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V
arious types of one-dimensional nano-
structures, including nanowires, nano-
belts, and nanotubes, have been

explored for applications, due to uniquephy-
sical and chemical properties that result from
their geometry and small dimension.1�5

Group IVA based nanomaterials such as Si
nanowires and Ge nanowires are of parti-
cular interest for use in electronics, optics,
sensors, and energy-related devices.6,7 The
concept of engineering both composition
and geometry in IVA based nanowires has
been used to modify their physicochemical
properties and enhance their performance
in devices.8,9 By contrast, nanotube hetero-
structures have received little attention,
partly due to difficulties in synthesis, despite
the potential to exploit their large surface
areas and compositions for engineering
the band gap and controlling the interface
properties. In previous studies, we demon-
strated that Si nanotubes offer desirable
architectures for accommodating large
volume change associated with lithiation in
a reversible manner to offer improved cycle
retention and reliable operation of lithium
ion batteries.10 A remaining disadvantage
of this system is that it requires high-power-
rate properties, due to the inherently low
electron conductivity and ion diffusivity of
silicon. Balanced battery design in both en-
ergy density and power density is essential to
the critical applications such as large-scale
storage for renewable power sources, electric
vehicles, and plug-in hybrid electric vehicles.
Here, we report vertically aligned group

IVA based nanotube heterostructure arrays
by employing a template-assisted synthesis
method based on chemical vapor deposi-
tion process. With optimal designs, Si/Ge
double-layered nanotubes (Si/Ge DLNTs) can
serve as an anode for lithium ion batteries

to enable improvements in structural sta-
bility and electrochemical kinetics. On the
basis of their mechanical and electro-
chemical properties, Si and Ge were sele-
cted as inner and outer material layers, res-
pectively. This strategy minimizes both the
mechanical stress applied to the inner layer
(Si shell) during lithiation and the electro-
chemical resistance. The latter is obtained
because Ge has higher electrical conductiv-
ity (4 orders of magnitude) and lithium ion
diffusivity (2 orders of magnitude) and
smaller volume change during cycling than
Si.11,12 Calculations show that themaximum
hoop strain in Si/Ge DLNT can be reduced
compared to that in homogeneous Si nano-
tubes (SiNTs). The rate capability benefits
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ABSTRACT

Problems related to tremendous volume changes associated with cycling and the low electron

conductivity and ion diffusivity of Si represent major obstacles to its use in high-capacity anodes

for lithium ion batteries. We have developed a group IVA based nanotube heterostructure array,

consisting of a high-capacity Si inner layer and a highly conductive Ge outer layer, to yield both

favorable mechanics and kinetics in battery applications. This type of Si/Ge double-layered

nanotube array electrode exhibits improved electrochemical performances over the analogous

homogeneous Si system, including stable capacity retention (85% after 50 cycles) and doubled

capacity at a 3C rate. These results stem from reduced maximum hoop strain in the nanotubes,

supported by theoretical mechanics modeling, and lowered activation energy barrier for Li

diffusion. This electrode technology creates opportunities in the development of group IVA

nanotube heterostructures for next generation lithium ion batteries.
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from the growth of the anode structure directly on the
current collector to provide efficient and fast pathways
for electron transport. The resulting improvements in
electrochemical performance over the homogeneous
analogue are significant.

RESULTS AND DISCUSSION

Figure 1 provides electron microscopy images and
elemental analysis of a radially controlled Si/Ge DLNT.
Scanning electron microscopy (SEM) and low-magnifi-
cation transmission electron microscopy (TEM) images
show that the Si/GeDLNT has awall thickness of 30 nm,
inner diameters of 60 nm near the tip of the tube, and
the length of 4�5 μm. The morphologies and dimen-
sions of Si/Ge DLNTs are similar to those of previously
reported SiNTs.10 A uniform and smooth Ge shell layer
with a thickness ranging from 10 to 15 nm is formed
on the surface of a SiNT with a thickness ranging from
15 to 20 nm. The lattice-resolved TEM image and selec-
tive area electron diffraction (SAED) pattern reveal that
the Si inner layer and the Ge shell layer are cryst-
alline and amorphous, respectively, which is also sup-
ported by X-ray diffraction (XRD) and Raman andAuger

electron spectroscopy results (Figures S1�S3 in Sup-
porting Information). Compositional line profiles clearly
confirm the Si/Ge double-layered microstructure with-
out any trace of Zn and O from the nanowire growth
template.
The Si/Ge DLNT electrodes exhibit the first charge

(lithium removal) of 1544.6 mAh g�1 and discharge
capacities (lithium insertion) of 1746.1 mAh g�1 in the
range of 0.01 and 2.0 V (vs Li/Liþ) at a rate of 0.2 C
(Figure 2a), with an initial Coulombic efficiency (88.5%)
that is much higher than those of previously reported
Ge electrode such as mesoporous Ge particles, Ge thin
film, and Ge nanowires and comparable to that of a
carbon-layer-coated Ge nanowire electrode.13�16 This
result implies that the initial Coulombic efficiency can
be improved by tailoring electrode configuration with-
out an additional protecting layer on the surface of
the Ge. The Si/Ge DLNT array showed two distinct volt-
age plateaus in the discharge voltage profile shown in
Figure 2a. The first voltage plateau, located between
0.2 and 0.4 V, corresponds to the alloying reaction of
the Ge shell layer with lithium, as supported by TEM
images of the microstructure and SAED patterns for

Figure 1. Electron microscope images and elemental line profile analysis of Si/Ge DLNT. Cross sectional (a) and 45� tilted (b)
SEM images of a vertically aligned Si/Ge DLNT array on a stainless steel substrate. Low- (c) and high- (d) magnification TEM
images of the Si/GeDLNT. Inset of (d) shows selective area electron diffraction pattern. (e) High-resolution TEM image of Si/Ge
DLNT at the interface between Si and Ge. (f) Cross-sectional EDX elemental mapping along the yellow dotted line. Light blue
and red lines indicate Si and Ge, respectively.
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35% lithium inserted into the Si/Ge DLNT (see the
Supporting Information). Another downward slope volt-
age plateau, located under 0.2 V, arises from the alloy-
ing reactions of both Ge and Si with lithium. A corre-
sponding SiNT array anode exhibited the first charge of
2920 mAh g�1 and discharge capacities of 2640 mAh
g�1 at a rate of 0.2 C. It should be noted that the Si/Ge
DLNT electrode (∼1.2 mAh cm�2) has 2-fold higher
areal capacity compared to that of the SiNT electrode
(∼0.6 mAh cm�2), even though the SiNT array anode
delivered 2-fold higher gravimetric capacity than that
of the Si/Ge DLNT case. In addition, the Si/Ge DLNT
electrode shows higher capacity retention (85%) at a
rate of 0.2 C after 50 cycles compared to that of the
SiNT (82%), suggesting that radially modulated Si/Ge
DLNT improves the mechanics associated with the
alloying and dealloying with Li. Mechanics modeling
provides insights into the underlying physics of this
process. We assumed that Si and Ge are fully reacted
with Li, and lithiation in bulk Si and Ge gives volumetric
expansionΔVSi = 400% andΔVGe = 370%, respectively.
The smaller volumetric expansion in Ge leads to an
additional compressive strain in the Si inner layer,
thereby reducing the volume expansion (i.e., <400%)
and net strain in the Si. This mechanics is likely re-
sponsible for the aforementioned capacity retention
results. To explore in further details, let rSi and rGe
denote the inner radius of the Si inner layer and the

outer radius of the Ge shell layer before lithiation, re-
spectively, and rinterface represent the radius of the
Si/Ge boundary. If the Si inner layer was isolated, its
inner and outer radii rSi and rinterface would expand to
ΔVSi

1/3rSi and ΔVSi
1/3rinterface, respectively. Similarly, an

isolatedGe shell layerwould expand its inner and outer
radii to ΔVGe

1/3rinterface and ΔVGe
1/3rGe, respectively.

The outer radius of the Si inner layer ΔVSi
1/3rinterface

would be larger than the inner radiusΔVGe
1/3rinterface of

the Ge shell layer since ΔVSi > ΔVGe. This leads to
pressure P at the Si/Ge interface in the lithiated Si/Ge
DLNT. For a tube with inner and outer radii ri and ro
subjected to internal pressure pi and external pressure po,
the displacement ur in the radial direction is given by17

ur ¼ 1
E

(1 � ν)(r2i pi � r2opo)
r2o � r2i

rþ (1þ ν)r2i r
2
o(pi � po)

r2o � r2i

1
r

" #

(1)

where E and ν are Young'smodulus and Poisson's ratio of
the tube, and r is the distance from the tube axis. The
displacement (ur)Si at the outer radius of the Si inner layer
due to pressure P is obtained from eq 1 by ri = ΔVSi

1/3rSi,
r = ro = ΔVSi

1/3rinterface, pi = 0, and po = P. The displace-
ment (ur)Ge at the inner radius of the Ge shell layer
due to pressure P is obtained by r = ri = ΔVGe

1/3-
rinterface, ro =ΔVGe

1/3rGe, pi = P, and po = 0. Compatibility
of displacements across the interface in the Si/Ge

Figure 2. Electrochemical characteristics of both Si NT and Si/Ge DLNT array electrodes. (a) Voltage profiles of Si NT and Si/Ge
DLNT for the first cycle at a rate of 0.2 C. (b) Cycle performances. (c) Rate capabilities of Si NT and Si/Ge DLNT array electrodes
at various C rates. (d) Impedance plots for the Si NT and Si/Ge DLNT.
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DLNT requires ΔVSi
1/3rSi þ (ur)Si = ΔVGe

1/3rGe þ (Ur)Ge,
which gives the pressure at the interface

P ¼
ffiffiffiffiffiffiffiffiffi
ΔVSi

3
p

�
ffiffiffiffiffiffiffiffiffiffiffi
ΔVGe

3
p� �

=

ffiffiffiffiffiffiffiffiffi
ΔVSi

3
p
ELi4:4Si

r2interface þ r2Si
r2interface � r2Si

� νLi4:4Si

 !2
4

þ
ffiffiffiffiffiffiffiffiffiffiffi
ΔVGe

3
p
ELi4:4Ge

r2Ge þ r2interface
r2Ge � r2interface

þ νLi4:4Ge

 !#
ð2Þ

where ELi4.4Si = 15.2 GPa and νLi4.4Si = 0.328 are the
Young's modulus and Poisson's ratio of lithiated Si
(Li4.4Si),

10 and ELi4.4Ge = 15.6 GPa and νLi4.4Ge = 0.326
for lithiated Ge (Li4.4Ge) are obtained following the
same approach.10 The distribution of (compressive)
hoop strain in Si is given by �(ΔVSi

1/3rinterface
2 P)/

(ELi4.4Si(rinterface
2 � rSi

2 ))[1� νLi4.4Siþ (1þ νLi4.4Si)rSi
2 /r2].17 For

rSi = 30 nm, rinterface = 45 nm, rGe = 60 nm, as in
experiments, this gives a compressive hoop strain of
�1.55% at the interface and �2.45% at the inner
surface of the Si inner layer. The strain in the radial
direction is only �0.100% at the interface. The max-
imum compressive strain is then given by

ε ¼
�2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔVSir2interfaceP

3

q
ELi4:4Si(r

2
interface � r2Si)

(3)

Its absolute value (i.e.,�ε) is shown in Figure 4 as a func-
tion of the Si volume fraction, (rinterface

2 � rSi
2 )/(rGe

2 � rSi
2 ), in

the unlithiated state (with rSi = 30 nm and rGe = 60 nm).
As the Si volume fraction decreases, the (absolute value
of) maximum compressive strain increases. This re-
duces the total strain in Si (sum of tension due to lithia-
tion and compression due to Ge shell layer confine-
ment), thereby facilitating capacity retention. However,
the total capacity of Si/Ge DLNT also decreases with Si
volume fraction because Si has a higher specific capa-
city than Ge, as shown in Figure 4, where the total
capacity of Si/Ge DLNT is normalized by its maximum
value for pure Si (with the same inner and outer radii of
30 and 60 nm).
In addition to these mechanics aspects, the electro-

chemical kinetics can be significantly improved through
modulating the composition of homogeneous SiNT
with highly conductive material (Ge) in the radial
direction. The Si/Ge DLNT electrode system delivers a
charge capacity of 61% at the 3C rate, almost two
times higher than that of SiNT electrode, which can be
attributed to both fast electron conductivity and high
Li ion diffusivity of Ge. As shown in Figure 2d, the
Si/Ge DLNT electrode shows much lower impeda-
nce compared to that of the SiNT electrode, which is

Figure 3. Electron microscopy images of Si/Ge DLNT as a function of an amount of lithium insertion. Microscopy shows
the morphological changes during the first cycling. Low-magnification (a,c,e) and high-resolution (b,d,f) TEM images of
35% lithium inserted Si/Ge DLNT, fully lithiated Si/Ge DLNT, and delithiated Si/Ge DLNT, respectively.

A
RTIC

LE



SONG ET AL. VOL. 6 ’ NO. 1 ’ 303–309 ’ 2012

www.acsnano.org

307

consistent with the rate capability results of SiNT and
Si/Ge DLNT electrodes. To yield insights into the origins
of the enhanced electrochemical kinetics and to under-
stand the role of the Ge shell layer, we performed
density functional theory (DFT) calculations of a type
which has been recently exploited to show the atomic
movements in lithium ion battery anodes.18,19 The
adsorption energies of the Li atom on Si(111) and
Ge(111) surfaces, Ead, were defined as Ead = ELi/sub �
(ELi þ Esub), where ELi/sub, ELi, and Esub are the total
energies of Li-adsorbed Si(111) and Ge(111), isolated
Li atom, and the clean Si(111) and Ge(111) substrates.
The adsorption energies of Li on Si(111) and Ge(111)
surfaces were calculated to be 2.6 and 4.2 eV, respec-
tively (Figure 5). Li adsorption on Ge(111) surfaces
induces significant decreases in the system total en-
ergy compared to a case of Li on Si(111) surfaces, lead-
ing to more favorable kinetics. The calculated energy
barrier for the diffusion of adsorbed Li atoms into the

first interstitial sites was 2.2 and 1.8 eV on Si(111) and
Ge(111), respectively, as shown in Figure 5, imply-
ing that both higher adsorption energy and lower dif-
fusion energy barriers of Li on Ge(111) contributes
to enhanced electrochemical kinetics with the addition
of Ge.
Further experiments revealed the structural mor-

phology and changes in microstructure in three dif-
ferent samples of Si/Ge DLNT, each with a different
amount of Li inserted: (i) 35% lithiated, (ii) fully
lithiated, and (iii) fully delithiated (Figure 3). The first
case shows structures with their original shapes and
dimensions (Figure 3a). HR-TEM image (Figure 3b) and
SAED pattern (inset of Figure 3a) confirm that the Si
inner layer maintains its crystallinity, due to its rela-
tively high applied lithiation potential (2�0.28 V; Fig-
ure S4). While the amorphous Ge reacts with lithium at
the potential range from 0.4 to 0 V, the crystalline Si
does not react with lithium until the applied voltage of
0.1 V for the first cycle. Therefore, only Ge reacts with
lithium at these applied voltage ranges. Despite large
volumetric expansion after the full lithiation, the Si/Ge
DLNT retains its initial one-dimensional shape without
mechanical degradation. XRD was employed to ana-
lyze the final products of lithiated Si/Ge DLNT. While Si
is completely converted to the fully lithiated form
(Li22Si5) as a final product, Ge has intermediate Li11Ge6
intermetallic phase as well as fully lithiated Li22Ge5
(Figure S5). The formation of the intermediate Li11Ge6
intermetallic phase is not yet clearly understood in the
Si/Ge DLNT electrode. Further study will be carried out
to clarify this point. The mechanics of Si/Ge DLNT with
final products of Li22Si5, Li22Ge5, and Li11Ge6 in fully
lithiated state was also investigated. Since it is difficult
to obtain the exact volume expansion degree of Ge in
the fully lithiated state, the maximum hoop strain in
the Si/Ge DLNT is calculated as a function of the
volume expansion degree of Ge in given dimension
(rSi = 30 nm, rGe = 60 nm, and rinterface = 45 nm) (Figure
S6). The maximum hoop strain is significantly de-
creased with the volume expansion degree of Ge,
which implies that the volume expansion behavior of
our Si/Ge DLNT in a given system could provide more
favorable mechanics. After the first full cycle, the
swelled overall shell thickness and inner void space
are reversibly restored to the initial state. HR-TEM
image (Figure 3f) and SAED pattern (inset of Figure 3e)
reveal that the crystalline phase of Si completely trans-
forms into amorphous, which is consistent with the
Raman result (Figure S7) and previous reports. More
interestingly, the Si inner layer and Ge outer layer are
completely recovered after subsequent volume con-
traction of Si and Ge (Figure S8). The Si/Ge DLNT array
maintained their one-dimensional geometry without
the delamination from the current collector after 50
cycles (Figure S9).

Figure 5. Plot of the system total energy change about to
the Li movements into Ge(111) and Si(111). The yellow (red)
sphere represents the substrate (Li) atoms.

Figure 4. Maximum hoop strain �ε (%) and normalized
capacity (%) versus Si volume fraction in Si/Ge DLNT (%).
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CONCLUSION
In conclusion, radially modulated group IVA nano-

tube arrays onmetallic substrates offer underlyingmech-
anics and kinetics that improve both cyclability and
rate capability over previously reported homogeneous

SiNT arrays. The strategies presented here could pro-
vide important avenues for nanotube heterostructures
in various applications not only in batteries but also in
other systems of interest, ranging from electronics to
photovoltaics.

EXPERIMENTAL DETAILS
A thin ZnO seed layer was deposited on 15 μm thick stainless

steel substrate (Nilaco, Tokyo, Japan) with 12 mm diameter by
radio frequency magnetron sputtering. An array of ZnO nano-
rods, which serve as templates for the nanotubes, was grown
on the seed layer by a hydrothermal method at 85 �C. Then,
0.025 M zinc nitrate hexahydrate and 0.025 M hexamethylene-
tetramine were used as precursor chemicals. A 15�20 nm thick
Si shell layer was coated on the ZnO template by chemical vapor
deposition (CVD), and then the ZnO template was selectively
etched out. The detailed synthesis condition and procedure for
SiNT growth are described in our previous report.10 The Ge
outer layer was deposited on the SiNT array at 330 �C, with a
chamber pressure of 100 Torr, using germane gas (10% GeH4 in
a diluted in H2) with flow rates of 30�50 sccm. Si/GeDLNT arrays
were characterized using a field emission scanning electron
microscope (FE-SEM, S-4700, Hitachi, Japan), a field emission
transmission electron microscope (FE-TEM, JEM 2100F, JEOL,
Japan), an X-ray diffratcion spectrometer (D/MAX-2500/PC,
Rigaku, Japan), Auger electron spectroscopy (PHI 680, Physical
Electronics, USA), and Raman spectroscopy (LabRam HR, Horiba
Jobin-Yvon, France).
Coin-type half cells (2016R type) were fabricated to evaluate

the electrochemical properties of SiNT and Si/Ge DLNT elec-
trodes. Theprecisemasses of the Si andGewereestimatedusing a
microbalance (Sartorius SE2, resolution 1μg, Sartorius, Germany)
before and after the Si and Ge coating process. The electrolyte
was a 1.3M LiPF6 in a solventmixture of ethylene carbonate (EC)
and diethylene carbonate (DEC) (3:7 vol %). Lithium metal foil
was used as a counter electrode. The electrochemical perfor-
mance testing of SiNT and Si/Ge DLNT electrodes was con-
ducted at a rate of 0.2C between 0.01 and 2 V (TOSCAT 3000,
Toyo Systems, Japan). To observe morphological changes of
Si/Ge DLNT as a function of amount of lithium insertion, FE-TEM
(FE-TEM, JEM2100F, JEOL, Japan)was employed. All sample pre-
paration was carried out in an argon-filled glovebox to protect
oxidation from air and moisture.
The DFT calculations for the adsorption and diffusion energy

barriers for Li at SiNT and Si/Ge DLNT were performed using the
VASP code.20 The plane-wave basis set was expanded to a cutoff
energy of 350.00 eV, and the 4 � 4 � 1 k-point grids of gen-
erated by the Monkhorst-Pack scheme were used for the
structural relaxations and the total energy calculations of the
2� 2� 3 supercells of Si and Ge in the diamond structure.21 The
projector-augmented waves (PAW) and the generalized gradi-
ent approximation (GGA) were used.22,23 For the modeling of
the Li adsorption and diffusion in SiNT and Si/Ge DLNT, we used
ideal six double layers (12 layers) of Si and Ge slabs cut in the
[111] crystallographic direction, according to the lowest surface
energy of Si and Ge. To avoid the interaction between the
adjacent cells in the z-axis direction, 14 Å vacuums were placed
above the Si(111) and Ge(111) substrates. Finally, we obtained
the energy barriers for the Li atom movements into the first
interstitial site, using the nudged elastic band scheme.24
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