformation is present, e.g.,
consider bending back and forth of a paper clip until
failure). Low-cycle fatigue is governed by an empirical
Coffin�Manson relation:55

Δεp
2

¼ εf
0(2N)c (1)

where (Δεp/2) is the plastic strain amplitude, εf
0
is the

fatigue ductility coefficient, which is a constant, c is
fatigue ductility exponent, which is a negative empiri-
cal constant, andN is the number of cycles to failure. As
the material goes through the lithiation�delithiation
cycles, significant plastic strain is accumulated, lead-
ing potentially to ratcheting phenomena. As a result,
damage accumulates in the material which will even-
tually lead to failure. eq 1 shows that the higher the
plastic strain amplitude, the lower the total number of
cycle to failure. Since the plastic strain amplitude in the
nanorods is significantly higher than that in the nano-
tubes, it is expected that the nanorods would fail with
significantly fewer lithiation�delithiation cycles com-
pared to the nanotubes. This is indeed observed in our

Figure 7. Maximumprincipal stress contours on deformed shapes of nanotubes and nanorods during lithiation as a function
of the thickness ratio.

Figure 8. Maximum plastic strain in the silicon nanotubes
and the nanorods as a function of lithiation (expressed as
the thickness ratio as defined in the text).
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experimental study, in which ZnO@C@Si@C nanorods
with a solid ZnO core show obvious cracks after cycling
(Figure S11e,f).

CONCLUSION

In summary, we have presented a sandwich struc-
ture design that effectively addresses the many of the
mechanical and chemical stability issues common for
Si anodes. The nanotube-based electrode exhibits a
high volumetric capacity and stable Coulombic effi-
ciency over cycling. In situ SEM cycling shows the tubes
expand both inward and outward upon lithiation, as
well as elongate, and then revert back to their initial
size and shape after delithiation, suggesting a stable
accommodation of volume changes. Stress modeling
indicates the plastic strain during lithiation is much
lower for the nanotube structure vs the nanorod struc-
ture, which is perhaps why the nanotube structures
show much better cycling behaviors. In addition, the

fact that the inner face of thenanotube showedminimal
SEI formation is intriguing, and perhaps indicates the
lithium is able to diffuse down the thin carbon layer
during cycling. Clearly, additional studies are needed to
investigate this further and to see if there is some
optimal thickness of carbon and length of nanotube
to realize the best cycling results. For example, perhaps
the inner surface area of the tubes could be increased to
provide both more sites for lithiation and to reduce the
plastic strain. A few hexagram shaped inner-side nano-
tubemodels to investigate the shape-dependent plastic
strain are shown in Figure S20. While these designs did
not appear to offer significant advantages, we expect
there may be optimal structures that have a far from
round inner cross-section. It is also important to con-
tinue to investigate templates other than Ni foams,
given the high density of Ni; however, it is important
that any template be mechanically and chemically
stable and have sufficient electrical conductivity.

METHODS
ZnO Nanorod Growth on Ni Foam. The ZnO nanorod array was

prepared by a modified hydrothermal method.56 Chemicals
were purchased from Sigma�Aldrich Corp. and used directly
without further purification. In a typical procedure, a 0.8 cm �
2 cm Ni foam (surface density: about 346 g m�2, ∼1 mm thick,
30�40 pores per centimeter, purity >99.99%, Marketech Intl,
Inc.) was washed with acetone and water alternatively by
ultrasonication and dried in a vacuum oven at 50 �C for 2 h.
The pretreated Ni foam was dipped into 5 mM zinc acetate
dehydrate solution for 1 min, followed by drying with a stream
of N2. This coating step was repeated twice. Then, the Ni foam
was heated to 350 �C in air for 20min, yielding a ZnO seed layer.
The ZnO nanorod array was grown by immersing the seeded Ni
foam into an aqueous solution containing 25 mM zinc nitrate-
hydrate [Zn(NO3)2 3 6H2O] and 25 mM hexamethylenetetramine
(C6H12N4) at 93 �C for 4 h. After the reaction was complete, the
Ni foam coated with ZnO nanorods was thoroughly rinsed with
deionized water and ethanol, followed by drying in a vacuum
oven at 50 �C for 3 h. For large tube fabrication for in situ SEM
observation, large ZnO nanorods were prepared by three sub-
sequent ZnO growths using fresh growth solution each time.

Carbon Coating on ZnO Nanorods. Furfuryl alcohol was employed
as a carbon source similar to previous reports.57 Typically, a
Ni foam coated with ZnO nanorods was rapidly dipped into

furfuryl alcohol. The wet foam was then heated in air at 150 �C
for 24 h to polymerize the furfuryl alcohol. Afterward, carboni-
zation was performed at 500 �C for 3 h under high purity Ar. A
second coating on the ZnO@C@Si nanorods was conducted for
the sandwich-structured C@Si@C nanotubes.

Si CVD. Si was deposited by static CVD system using dis-
ilane (Si2H6) as the Si source. The system was first evacuated to
10�6 mBar, followed by an introduction of 50 mbar of Si2H6 into
the reaction chamber containing the desired sample. The
chamber was sealed tightly and heated to 350 �C for 3 h. The
ramp rate was 8 �C min�1.

ZnO Core Etching. To etch ZnO nanorods to form the hollow
nanotubes, 0.5 M acetic acid (aq) (HAc) was employed. HAc
etches the ZnO nanorods, but not the Ni foam. For etching,
samples were immersed into 20mL of the HAc solution at room
template for 30 min, thoroughly washed with deionized water,
and dried in a vacuum oven at 50 �C prior to further use.

Characterization. Samples were characterized using a Hitachi
S-4800 SEM, a Hitachi S-4700 equipped with an Oxford INCA
EDX analyzer, a Philips X'pert MRD XRD with Cu KR radiation
(1.5418 Å), and a JEOL 2010 LaB6 TEM operating at 200 kV.
Elemental mappings were performed on the Hitachi S-4700
SEM. The XRD peaks were compared with the Joint Committee
on Powder Diffraction Standards (JCPDS). FIB characterization
was carried out using a Helios 600i.

Figure 9. Plastic strain contours on deformed shapes of standard nanotubes and nanorods during lithiation as a function of
thickness ratio. PEEQ stands for equivalent plastic strain.
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Electrochemical Measurements. Electrochemical tests were per-
formed using two-electrode cells with lithium metal as the
counter and reference electrode using Princeton Applied Re-
search Model 273A and Biologic VMP3 potentiostats. The
electrodes were set as the working electrodes. Cell assembly
was carried out in an Ar-filled glovebox. An electrolyte con-
sisting of 1 M of LiClO4 in a 1:1 mass ratio mixture of ethylene
carbonate and dimethylene carbonate was used. Electrode
capacities were measured by a galvanostatic charge/discharge
method at a rate of 0.07 C over the potential range of 0.005 to
2.0 V. CV of the C@Si@C nanotube array was recorded over the
potential range of 0.0 to 2.0 V at a scan rate of 0.1 mV s�1. In
C-rate measurements, the current densities were changed from
0.05 C to 0.1, 0.5, 1.2, 2, and back to 0.05 C. At each of the C-rate,
the electrode was cycled 8 times.

In Situ SEM Observations of Lithiation�Delithiation. The working
electrode was fabricated by dispersing acetone suspended
C@Si@C nanotubes on a 3 mm carbon-coated Cu grid and
drying at 80 �C. A 3 mm diameter composite LiFePO4/carbon
black/binder (8:1:1 bymass) counter electrodewas cast on an Al
current collector. Ionic liquid (10 wt % LiTFSI in P13TFSI) was
used as the electrolyte and the electrodes were isolated by a
separator (Celgard). In situ lithiation�delithiation observations
were performed on an SEM (FEI DB235). Electrical contacts were
made in the SEM using micromanipulators. The battery was
cycled potentiostatically (SP200, Biologic Co.), and SEM images
were acquired automatically every minute.
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