
S
b

M
B
a

b

c

a

A
R
R
A
A

K
L
B
N
S
S

f
t
b
e
a
t
e
a
m
T
t
h
b
i
a
c
a
s
i
p
s

0
d

Journal of Power Sources 196 (2011) 9640– 9647

Contents lists available at ScienceDirect

Journal  of  Power  Sources

jou rna l h omepa g e: www.elsev ier .com/ locate / jpowsour

ilicon  and  silicon–copper  composite  nanorods  for  anodes  of  Li-ion  rechargeable
atteries

ing  Aua,∗,  Yuping  Heb,  Yiping  Zhaob,  Hessam  Ghassemic, Reza  Shahbazian  Yassarc,
renda  Garcia-Diaza,  Thad  Adamsa

Savannah River National Laboratory, Aiken, SC, USA
Department of Physics and Astronomy, and Nanoscale Science and Engineering Center, University of Georgia, Athens, GA 30602, USA
Michigan Technological University, Houghton, MI, USA

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 26 May 2011
eceived in revised form 6 July 2011
ccepted 7 July 2011
vailable online 29 July 2011

a  b  s  t  r  a  c  t

We  investigate  the  anode  performance  of  Si-based  nanorods  by tuning  its composition  using  an  oblique
(co)deposition  technique.  Our  results  show  that  pure  Si nanorods  have  a higher  initial  anodic  capac-
ity  of  1500  mAh  g−1, but  the  capacity  diminishes  after  50 cycles  due  to the  morphological  change  and
pulverization.  By  introducing  approximately  70  at.%  Cu  into  Si  nanorods,  the  Si–Cu  composite  nanorods
demonstrate  500  mAh  g−1 of capacity  sustainable  in  100  cycles,  which  is  attributed  to  the  flexibility  and
eywords:
ithium
attery
anorods
ilicon

improved  toughness  of  Si–Cu  composite  nanorods.
© 2011 Elsevier B.V. All rights reserved.
torage

Currently, the plug-in hybrid and electric vehicles are promoted
or leading the way of the migration from fossil fuel propulsion
o electrification of the transportation. Lacking of the advanced
atteries with high energy densities and low cost is one of sev-
ral technical challenges for such a transition. A number of metals
nd metal oxides have been investigated as the candidates for
he high capacity anodes for lithium ion batteries [1–11]. How-
ver, the large volume expansion (300–400%) during metal-lithium
lloying or oxide-lithium conversion causes pulverization of anode
aterials and therefore results in rapid decrease in the capacity.

o improve the electric conductivity and mechanical integrity of
he electrodes, in general, the powdery metals or metal oxides
ave to be mixed with conductive additives, binders, and solvent
efore being pasted on current collectors. This electrode fabrication

nvolves powder grinding, slurry blending, casting, calendaring,
nd baking. The process is not only complicated and costly, but also
auses environment concerns. The lacking of direct contact of the
ctive materials and the current collectors limits the power den-
ities and requires longer charge time. Tailoring active materials

nto aligned nanostructures (i.e. nanorods) on current collectors
rovides one potential solution for above problems. The inter-
titial space in-between aligned nanorods could accommodate

∗ Corresponding author. Tel.: +1 803 507 8547; fax: +1 803 652 8137.
E-mail address: ming.au@srnl.doe.gov (M.  Au).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.07.022
the volume changes and provide massive access sites for shut-
tling of Li ions resulting in low stress, pulverization resistance
and long cycling life. The nanorods grown from current collec-
tors have direct electronic contact that contributes to high powder
density. In our previous study, the high capacity of aluminum
nanorods is not sustainable during repeatedly charging and dis-
charging because of the stress build-up at the interface of nanorods
and substrate resulting in poor electrical conductivity and conse-
quently peeling off from the current collector [1].  The Si nanowires
synthesized by chemical vapor deposition (CVD) process demon-
strated 3000 mAh  g−1 of capacity up to 10 cycles at C/20 rate. The
fabrication process uses the flammable and harmful gas, SiH4, as
the precursor and the anode charging process is limited to small
current due to poor conductivity of pure Si. The long term perfor-
mance of the Si nanowires has not reported yet [12]. Distributing
strain and stress gradually along the nanorods may  provide a solu-
tion for retention of initial high capacity. It is reported that the
carbon–aluminum–silicon strain-graded nanorods synthesized by
glancing angle deposition show longer cycling life, 350 mAh  g−1

in 100 cycles [13]. However, the capacity of silicon was heavily
discounted due to significant addition of carbon and aluminum.
Since Cu has the superior conductivity and good solubility for Si,

it is expected that the composite Si–Cu aligned nanorods will offer
improved conductivity, mechanical flexibility, and strong binding
to the Cu current collectors as anodes for sustainable long term
cycling.

dx.doi.org/10.1016/j.jpowsour.2011.07.022
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:ming.au@srnl.doe.gov
dx.doi.org/10.1016/j.jpowsour.2011.07.022
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electron diffraction (ED) examination.
To compare their mechanical rigidness and flexibility, the indi-

vidual Si and Si–Cu nanorods that were grown directly on copper

10080604020

(b) Si-Cu nanorods on glass

(a) Si nanorods on glass

Cu3Si (012)
Fig. 1. SEM images: (a) top view and (b) cross view of the as-prepared Si nanorod a

In this work, we have fabricated aligned Si and Si–Cu compos-
te nanorod arrays using an oblique angle (co)deposition method
nd compared their performance as Li+ battery anodes. With the
ddition of Cu in the Si nanorods, the battery’s high capacity can be
ustained for multiply cycles.

. Experimental

Both the pure Si and Si–Cu composite nanorods were fabricated
y an oblique angle (co)deposition technique in a custom designed
wo-source electron-beam deposition system, where two  quartz
rystal microbalances (QCMs) were installed to monitor the near-
ormal deposition thickness and rate of each source independently
14–17].  During the anode nanostructure fabrication, first, a layer
f 200 nm thick Cu film was coated onto the 10 mm × 30 mm glass
ubstrates as the current collector of battery anodes at a deposi-
ion rate of rCu = 0.2 nm s−1. Then, either pure Si or Si–Cu nanorods
ere deposited on the Cu film coated glass substrates at a vapor

ncident angle of  ̨ = 88◦ with respect to the substrate normal.
he pure Si nanorods were grown at rSi =0.4 nm s−1 until QCM
ead 4 �m.  To fabricate Si–Cu composite nanorods, both Cu and Si
ources were co-evaporated at rCu = 0.5 nm s−1 and rSi = 0.4 nm s−1

ntil QCM read 2 �m for Cu and 1.6 �m for Si. The mass of the
ctive Si on an area of 10 mm × 30 mm is estimated to be approx-
mately 9.3 × 10−5 g for pure Si nanorods and 3.7 × 10−5 g for the
i–Cu composite nanorods, respectively. In addition, the obtained
i–Cu composite nanorods have the atomic ratio of Cu to Si of � ≈ 2
i.e., 70 ± 3 at.% Cu), based on energy dispersive spectroscopy (EDS)
nalysis.

The morphology and structure of both Si and Si–Cu nanorods

ere characterized by field-emission scanning electron micro-

copes (SEM, FEI Inspect F and Hitachi S4800), a transition electron
icroscope (TEM, JEOL JEM-4000FX), and a grazing angle X-ray

iffractometer (XRD, PANalytical X’Pert PRO MRD) using Cu K˛
(c) top view and (d) cross view of the as-prepared Si–Cu composite nanorod array.

radiation with the X-ray incident angle of 0.5◦. To observe the
morphology change during Li charge and discharge, the anodes
were taken out of the battery cell during charged and discharged
states and rinsed with DMC  (Dimethyl Carbonate). After the anodes
dried, SEM analysis was  performed at different states: virgin (as-
deposited samples), 50% discharged and 100% discharged in the first
cycle, and 100% discharged after 100 cycles. To make TEM samples,
both Si and Si–Cu nanorods were dispersed into ethanol, and then
droplets of the solution were placed on the Ni grid for TEM and
2θ (degree )

Fig. 2. XRD patterns of the as-prepared nanorods on glass substrates: (a) Si
nanorods; (b) Si–Cu composite nanorods.
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the amorphous Si nanorod matrix.
The force–displacement curves of Si and Si–Cu nanorods are

plotted in Fig. 4. The color variation represents different nanorods
Fig. 3. TEM images 

ubstrate were subjected to force measurements by a Dimension
con atomic force microscopy (AFM). The TAP-525A probes (manu-
actured by Bruker Inc.) with stiffness of ∼200 N m−1 were used. The
eflection sensitivity of the cantilevers was calibrated using a sap-
hire substrate with known elastic modulus. The measurements
f force–displacement were performed on at least 8 nanorods to
inimize the statistical errors.
A beaker cell of Li-ion battery was constructed in VAC (Vacuum

tmosphere Cooperation) glove box filled with argon gas. Both the
i nanorod array (or Si–Cu nanorod array) and a Li foil (Aldrich)
ere inserted in the cell as the anode and cathode. The 1 M LiPF6 in

C/DMC (Propylene Carbonate and Dimethyl Carbonate) was pur-
hased from Ferro and used as the electrolyte. Princeton Applied
hysics’ VersaSTAT-3 was used for the measurement of electro-
hemical properties of the anodes. The galvanic charge–discharge
as carried out at 700 mA  g−1 from 0.01 V to 3.00 V. Cyclic voltam-
etry (CV) was measured at 0.1 mV  s−1 from 0.01 V to 3.00 V. The

apacity was calculated based on total mass of the anode (for Si–Cu
anorod the mass includes both Si and Cu).

. Results and discussion

.1. Structural characterization

As shown by the SEM images in Fig. 1, both the virgin Si and
i–Cu samples consist of arrays of well-aligned and tilted nanorods;
owever, the addition of Cu changes the morphology of Si sig-
ificantly. From the top view, the width of the nanorods close to
heir tips is wSi = 600 ± 300 nm for Si nanorods shown in Fig. 1a and

Si–Cu = 220 ± 50 nm for Si–Cu nanorods shown in Fig. 1c. From the
ross-section view images, the thickness and length of the nanorods
re dSi = 90 ± 30 nm and lSi = 4 �m (Fig. 1b), and dSi–Cu = 60 ± 20 nm
nd lSi–Cu = 2.7 �m (Fig. 1d), respectively. In addition, a layer of

 200 nm thick Cu film is visible between the nanorods and the
ubstrate for both the samples (Fig. 1b and d).

To obtain the crystal structure, both the Si and Si–Cu nanorods
ere deposited directly on glass substrates for XRD characteriza-
ion. The obtained XRD patterns are displayed in Fig. 2. The XRD
esults show that the as-deposited Si nanorods are amorphous
Fig. 2a); however, when co-deposited with Cu, a polycrystalline
rthorhombic Cu3Si phase forms, as revealed by the peak Cu3Si
gle Si–Cu nanorod.

(0 1 2) at 2� ≈ 44.57◦ in Fig. 2b. By applying the Scherrer formula
[18] to this peak, the average Cu3Si crystal size is estimated to
be DCu3Si ≈ 2.4 nm in diameter, which can be further confirmed
by the TEM images in Fig. 3. In the TEM images, the light part is
amorphous Si matrix and the dark parts are Cu3Si nanoparticles
with the size of DCu3Si = 2.4 ± 0.6 nm, which is consistent with that
obtained from the XRD analysis. Therefore, the Si–Cu nanorods are
composed of the polycrystalline Cu3Si nanoparticles embedded in
Fig. 4. The measurement of the force–displacement of the Si nanorods and Si–Cu
nanorods.
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Fig. 5. The cyclic voltammograms (CV) of Li/Si and Li/Si–Cu cells.

hat were tested. As seen, the force–displacement measurements
re quite consistent indicating that the fabricated nanorods have
niform structural quality and statistical errors are minimal. One
hould note that the slope of load–displacement curves in Si–Cu
Rs (�SiCu NR) is considerably lower than the ones in Si nanorods

�Si NR), which indicates that the Si–Cu nanorods are more flexible
han the Si nanorods.

.2. Cyclic voltammograms of the Si and Si–Cu nanorods

The cyclic voltammograms (CV) of Li/Si and Li/Si–Cu cells are
hown in Fig. 5. In the first cathodic scan (charging) of the Li/Si
R cells, the current increase at 1.70 V and 1.35 V may  corre-

pond to reduction of silicon oxide covering out layer of the Si
anorods that disappeared in the following cycles. The large current

ncrease at 0.3 V was resulted by formation of Li–Si alloy. Accord-
ng to the reported data [19], the corresponding Li–Si alloy could be
i13Si4. There are four confirmed Li–Si alloy phases: Li12Si7, Li7Si3,
i13Si4 and Li22Si5. The lithiation process can be illustrated as:
Li+ + ySi + xe− → LixSiy (x = 12, 7, 13, 21, y = 7, 3, 4, 5). In the anodic

can, the reduction peak at 0.5 V that may  correspond to delithia-
ion of Li13Si4 → 11Li + 2LiSi2. The Li/Si–Cu NR cells show a different
lectrochemical behavior. Li does not form alloys with Cu and has
% of solubility in Cu. However, co-depositing Cu in Si changes the
Fig. 6. The cycling performance of the Li/Si NR cell.

feature of CV. The large current peak at 0.83 V in cathodic scan can-
not be interpreted yet. It is speculated that the peak may  correspond
to solution of Li in Cu. The second current increase at ∼0.25 V cor-
responds to Si lithiation. The shift of peak position may be caused
by the addition of Cu. In anodic scan, the first peak at 0.62 V may
correspond to delithiation of Li–Si alloy. The second peak at 0.88 V
may  relate to dissolution of Li from Cu.

2.3. The cyclability and morphology changes of Si nanorods and
Si–Cu nanorods

The Li/Si nanorod cell demonstrated the capacity of
1500 mAh g−1 in the first discharge cycle (Fig. 6a). However,
the high capacity was  quickly diminished in the following 50
cycles (Fig. 6b). It is likely that the high surface area of Si nanorods
may  be covered by SiO2 formed during samples transfer in the
ambient air. Some of Li was consumed to reduce SiO2 in the first
discharge (Li insertion), which is thermodynamically favorable.
The Li ion conductivity of Li2O is higher than SiO2. The dipping
of the potential at 1.5 V may  indicate the completion of SiO2
reduction and Li2O formation as discussed in Fig. 5c. It is believed
that the pallation of the brittle Si nanorods (Li loss) and the detach-

ment of the Si nanorods from current collector (poor electronic
conductivity) lead to the sloped discharge curve and diminishing
capacity. The SEM images shown in Fig. 7 indicate that the Si
nanorods are expanded when charged to 1.2 V (∼50% capacity)
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Fig. 7. The morphology c
nd pulverized when the anode is charged continuously to 2.4 V
∼100% capacity). The alignment in the as-deposited Si nanorods
s also destroyed when the Si nanorod anode is charged to 50%
apacity. The top view SEM image (Fig. 7b) shows nanorods with an
s of Si NR after charged.
enlarged diameter. When the anode is charged to 100% capacity, as
shown in Fig. 7c, the original nanorods became nanoparticles, and
one can hardly recognize any nanorod remained on the substrate.
After 100 cycles, the Si nanorods become loose particles and
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Fig. 8. The cycling performance of the Li/SiCu NR cell.

Fig. 9. The morphology changes of the Si–Cu nanorods.

Fig. 10. TEM image of the virgin Si–Cu NR shows the amorphous structure with scattering crystalline regions corresponding to Si–Cu compounds.
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ig. 11. TEM images of the charged SiCu NR shows the rough surface and amorphous

ose direct electrical contact with the Cu substrate, resulting in
iminishing of the storage capacity (Fig. 6a). The TEM images show
hat the lithiation introduces crystallization of Li–Si compounds
new lattice pattern) companioning with the fringes generated
y local stain and stress (Fig. 7e). After delithiation, the nanorods
eturn to amorphous state with rough surface (Fig. 7f).

The Li/Si–Cu nanorod cell performs differently. It demonstrated
500 mAh  g−1 capacity in the first discharge (Fig. 8a). The higher ini-
ial discharge capacity of Si–Cu nanorods anode may  attribute to its
igh electronic conductivity by adding Cu. The capacity decreased
o 800 mAh  g−1 in the second cycle, but sustainable at 500 mAh  g−1

n following 100 cycles (Fig. 8b). Several facts could be responsible
or the irreversible capacity loss in the first cycle (2700 mAh  g−1):

1) the formation of solid electrochemical interface (SEI) that con-
umes Li and increases the anode impendence; (2) the reduction
f SiO2 causing permanent loss of Li and (3) the crystallization
f the amorphous Si–Cu matrix during the first discharge gen-

Fig. 12. TEM images of the discharged SiCu NR shows the smooth 
alline mixed structure. The crystalline regions correspond to the Si–Cu compounds.

erates locals stress and strain that may  hinder Li ion insertion
process.

The SEM observation shows that the surface of Si–Cu nanorods
become rough, but the structures remain in aligned orientation
after full discharged (Fig. 9). Due to its mechanical flexibility and
less brittle nature (see Fig. 4), the Si–Cu nanorods are able to
maintain better integrity compared to Si nanorods and can sur-
vive for 100 cycles. The TEM shows the virgin Si–Cu nanorods have
the amorphous and crystalline mixing structure. The crystalline
regions correspond to Si–Cu compounds such as Cu3Si and Cu5Si
(Fig. 10). Similar as the Si NR, the lithiation of Si–Cu NR produces
Li–Si alloys through the phase transformation process introducing
strain and stress that causes surface roughness (Fig. 11). After dis-

charge, most Li left the anode and the surface of Si–Cu NR returns
to smooth, but the crystalline grains (thermodynamic stable) and
non-relaxed strain remained in SiCu matrix. The local stress does
not seem relaxed completely (Fig. 12). It implies that the changes

surface, amorphous and crystalline regions mixed structure.
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f the morphology and amorphous-crystalline structural change of
i nanorods and Si–Cu nanorods are partially reversible due to the
etastable nature of the amorphous structure. Si and Si–Cu anodes

o not form the solid electrochemical interface (SEI) as the carbon
nodes do. The large capacity lose in the first cycle may  relate to
artially irreversible structure and morphology changes. It is found
hat the cyclable capacity can be sustained by adding of Cu in the
anostructured Si anodes.

. Conclusions

The aligned Si nanorods show anodic capacity of 1500 mAh  g−1

uring the first charge–discharge cycle. The high initial
apacity decreases rapidly and becomes diminished after 50
ischarge–charge cycles. This behavior is attributed to the serve
orphology change and pulverization due to the brittle nature of

he silicon. Si–Cu composite nanorods demonstrates 3500 mAh  g−1

apacity in the first charge–discharge cycle. Although the capacity
s in fact decreased to 800 mAh  g−1 in the second cycle, it is
ustainable at 500 mAh  g−1 for 100 cycles. SEM, TEM and AFM
nalyses indicate that adding Cu into the Si nanorods provides the
echanical flexibility and reduces the brittleness of silicon, thus
akes the structure more stable. The morphology change of Si

nd Si–Cu nanorods during electrochemical charge and discharge
re partially reversible and may  contribute to low columbic effect
nd unrecoverable capacity loss in the first cycle. Tuning the
omposition and the structure of nanostructured Si will lead to
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