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Silicon nanowires (Si NWs) with copper-coating as high capacity and improved cycle-life anode for
lithium-ion batteries have been successfully prepared by chemical vapor deposition and magnetron sput-
tering methods. The morphology, structure, composition as well as the electrochemical performance of
copper-coated Si NWs is characterized in detail. The results indicate that the copper-coated Si NWs
electrodes show an initial coulombic efficiency of 90.3% when cycling between 0.02V and 2.0V (versus
Li/Li*) at a current density of 210 mA g~'. The copper-coated Si NWs electrodes exhibit a capacity as high
as 2700 mAh g—! at the first cycle. They also show a good capacity retention and excellent rate capability
compared with pristine and carbon-coated Si NWs.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Lithium-ion batteries have been widely used for portable elec-
tronic devices and now also have a big potential application for
electric vehicles and implantable medical devices. Exploring new
electrode materials with high-energy capacity and long cycle life
for lithium-ion batteries is one of the most important research top-
ics in this field. Compared to the other anode materials, such as
Al, Sn, etc., which are also able to make alloys with lithium, sili-
con is more attractive because it has the highest known theoretical
specific mass capacity of 4200 mAhg-! due to the incorporation
of 4.4 lithium atoms for per silicon atom [1]. Moreover, consider-
ing future commercial applications, silicon is also very attractive
because it is the second most abundant element on earth and there
is already a mature industrial infrastructure in existence. However,
it shows a large inherent volume change (400%) during insertion
and extraction of lithium, which results in pulverization and fast
capacity fading [2]. That is why silicon has not been commercial-
ized as a practical anode material. To overcome this shortcoming,
many different methods have been adopted for modification of the
material such as utilization of nano-sized materials [3-9], surface
coating of Si with various conducting materials [10-12], Si-based
composites [13]and so on. These approaches have indeed improved
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the electrochemical performance of Si-based anodes but only to
limited extent.

Recently, we have developed an approach to use Si nan-
otubes/nanowires with carbon-coating as negative electrode for
Li-ion batteries [14,15]. Carbon-coated Si NWs electrodes were suc-
cessfully synthesized with chemical vapor deposition method at
first and then a thermal evaporation of carbon. Compared with
the Si NWs without carbon-coating, the discharge capacity, cycle
performance and rate capability of the carbon-coated Si NWs
have been improved significantly. It could deliver a capacity of
3702mAhg-! and 3082 mAh g~ in the first discharge/charge pro-
cess when cycling between 0.02V and 2.0V (versus Li/Li*) with a
current density of 210 mA g~!. The coulombic efficiency of the first
cycle is 83.2%. The capacity still remains over 2150 mAhg-! after
30 cycles. The carbon-coated Si NWs material also shows a good
cycling performance at different current densities. The carbon-
coated Si NWs show a better electrochemical performance than
the pristine ones. It could be attributed to the carbon layer with a
better electronic conductivity than the pristine material. However,
carbon-coated material does not have satisfactory performance
regarding both initial coulomb efficiency and capacity retention.
That is why we have searched for a new coating layer having bet-
ter conductivity than carbon and being able to suppress electrolyte
decomposition on the surface of Si NWs. In this paper, we have pre-
pared copper-coated Si NWs by a combination of chemical vapor
deposition method and magnetron sputtering technique. The elec-
trochemical performances of copper-coated Si NWs as an anode
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material were investigated in comparison with pristine and carbon-
coated Si NWs.

2. Experimental

Si NWs were grown via a vapor-liquid-solid growth method.
Stainless steel 304 (0.5 mm thick) substrates were decorated with
a 10-nm-thick Au catalysts film by using ion sputtering technique.
The substrate was then transferred into a CVD tube furnace. The
gold thin film was annealed at 600 °C for 2 h under H, atmosphere,
and subsequently Si NWs were grown at 540 °C with SiH4 diluted
in Hy as precursor. The carbon-coated Si NWs were obtained by
operation of carbon evaporation on the surface of the Si NWs. The
copper-coated Si NWs was obtained by operation of magnetron
sputtering on the surface of the Si NWs. The mass of the Si NWs,
Si NWs with carbon-coating and copper-coating were accurately
weighed by using a microbalance (Mettler Toledo XS3DU, 1 g res-
olution) respectively. The electrode loading density in this study is
about 0.6 mgcm—2.

X-ray diffraction (XRD) patterns of the samples were obtained
by a PANalytical X’ Pert with Cu K, radiation. The copper-coated
Si NWs were analyzed by X-ray photoelectron spectroscopy (XPS)
for the measurement of bonding energy. The XPS measurements
were conducted with a PHI Quantum 2000 Scanning ESCA Micro-
probe equipped with an Al K47, X-ray radiation source. The spot
size was about 200 wm. The survey scans were used a source with
power and voltage of 35W and 15KV, respectively. Survey scans
and high-resolution scans of the Si 2p, Cu 2p, O 1s, energy spectra
were taken from each sample to identify the compounds present on
the surface. The spectra were calibrated to the hydrocarbon peak
at 284.5 eV. Morphology characterization was done by using scan-
ning electron microscopy (Hitachi S4800) with a high sensitivity
energy dispersive X-ray spectrometer (EDS) and transmission elec-
tron microscopy (Philips Tecnai F30, acceleration voltage 300 kV).
A 300 kV Hitachi HD-2300A scanning transmission electron micro-
scope (STEM) was also used.

The coin cells were assembled in an argon-filled glove box,
using Li-metal foil as the negative electrodes, Si NWs (with and
without carbon-coating) materials as cathode electrodes and 1M
LiPFg/EC +DMC (1:1 in volume) as the electrolyte. The galvano-
static charge-discharge was carried out on a Land CT2001A cell
tester at room temperature between 0.02 and 2.0V (versus Li/Li*).
Cyclic voltammetry was performed on CHI608A, scanned from 2.0
to 0.01V versus Li/Li* at a scan rate of 0.5mVs~!. The cells were
also tested and evaluated by means of impedance spectroscopy.
The explored frequency range was from 50 kHz to 100 mHz under
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Fig. 1. (a) SEM image and (b) EDS spectrum of copper-coated Si NWs.

AC stimulus with 10 mV of amplitude and no applied voltage bias. In
the following results and discussion sections, we define that current
rate 1Cis 4200mAg-1.

3. Results and discussion
3.1. Structure and morphology

Fig. 1 shows a SEM image of the copper-coated Si NWs. A large
quantity of nanowires was obtained. The EDS analysis proves that
the nanowires are composed of Si, a small amount of oxygen, which
is attributed to the surface oxidation sheathing the nanowires, and
also the copper.

Fig. 2. (a) SEM and (b) TEM images of copper-coated Si NWs.
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Fig. 3. XRD patterns of pristine (a) and copper-coated (b) Si NWs on stainless steel
substrate. JCPDS files of copper (c) and (d) copper silicide ((*) from stainless steel,
(2) from Fe,Si, (a) from Si NWs).

The SEM image shown in Fig. 2a reveals that the copper-coated
Si NWs has a diameter of about 100 nm, and the Si NWs are coated
by asurface layer. Fig. 2b shows the TEM image of the copper-coated
Si NW materials magnified 29,500x. A layer is clearly displayed as
a compact film on the surface of the Si NWs. The thickness of the
copper-coating layer is about 10 nm. Normally, Si NWs grown via
VLS (vapor-liquid-solid) mechanism show excellent crystallinity,
although the surface may be covered by a thin layer of oxides
[16,17].

In order to make sure whether copper or copper silicide is coated
on the surface of Si NW, the XRD patterns of the Si NWs with and
without copper-coating are compared. Fig. 3 shows the XRD pat-
terns of pristine Si NWs (Fig. 3a), copper-coated Si NWs (Fig. 3b),
copper and copper silicide (Cu3Si) (Fig. 3c and d). As we can see,
the X-ray diffraction (XRD) patterns of the pristine Si NWs and
copper-coated Si NWs both show diffraction peaks associated with
Si NWs, a-FeSi, /CusSi, and stainless steel (SS). Moreover there are
no obvious changes in the 26 position and no other impurities after
coating. a-FeSi, may form at high temperature (540°C) during
Si NWs growth process [3,18]. Due to peak overlapping we were
unable to distinguish copper silicide (Cu3Si) and a-FeSi, on the Si
NWs as well as copper and stainless steel from the XRD patterns
only. A strong evidence to prove the existence of CusSi is to com-
pare Si XPS spectra of the different samples. As observed that in
Fig. 4a, there is an obvious decline in the peak intensity of Si 2p
core level spectra for copper-coated Si NWs. Moreover the Si 2p
peak exhibits a small negative shift toward low binding energies.
Fig. 4b shows a peak-fitting result for Cu-coated Si NWs. The overall
peaks were fitted by the combination of respective binding ener-
gies(Cu3Si: B.E.=98.6eV,Si: B.E.=99.3 eV, SiO: B.E.=100.0eV, SiO,:
B.E.=102.5eV) for the different oxidation states of Si. In the litera-
ture, the 99.3 eV peak of Si 2p spectra is attributed to silicon [19].
Rossi et al. observed that Si 2p line shape exhibited a small shift
toward low binding energies upon alloying copper [20-23]. Thus
we think that the 98.6eV peak of Si 2p spectra can be attributed
to the formation of copper silicide (CusSi). The other two types
oxidation states of Si (B.E.=100.0, 102.5 eV) were attributed to the
presence of silicon oxides (SiO and SiO, ).

3.2. Electrochemical AC impedance

Fig. 5 shows the AC impedance spectra of the electrodes of
Si NWs, Si NWs with carbon and copper-coating before cycling.
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Fig. 4. (a) XPS spectra of pristine and copper-coated Si NWs. (b) Simulation of Si 2p
core level spectra of the copper-coated Si NWs.

Both impedance spectra are composed of one semicircular arc at
high frequency region, followed by a nearly vertical line against
the real axis at low frequency region. These semicircular arcs can
be assigned to charge transfer impedance of the electrodes. It is
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Fig. 5. AC impedance spectra of Si NWs electrode, Si NWs electrodes with carbon-
coating and copper-coating before electrochemical cycling.
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Fig. 6. Initial charge-discharge curves of the pristine Si NWs, Si NWs with carbon-
coating and copper-coating at the rate of 0.05C.

clear that charge transfer resistances of these three materials are
quite different, i.e. the resistance of the Si NWs is much larger than
that of the copper-coated and carbon-coated Si NWs. Large differ-
ences in charge transfer resistance of the materials are attributed
to the difference in the electrical conductivity of the materials. It
is believed that the conductive coating layer such as copper and
carbon enhance the electronic conductivity of the Si NWs greatly.

3.3. Initial charge-discharge performance

The first charge-discharge curves for Si NWs, Si NWs with
carbon and copper coating in the range of 0.02 and 2.0V at a
current density of 210mAg-! are shown in Fig. 6. The first dis-
charge capacity of the Si NWs material without any coating was
3125mAhg-1, while the charge capacity was 2171 mAh g1, indi-
cating a coulombic efficiency of 69.5%. The first discharge capacity
of the Si NWs with carbon-coating increases to 3702 mAh g—1, while
the charge capacity increases to 3082 mAh g1, giving a coulom-
bic efficiency of 83.2%. Moreover, the first charge and discharge
capacity of Si NWs with copper-coating are 2679 mAhg-! and
2967 mAhg-1, giving the highest coulombic efficiency of 90.3%. It
should be noticed that the copper-coated Si NWs material delivers
a lower charge-discharge capacity than that of the Si NWs with
carbon-coating. The lower charge-discharge capacity of copper-
coated Si NWs should be due to the less side reactions on Si surface
after copper-coating. Moreover, some amount of the copper silicide
formed also results in some capacity loss of Si NWs.

3.4. Cycling performance

Fig. 7 shows that discharge capacity of the Si NWs with copper-
coating as a function of cycle numbers at the rate of 0.05C. The
discharge capacity of the Si NWs with copper-coating decreases
gradually with cycles and 86.3% of its initial discharge capacity
remains after 15 cycles at the rate of 0.05 C. For a comparison, we
presented the data of discharge capacity retention of Si NWs with
and without carbon-coating after 15cycles at the rate of 0.05C in
Table 1 which we have reported previously [14]. Obviously, the
capacity retention of the copper-coated Si NWs is highest. The bet-
ter cycling performance of copper-coated Si NWs may be due to
the formation of copper and copper-alloy on Si NWs surface and
they suppress the pulverization process of silicon materials dur-
ing cycling process. In addition, better cycling performance of the
copper-coated Si NWs may be attributed to the copper layer which
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Fig. 7. Capacity as a function of cycle number for Si NWs with copper-coating at the
rate of 0.05C (1C=4200mAg1).

has a better electronic conductivity than carbon and results in a
lower polarization or a different SEI layer on the electrode surface.

In order to see the effects of volume changes of the Si NWs after
charge-discharge cycling process, we have checked and compared
the corresponding SEM images. As shown in Fig. 8, the copper-
coated Si NWs cycling after 100 cycles at the rate of 0.5 C have an
average diameter of about 120 nm (while the average diameter of
pristine Si NWs after cycling is about 200 nm, see Fig. 8b) and their
surfaces are quite smooth.

3.5. Rate capability

Fig. 9 shows the initial charge-discharge curves for the pristine
Si NWs, Si NWs with carbon and copper coating at different rates
of 0.05C, 0.1 C and 0.5C. We are able to observe that the ratios of
initial discharge capacity at the rate of 0.5 C to the rate of 0.05C
are 73.6%, 86.5% and 103.2%, which corresponds to Si NWs, Si NWs
with carbon and copper coating. It shows that the copper-coated
Si NWs materials have a much better rate performance. We also
investigated the cycling performances of the copper-coated Si NWs
material at various current densities as presented in Fig. 10 and
Table 2. The discharge capacity retentions are over 70% of their
initial capacity after 30 cycles at different current densities. Appar-
ently, the copper-coated Si NWs material shows a better cycling
performance at various current densities as compared to Si NWs
with and without carbon-coating.

For further comparison of cycling performances, the depen-
dence of discharge capacity with cycle numbers for Si NWs with
carbon and copper-coating at the rate of 0.5 C are showed in Fig. 11.
As we can see, the discharge capacity of carbon-coated Si NWs
maintains a value of 1504 mAh g~1, giving a capacity retention ratio
of 40.6% after 50 cycles while the copper-coated Si NWs maintains
a value of 1750 mAh g1, giving a capacity retention ratio of 59.0%
after 50 cycles. It is demonstrated clearly that improvement of the
cyclic stability of the materials after copper-coating.

Table 1
The discharge capacity retentions of pristine Si NWs, Si NWs with carbon and copper
coating after 15 cycles at the rate of 0.05C.

Sample 1st (mAhg1) 15th (mAhg') Capacity
retention (%)
Pristine Si NWs 3125 1992 63.7
Carbon-coated Si NWs 3702 2776 75.0
Copper-coated Si NWs 2967 2562 86.3
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Fig. 8. SEM images of Si NWs (a) with and (b) without copper-coating after 100 cycles at the rate of 0.5C.

Table 2

The discharge capacity retention of pristine Si NWs, Si NWs with carbon and copper coating after 30 cycles at different rates.

Sample 1st (mAhg1) 30th (mAhg!) Capacity retention %
0.05C 0.1C 05C 0.05C 0.1C 05C 0.05C 0.1C 0.5C
Pristine Si NW's 3125 2497 2299 1582 1493 1360 50.6 59.8 59.1
Carbon-coated Si NWs 3702 3543 3201 2180 2094 2169 58.9 59.1 67.8
Copper-coated Si NWs 2967 2917 3061 2138 2050 2216 72.0 70.3 72.4
3.6. Cyclic voltammetry (CV)
Cyclic voltammetry curves of Si NWs with copper-coating in 3500
the potential range of 0.01 and 2.0V (versus Li/Li*) at a scan rate of (a)
0.5mVs~! is shown in Fig. 12. For the cyclic voltammetry curves i . —m—005C
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Fig. 9. Initial charge-discharge curves for the pristine Si NWs, Si NWs with carbon-
coating and copper-coating at the rate of 0.05, 0.1, 0.5C.
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Fig. 10. Capacity-cycle number curves for Si NWs without (a) and with (b) copper-
coating at different rates.
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Fig. 12. Cyclic voltammetry of the Si NWs with copper-coating between 0.01V and
2.0V (versus Li/Li*) at a scan rate of 0.5mVs~1.

0.5V and 0.7V during the first scanning process. In addition, the
relative low capacity loss of copper-coated Si NWs contributing to
the initial irreversible capacity in the first cycle would be smaller
than pristine Si NWs according to our results.

4. Conclusion

The copper-coated Si NWs electrodes exhibit higher initial
coulombic efficiency, better cycling stability and rate capability
than Si NWs with and without carbon-coating. Initial coulombic
efficiency of Si NWs with copper-coating is 90.3% in the voltage
range of 0.02 and 2.0V at a current density of 210mAg~!. The ini-
tial discharge capacity of the Si NWs with copper-coating decreases
gradually during charge-discharge cycling and 86.3% of its ini-
tial discharge capacity remains after 15 cycles at 0.05C rate. The
ratios of initial discharge capacity at the rate of 0.5C to the rate
of 0.05C is 103.2% corresponding to Si NWs with copper-coating,
revealing a good rate capability; The cycling performances of the

copper-coated Si NWs material at various current densities were
investigated, the results showed that the discharge capacity reten-
tion ratios of copper-coated Si NWs material is over 70% of its initial
capacity after 30 cycles at different current densities. It also proved
that the copper-coated Si NWs material showed a better cycling
performance compared with pristine and carbon-coated Si NWs.
The presence of copper silicon alloy layer can improve the elec-
trochemical performance of the Si NWs, and the reason may be
that it can suppress the reductive decomposition of the electrolyte
solution on the surface and pulverization of silicon materials gen-
erated from volume changes during large amount of insertion and
extraction of lithium. Moreover, the copper and copper silicon alloy
formed has a higher conductivity than that of silicon, so the distri-
bution of the electric field becomes more well proportioned, which
can depress the cross potential aroused by polarization. Neverthe-
less, the thickness and homogeneity of Cu coating layer have some
effects on the electrochemical performance of Si NWs, i.e. if some
of the SiNWs are not coated by Cu or the Cu layers are very thin.
In such a case the pulverization of Si easily occurs, which lead to
the decrease of the capacity during cycling. The increased of Cu
coating can further improve the cyclic stability while the capacity
decreases. These effects will be investigated in the future study.
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