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a  b  s  t  r  a  c  t

Silicon  nanowires  (NWs)  have  been  reported  as  a  promising  anode  that  demonstrated  high  capacity
without  pulverization  during  cycling,  however,  they  present  some  technical  issues  that  remain  to  be
solved.  The  high  aspect  ratio  of  the  NWs  and  their  small  contact  areas  with  the  current  collector  cause
high  electrical  resistance,  which  results  in  inefficient  electron  transport.  The  nano-size  interface  between
a  NW  and  the  substrate  experiences  high  shear  stress  during  lithiation,  causing  the  wire  to  separate
from  the  current  collector.  In  addition,  most  reported  methods  for producing  silicon  NWs  involve  high-
temperature  processing  and  require  catalysts  that  later  become  contaminants.  This  study  developed  a
new self-aligned  Cu–Si  core–shell  NW  array  using  a  low-temperature,  catalyst-free  process  to address
the issues  described.  The  silicon  shell  is  amorphous  as synthesized  and  accommodates  Li-ions  without
opper
ilicon
ore–shell
anowires

phase  transformation.  The  copper  core  functions  as  a built-in  current  collector  to provide  very  short  (nm)
electron  transport  pathways  as  well  as  backbone  to improve  mechanical  strength.  Initial  electrochemical
evaluation  has  demonstrated  good  capacity  retention  and  high  Coulombic  efficiency  for  this  new  anode
material  in  a  half-cell  configuration.  No  wire  fracture  or  core–shell  separation  was  observed  after  cycling.
However, electrolyte  decomposition  products  largely  covered  the top  surface  of  the  NW  array,  restricting
electrolyte  access  and  causing  capacity  reduction  at high  charging  rates.
. Introduction

The graphite anode currently used for Li-ion batteries has a
elatively low theoretical capacity, 372 mAh  g−1. Among known
andidate anode materials, silicon has the highest theoretical
harge capacity (4200 mAh  g−1) [1].  However, silicon experiences

 huge volume expansion (up to 400%) upon insertion of Li+ during
harging, each Si atom alloying with an average of 4.4 Li atoms. The
normous stresses thus generated make silicon anodes in bulk [1]
r thin film [2] forms vulnerable to pulverization leading to rapid
apacity fade during cycling.

Attempts have been made to deal with the durability of silicon
nodes using various nanostructures, such as carbon-coated sili-
on nanoparticles [3],  nanocomposites incorporated with carbon

anotubes [4],  nanoporous silicon [5],  silicon nanotubes [6],  and
ilicon nanowires (NWs) [7,8]. Specifically, Cui’s group [7] recently
eported that silicon NWs  can accommodate the large strain from

∗ Corresponding author at: P.O. Box 2008, MS-6063, Oak Ridge, TN 37830-6063,
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© 2011 Elsevier B.V. All rights reserved.

Li+ insertion without pulverization. However, the electron trans-
port paths inside a silicon NW,  in the longitudinal direction, have
relatively high electrical resistivity because of the high aspect ratio
(length on the scale of �m and diameter in the scale of tens of nm),
as illustrated in Fig. 1a. The nano-size interface between a NW and
the current collector results in a high electrical contact resistance,
which also impairs the efficiency of electron transport. In addition,
the small contact area undergoes a high shear stress when silicon
swells during lithiation, potentially causing wire separation from
the substrate (Fig. 1a).

Here we propose a self-aligned metal–silicon core–shell NW
array as a potential high-performance anode material [9].  The
silicon shell provides high capacity while the metal core func-
tions as a built-in current collector and enhances the NW strength
and toughness. As shown in Fig. 1b, the metal core shortens the
electron transport path from micrometers (longitudinal axis) to
nanometers (radial axis) scale. The core–shell structure ensures
a large contact area between silicon (shell) and current collec-

tor (core), and thus a low contact resistance. The metal core is
directly rooted on the current collector and maintains a reliable
connection both mechanically and electronically. The self-aligned
nanostructure avoids wire interlock-induced stress concentration

dx.doi.org/10.1016/j.jpowsour.2011.10.004
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:qujn@ornl.gov
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ig. 1. Schematic of wires with added metal cores to improve the electrical and me
ransport path and high shear stress at the interface with the current collector du
ransport path and no shear stress between the metal core and the current collecto

uring charging. Although the NW geometry is proven to sustain
arge volume change, cracking still may  occur during cycling as

 result of the brittle nature of silicon and inevitable nanostruc-
ure defects or composition contaminants. In a conventional silicon
W without a core, a crack, once initiated, would easily propa-
ate in the radial direction (nm path) to break the wire (Fig. 1c).
n contrast, a metal core would either stop a crack or force it to
ropagate in the longitudinal direction (�m path), as illustrated in
ig. 1c. For a cracked core–shell NW,  as long as each silicon piece
till contacts the metal core, there is no capacity loss. Compared
ith the previously reported Si(crystalline)–Si(amorphous) [10],
-Si [11], and Si-C [12] core–shell NWs, this Cu–Si core–shell NW
rray has potential advantages including more ordered structure,
igher mechanical strength, and improved electrical conductivity.

In addition to their potentially superior anode performance, the
roduction of such metal–silicon core–shell NW arrays is low-cost
nd scalable. Unlike conventional techniques for fabricating silicon-
ased NWs  that require high temperature and catalysts, such as
apor–liquid–solid (VLS) and pulsed-laser deposition (PLD), the
ynthesis of metal–silicon core–shell NWs  in this study is based
n a hybrid process involving wet chemical electrodeposition and
lasma-enhanced chemical vapor deposition (PECVD) at modest
emperatures.

. Experimental
In this proof-of-concept study, copper was  chosen as the
ore material and a Cu–Si core–shell NW array was  synthesized
sing the procedure illustrated in Fig. 2. Similar to the approach
escribed in [13,14],  template-aided electrodeposition was  used
cal properties of silicon NWs. (a) A no-core silicon NW having a long (�m) electron
charging/discharging. (b) A metal–Si core–shell NW having a short (nm) electron
he metal core substantially improves the fracture toughness of the NW.

to grow copper NWs  (see Figs. 2a–c). The nanoporous template
was  a 6-�m thick track-etched polycarbonate (PC) membrane. The
nanopores have a nominal diameter of 100 nm and a pore density
of 4 × 108 cm−2. A thin gold film (∼100 nm)  was first sputtered on
the backside of the PC membrane by metal evaporation. This gold
layer is too thin to fully cover the pores. A thicker copper back-
plate (>10 �m)  was then electrodeposited on top of the gold film in
an aqueous solution containing 0.6 M CuSO4 and 1.0 M H2SO4. The
deposition was  conducted using a three-electrode configuration
on a CHI model 660A potentiostat/galvanostat (CH Instruments,
Austin, TX). The counter electrode was  platinum and the reference
electrode was Ag/AgCl. Electrodeposition was  carried out at poten-
tial of −0.4 V for 1 h. The copper backplate effectively sealed the
bottoms of the nanopores and functioned as the electrode in the
next step. As shown in Fig. 2b, copper NWs  grew on the copper
backplate and filled the volume of the nanopores. An electrodeposi-
tion configuration and parameters similar to those used to deposit
the copper backplate were used to grow the copper NWs. After
a relatively short deposition time (∼10 min), copper NWs  started
growing out of the top surface of the template and forming mush-
room heads. A sudden increase in the deposition current usually
indicated such a phenomenon and was  used to signal the point
at which to terminate the deposition. The PC membrane was then
etched off in CH2Cl2, as illustrated in Fig. 2c, to expose the self-
aligned copper NW array.

In the final step shown in Fig. 2d, a silicon layer was deposited

on the copper NWs  via PECVD. Thanks to the fast development of
photovoltaic (PV) thin film technology [15], PECVD for deposit-
ing silicon thin films at relatively low process temperatures has
been well developed [16]. The PECVD was conducted at 250 ◦C
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ig. 2. Schematic of the processes for synthesizing a self-aligned metal–silicon cor
ilicon).  (For interpretation of the references to color in this figure legend, the reade

sing a 40 Ws  DC plasma for 7 h and 15 min  in a custom-built CVD
ystem. The feedstock silane was supplied at a constant rate of
5 cm3 min−1 along with argon at 50 cm3 min−1 and the chamber
ressure was maintained at 10.4 Torr.

A two-electrode coin-type half-cell was assembled for the
u–Si NW array with a lithium metal foil as the counter elec-
rode. This half cell had a polypropylene membrane separator
Celgard, Inc.) and standard electrolyte (Novolyte Technologies)
omposed of 1.2 M LiPF6 in a blend of ethylene carbonate (EC)
nd dimethyl carbonate (DMC) in a 1:2 weight ratio. The cell
as assembled in a glove box purged with high-purity argon.
alvanostatic charge–discharge cycling was carried out using a
ultichannel battery tester (Maccor, Inc., model 4000). Tests were

onducted in a potential range of 2.0–0.005 V using a constant cur-
ent charge–discharge protocol at rates varying from C/30 to 10C.
he currents were calculated using the actual capacity measured
n the first cycle, e.g., the current at 1C was0.27 mA  cm−2.

The morphology and chemical composition of the copper NW
rray and the Cu–Si core–shell NW array before and after cycling
ere examined and analyzed using scanning electron microscopy

SEM) along with energy-dispersive X-ray spectroscopy (EDS)
n a Hitachi FE-SEM S4800 as well as transmission electron
icroscopy (TEM) and electron energy loss spectroscopy (EELS) on

n aberration-corrected FEI Titan S 80-300 TEM/STEM equipped
ith a Gatan Image Filter Quantum-865. Raman spectra were col-

ected from the Cu and Cu–Si NW using a Dilor XY800 Microprobe
JY Inc., Edison, NJ) with an Innova 308c Ar+ laser (Coherent, Inc.,
anta Clara, CA) operating at 5145 Å in order to identify crystalline
nd amorphous silicon phases and to detect silicon oxides if any
ere present.

. Results and discussion

The SEM image in Fig. 3a shows a copper NW array produced
sing the procedure illustrated in Figs. 2a–c. The NWs  are a rel-
tively uniform size with fairly good alignment. The wire length
s in the range of 4–6 �m.  It was interesting to observe that the
ire diameter of ∼180 nm is much larger than the nominal pore
ize (∼100 nm)  in the PC membrane. This is probably because the
eformability of polycarbonate allowed pore expansion during the
opper wire growth.
ll NW array (Color scheme: grey: nanoporous template; gold: copper; and green:
ferred to the web  version of the article.)

The Cu–Si core–shell NW array after silicon coating is shown in
Fig. 3b. All copper NWs  are well covered with a silicon shell. The
outer diameter is ∼300 nm at the wire tip and ∼220 nm near the
root. This indicates a thicker (∼60 nm)  silicon layer at the wire top
portion and a thinner (∼20 nm)  silicon layer at the wire bottom
portion. The TEM imaging and EELS element mapping of a wire
bottom segment are shown in Fig. 3c and d, respectively, which
confirm the Cu–Si core–shell structure.

The EDS examination from the top of the NW array confirmed
existence of the silicon layer and implied the Cu and Si contents
of 61.2 and 33.4 wt.% (Fig. 3e), which matched well with the calcu-
lated values (68 and 32 wt.%) for the top portion of a NW based on
wire dimensions. The oxygen content (5.1 wt.%) suggested that the
NWs  were slightly oxidized. Raman spectra from both the Cu and
Cu–Si NW arrays are shown in Fig. 3f. Metallic Cu has no Raman
features and the weak peaks are due to the background of the
instrument. The Cu–Si NW array exhibited a broad peak centered
at 485 cm−1 that is associated with amorphous Si [17–19] and a
sharp peak at 520 cm−1 that is the well-known crystalline Si peak.
The amorphous phase appears to dominate the Si shell based on its
intensity and peak area relative to the crystalline phase. Amorphous
silicon is preferred over crystalline silicon for the anode applica-
tion because it does not undergo phase transformation and tends
to expand isotropically upon Li-ion insertion [20].

The theoretical charge capacity for a Cu–Si core–shell NW array
can be calculated using the following formula with respect to unit
mass (CNWs W),  volume (CNWs V), and area (CNWs A).

CNWs
W
(

mAh
g

) = �Si · (D2 − d2) · CSi

�Si · (D2 − d2) + �Cu · d2
(1)

CNWs
V
(

mAh
cm3

) = �Si · �
(D2 − d2)

4
·  �wire-density · CSi (2)

CNWs
A
(

mAh
cm2

) = �Si · �
(D2 − d2)

4
L · �wire-density · CSi (3)

where CSi: capacity of silicon; �Si: density of silicon; �Cu: density of

copper; D: diameter of the silicon shell; d: diameter of the copper
core; �wire-density: number of NWs  per unit area; L: length of NWs.

The calculated charge capacity for this particular Cu–Si NW
array in Fig. 3b is ∼883 mAh  g−1 (corresponding to the variation
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ig. 3. (a) SEM image of the Cu NW array produced by template-aided electrodepo
d)  EELS element maps of a NW bottom segment confirming the Cu–Si core–shell st
he  Si shell dominated by amorphous phase.

n NW core and shell diameters) using Eq. (1),  assuming the
heoretical capacity of 4200 mAh  g−1 for silicon. If each nano-
ore in the PC membrane produces a NW (wire density = pore
ensity = 4 × 108 cm−2), the volumetric capacity can be com-
uted using Eq. (2) to be ∼1082 mAh  cm−3. Considering the wire

ength of 4–6 �m,  the unit area capacity was estimated to be
0.54 mAh  cm−2 according to Eq. (3).

The half-cell testing results are shown in Fig. 4. The 1st lithiation
nder the C/30 charge rate indicated a capacity of 0.27 mAh  cm−2,
hich is only half of the calculated capacity. Possible reasons

nclude: (1) the actual capacity of the silicon may  be lower than
200 mAh  g−1 and a small portion of the silicon shell was oxidized,
nd (2) the number of functional NWs  is less than the number
f pores in the template (some pores failed to produced NWs
nd some NWs  were broken during the synthesis process or cell

ssembly). The first cycle Coulombic efficiency was 63%. Although,
he exact mechanism for the irreversible capacity loss in the 1st
ycle is unclear, solid electrolyte interphase (SEI) layer formation
21] may  play an important role due to the large silicon surface
; (b) SEM image of the NW array after Si deposition via PECVD; (c) TEM image and
e; (e) EDS examination from the NW array top; and (f) Raman spectrum suggesting

area of the NW array. In addition, the lithium ions consumed by
SiOx (SiOx + 2Li → Si + xLi2O) in the silicon shell was non-releasable,
which also contributed to the low Coulombic efficiency in the first
cycle.

The Coulombic efficiency went up to 100% in the second cycle
and subsequently remained in a narrow range of 97–100% after-
ward. The charge capacity stabilized at ∼0.17 mAh cm−2 at the
C/30 cycling rate after the first cycle. From cycle #3 to cycle
#26 when the cycling rate increased from C/30 to 2C, the mea-
sured capacity gradually decreased to 0.12 mAh cm−2. However,
the capacity degradation accelerated significantly at 5C and 10C.
By the end of the last cycle (#36) at 10C, the capacity had dropped
to ∼0.02 mAh  cm−2. There are two  possibilities for the dramatic
capacity reduction: either a permanent capacity loss due to wire
damage or restricted charge transport at high charging rates. To

identify the cause, C/10 was  used again in the cycles #37–39 and
the capacity was immediately restored to 0.16 mAh cm−2, which is
∼95% of the capacity at C/10 tested in the early cycles #4–8. This
indicates that the permanent capacity loss was  minimal if any.
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Fig. 4. Charge–discharge cycling performance 

The cell was dissembled after 39 testing cycles and the morphol-
gy and chemical composition of the cycled Cu–Si core–shell NW
rray were then examined. The top-view and side-view SEM images
n Fig. 5a and b clearly reveal a 3–4 �m thick layer largely covering

he top surface of the NW array. EDS analysis detected high concen-
rations of oxygen (43 at.%), carbon (27 at.%), and fluorine (10 at.%)
n this layer, as shown in Fig. 5c. This suggests that this layer is
rimarily composed of decomposition products of the electrolyte.

ig. 5. A layer of electrolyte decomposition products covering the top surface of the Cu–S
ycling:  (a) SEM top view, (b) SEM side view, and (c) EDS spectrum.
–Si NW array as the anode in half-cell testing.

The exact cause of such severe electrolyte decomposition is not
yet known, and it requires further investigation. Nevertheless, this
layer restricted the electrolyte access to the NWs, contributing to
the reduced capacity at fast cycling rates (see Fig. 4).
Despite the unexpected electrolyte decomposition layer on the
top, the Cu–Si core–shell NWs  themselves remain intact without
apparent wire pull-out, silicon pulverization, or core–shell delam-
ination after 39 cycles of lithiation and delithiation (see Fig. 5b).

i NW array, restricting the electrolyte access and thus causing low capacity at fast
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Results of this study demonstrated the feasibility of the synthe-
is process for the Cu–Si core–shell NW array and its application as
n anode. Further research and development are needed to explore
nd realize the full potential of this unique nanostructured mate-
ial. For instance, unit mass capacity above 3000 mAh  g−1 is possible
ith a thicker silicon layer and/or a thinner copper core. In addition

o increasing the Si:Cu ratio, using a template with higher pore den-
ity and growing longer NWs  may  generate an areal capacity as high
s 5 mAh  cm−2. The irreversible capacity loss seen in the first cycle
ay  be reduced by controlling the SEI formation and limiting the

ilicon oxide formation. The electrolyte decomposition layer may
e minimized by tailoring the electrolyte composition based on
echanistic understanding of the anode–electrolyte interactions.

. Conclusion

A self-aligned Cu–Si core–shell NW array has been designed
nd fabricated as a candidate anode material for Li-ion batteries.
he amorphous silicon shell accommodates Li-ions and the cop-
er core functions as a built-in current collector as well as a strong
echanical support. Initial half-cell testing has demonstrated high

oulombic efficiency (97–100% after the first cycle) and good capac-
ty retention at a charge–discharge rate 2C or lower. However, the
harge capacity decreased dramatically at high cycling rates (5C and
0C), caused in part by an electrolyte decomposition layer covering
he NW array’s top surface and restricting access of the electrolyte.
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