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We have demonstrated large-scale synthesis of Si nanowire arrays (SiNA) on Ti substrate and their
application as high-performance anode of Li-ion batteries. SINA were controllably synthesized through
hot-filament chemical vapour deposition (HFCVD) using Au films of different thickness as a catalyst. We
found that the thickness of the Au film based catalysts played important role in controlling the morphol-
ogy of Si nanostructures. The thick Au layer (e.g., 50 nm) resulted in the formation of the SiNA, while
the thin Au layer (e.g., 5nm) led to the disordered Si nanowires. The as-synthesized SiNA exhibited large

I{e}_/words: . reversible capacity (3600 mAh g-!) and high initial Coulombic efficiency (86.4%), which is much better
Silicon nanowires . . . . . .
Arrays than the disordered Si nanowires. The good contact and adhesion of SiNA with current collectors, as well

Titanium substrate as excellent strain accommodation might be responsible for the enhanced performance as anode of Li-ion

Li-ion batteries batteries.
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1. Introduction

Rechargeable lithium-ion batteries have been considered as an
irreplaceable power storage for mobile devices and electric vehi-
cles. However, the lithium storage capacity of commercial graphite
was limited to the theoretical maximum capacity of 372mAhg!,
which could not satisfy the requirements for more and more devel-
oped applications [1]. Silicon (Si) has high theoretic capacity (about
4200 mAh g-1)andrelatively low working potential (0.5 V vs.Li/Li*)
[2-4], which has been considered as promising candidates com-
pared to tin and transition oxide etc. However, Li alloying in Si
was known to induce the formation of new intermetallic phases,
leading to inhomogeneous volume expansions in the two-phase
regions, and then cracking and finally pulverization of the materials
[5,6]. As a consequence of this cracking, there is a loss of electri-
cal contact between inter-particles as well as a resulted significant
capacity decline. The use of Si nanostructures (e.g., nanoparticles,
nanowires and nanotubes) is a popular approach to partially solve
the aforementioned issues [7-19]. However, it was found that
the nanostructured Si still suffered from interfacial kinetic prob-
lems, which originated from the assembled processes of batteries
such as mixing with binder and carbon black, and patternmaking
onto electrode substrates [7-19]. The interfacial problems would
become more prominent during the charge-discharge process of
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the nanostructured Si, which also degraded the performance of
Li-ion batteries.

A new class of electrodes based on nanoarrays grown directly
on current collector has shown significant improvements in recent
years by taking advantages of good contact and adhesion with
current collectors, as well as excellent strain accommodation
[20-30]. To this end, Martin and co-workers pioneered the porous
membranes-assisted synthesis of nanowire arrays made of TiS,, C,
LiMn,04 and so forth, which was applied as anode and cathode
of Li-ion batteries [20-26]. Taberna and co-workers reported the
synthesis of core-shell nanowires by electrochemical deposition of
Fe304 on the surface of metal nanowires, which exhibited high-rate
capacity as anode of Li-ion batteries [27,28]. Co304, SnO, and other
arrays of nanowires were also synthesized directly onto the cur-
rent collector via simple solution-based methods, which showed
the improved performance in comparison with the corresponding
disordered nanorods [29-32]. Most recently, Cui and co-workers
have reported the synthesis of Si nanowires grown directly on the
current collector as anode of Li-ion batteries [33]. The Si nanowires
were synthesized through a vapour-liquid-solid (VLS) process on
stainless steel substrates with Au film as a catalyst. The theoretic
charge capacity for Si nanowires anodes was achieved and a dis-
charge capacity close to 75% of this maximum was maintained with
little fading during cycling. Nevertheless, various efforts should be
employed to synthesize the SiNA in high-quality and yield for fur-
ther upgrading the performance of Li-ion batteries.

Herein, we demonstrated the large-scale synthesis of the high-
quality SiNA on titanium (Ti) substrates via hot-filament chemical
vapour deposition (HFCVD) using Au film as a catalyst. It was


dx.doi.org/10.1016/j.jallcom.2012.02.109
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:mseyang@zju.edu.cn
dx.doi.org/10.1016/j.jallcom.2012.02.109

54 N. Du et al. / Journal of Alloys and Compounds 526 (2012) 53-58

a T
T
=
=
-
=
© = 9o
s : §
L =
= - @ -
@ T . _ E
s EF_18 &
=5 ®_=&F =
£ | g8 8 23° g @ i
- Jo2 iz g B2l & 2 Za
//" = ko EE T == 03
\, Lo e
e LAY A ol | < Y <
At Tl “\—‘w A g

200nm

Fig. 1. Morphological and structural characterizations of the SiNA obtained by HFCVD with Au films of 5 nm as a catalyst for 1 min. (a) XRD pattern, (b—d) SEM images, (e)

TEM image, and (f) HRTEM image.

indicated that the thickness of Au layer played a key role in the
formation of the SiNA. We also evaluated the performance of the
SiNA as anode of Li-ion batteries compared to the disordered Si
nanowires.

2. Experimental

SiNA were grown on Ti substrates by a vapour-phase approach with Au film as a
catalyst. In a typical synthesis, Ti substrate was firstly cleaned with 5% hydrochloric
acid for 10 min, washed with deionized water, and dried in N,. Secondly, Au film
was deposited onto the Ti substrate by magnetic sputtering method. The thickness
of the Au layer (5-50 nm) was simply tuned by the sputtering time. Finally, the Ti
substrate was put into the chamber of HFCVD that was then pumped down to 0.5 Pa
and heated to 650 °C. The mixed gases of argon (Ar), hydrogen (H;) and silane (SiH4)
with a flow ratio of 10:2:1 were inlet the chamber. The pressure and temperature in
the chamber were kept at 1000 Pa and 650 °C, respectively. The length of the SiNA
was controlled by the reaction time.

The obtained samples were characterized by X-ray powder diffraction (XRD)
using a Rigaku D/max-ga X-ray diffractometer with graphite monochromatized Cu

Ko radiation (A =1.54178 A). The morphology and structure of the samples were
examined by transmission electron microscopy (TEM, JEM-200 CX, 160 kV), high-
resolution transmission electron microscopy (HRTEM, JEOL JEM-2010) and field
emission scanning electron microscopy (FESEM, Hitachi S-4800).

Electrochemical measurements were carried out using two-electrode coin-type
cells with a lithium metal as the counter electrodes. The cell assembly was per-
formed in a glove-box filled with pure argon (99.999%) in the presence of an oxygen
scavenger and a sodium drying agent. The cells using 1 M solution of LiPFs in ethylene
carbonate (EC) and dimethyl carbonate (DMC)(1:1 by vol.) as the electrolyte solution
were assembled in an Ar-filled glove box (Mbraun, labstar, Germany) and each cell
was aged for 12 h before the electrochemical tests. Charge-discharge cycles were
tested with a current density of 0.05-1 C and in the potential range of 0.01-1.2 V.

3. Results and discussion

Fig. 1 shows the morphological and structural characterizations
of the products deposited on Ti substrate by HFCVD for 1 min using
Au films of 50 nm in thickness as a catalyst. As observed from XRD
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Fig. 2. SEM images of Si nanostructures prepared for different times. (a and b) 2 and (c and d) 6 min.

pattern (Fig. 1a), the peaks can be assigned to metal Ti (JCPDS Card
No. 89-2762), Si (JCPDS Card No. 01-0787), Ti5Si3 (JCPDS Card No.
89-3721) and Au, respectively, indicating the deposition of pure Si
on Ti substrate using Au as catalyst. The TisSi3 forms at the interface
between the Ti substrate and the SiNA during the growth process,
which could buffer the lattice mismatch and enhance the adhesion
between Ti and Si, thus might benefit the charge-discharge pro-
cess. The array structures of Si nanowires can be primarily verified
by the SEM image (Fig. 1b), which is different from the previously
reported Si nanowires with a disordered structure [33]. It should
be pointed out that SiNA on Ti substrate was not as neat as that on
Si substrate due to uneven surface of Ti substrate and the lattice
mismatch between Si and Ti [34]. From the magnified SEM images
(Fig. 1c and d), each nanowire of the SINA was terminated by a
small nanoparticle of the catalyst, indicating that the conventional
vapour-liquid-solid (VLS) mechanism dominated the growth of the
Si nanowires. Moreover, the lengths and diameters of the silicon
nanowires were about 10 wm and 100 nm, respectively. Fig. 1e and
f shows the TEM and HRTEM images of an individual Si nanowire.
As observed, the Si nanowires were straight, which may support
the formation of array structure. The HRTEM image clearly shows
well-resolved, continuous fringes in the same orientation, indicat-
ing that the nanowire of silicon was single-crystalline in nature.
The lattice spacing of 0.31 nm corresponds to the {100} plane of
Si. The above characterizations confirmed the synthesis of the SINA
on Ti substrate.

The lengths of the Si nanowires were simply controlled by
adjusting the reaction time. Fig. 2a and b shows the SEM image of
the products obtained by prolonging the reaction time to 2 min.
As observed from these images, the SiNA were obtained with a
length of 20 um. When the reaction time had proceeded to 6 min,

the lengths of The SiNA increased to about 50 wm, indicating that
the lengths of the SiNA could be adjusted by the reaction time.

In general, Au layer with thickness of about 5-10nm was
employed as a catalyst for effectively guiding the growth of Si
nanowires via a VLS mechanism [35-37]. Herein, a thicker Au layer
(50 nm) was deposited on Ti substrate and applied as the catalyst
for the synthesis of the SiNA. Fig. 3a and b shows the SEM image
of the Si nanowires prepared with Au layer of 20 nm in thickness.
As can be seen, the disordered Si nanowires were synthesized on
Ti substrate rather than the SiNA. When the thickness of Au layer
decreased to 5 nm, only sparse Si nanowires were grown on Ti sub-
strate (Fig. 3¢ and d). Taken together, the thickness of Au catalyst
played an important role in the formation of the SiNA.

Fig. 4 illustrates a plausible mechanism responsible for the for-
mation of the SiNA. As is well-known, the thick Au layer could
be transformed to Au arrays with high-density nanoparticles on
Ti substrate during the heating process. Subsequently, the newly
formed Si atoms were continuously added to molten Au nanopar-
ticles, and thus the formation of Au-Si alloyed droplets. After that,
Si atoms nucleated and grew into the Si nanowires through a VLS
mechanism. Two factors were expected to promote the growth of
the arrayed nanostructure: (1) the dense Au nanoparticles led to
the short distance between the Si nanowires in the initial growth
stage. As a result, the adjacent Si nanowires could support each
other, which was beneficial to the formation of the arrayed struc-
ture. (2) The growth rate of Si nanowires in HFCVD is faster than
conventional CVD system due to the large temperature gradient
between the growth substrate and the silane atmosphere, which
may also facilitate the array structure [38].

The SiNA with a length of 10m (Fig. 1) and the disor-
dered Si nanowires (Fig. 3c) were then tested as anode of Li-ion
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Fig. 3. SEM images of the Si nanostructures prepared using Au films with different thickness as a catalyst. (a and b) 20 and (c and d) 5 nm.
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Fig. 4. Schematic illustrating a plausible mechanism for the formation of the SiNA and disordered Si nanowires obtained using Au films with different thickness as a catalyst.

batteries. Fig. 5a shows the first three cyclic voltammogram (CV)
curves of the electrodes made from the SiNA at a scan rate of
0.5mVs~! and a temperature of 20°C. During the discharge pro-
cess, the peaks at 100-350 mV associated with the formation of
the Li-Si alloy. Upon charge, the peaks appeared at about 370 and
610 mV, corresponded to the phase transition between amorphous
LixSi phases, which was consistent with the previous reported
[33,39,10]. The magnitude of the peaks increased with cycle due to
activation of more material to react with Li in each scan [33,39].
Fig. 5b shows the 1st, 10th and 20th discharge curves of the
electrodes made from the SiNA at a current density of 0.05C. It
can be seen that a long flat plateau during the first discharge
corresponded to the formation of amorphous LixSi and subse-
quent discharge cycles had different voltage profiles characteristic
of amorphous Si [10,40-42,6,43]. The discharge capacities of the

electrode in the 1st, 10th, and 20th cycles were 3668.5, 3541.3 and
3443.6 mAh g1, respectively. The capacity after 20 cycles showed
about 93.8% capacity retention, indicating the high reversible prop-
erty of the SiNA as anode of Li-ion batteries. In addition, the SiNA
electrodes showed about 3650, 2980, 2650 and 2200mAhg-! of
discharge capacity at 0.05, 0.2, 0.5 and 1C, respectively (Fig. 5c).
The degradation (from 0.05C to 1C) might be resulted from low
electron conductivity and lithium ion diffusivity, both of which
were inherent properties of intrinsic silicon [44]. When the current
density was reduced to 0.05C again after 20 cycles, the capac-
ity was recovered to about 3600 mAhg-1. As a result, the SiNA
exhibited an enhanced capacity as anode of Li-ion batteries than
the previously reported Si nanowires/nanotubes [14,33,10,44-47].
From Fig. 5d, the first charging capacity was about 4245mAh g1,
which was essentially equivalent to the theoretical capacity within
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Fig. 5. (a) The first three cyclic voltammogram (CV) curves of the electrodes made of the SiNA at a scan rate of 0.5mVs~! and a temperature of 20°C. (b) The 1st, 10th and
20th discharge curves of the electrodes made of the SiNA at a current density of 0.05 C. (c) Capabilities of the SiNA at different C rates. (d) The charge and discharge capacity

for the SiNA, and the capacity for disordered Si nanowires vs. cycle number at 0.05C.

experimental error [33]. The initial Coulombic efficiency was about
86.4%, which was much higher than that of the disordered Si
nanowires. The array structure might be responsible for the higher
initial Coulombic efficiency. After first cycle, the charge and dis-
charge capacity remained the constant, with little fading up to
20 cycles. As observed, the SiNA exhibited much larger capacity
and higher initial Coulombic efficiency than those of the disor-
dered Si nanowires. The easier diffusion of electrolyte and shorter
lithium ion diffusion path were supposed to be responsible for
the improved performance. Furthermore, the higher density and
loading of Si nanowire arrays can ease the electrodes collapse dur-
ing the cycling, which may also be meaningful to the improved
performance. However, the exact mechanism needed further
investigation.

4. Conclusions

In summary, we have synthesized the SiNA on Ti substrate
through HFCVD using Au film as a catalyst. The thickness of the
Au layer played important role in controlling the morphology of Si
nanowires. The thick Au layer induced the formation of the SiNA,
while the thin Au layer resulted in the disordered Si nanowires. The
SiNA were applied as anode of Li-ion batteries, which showed larger
reversible capacity (3600mAhg-1) and higher initial Coulombic
efficiency (86.4%) than those of the disordered Si nanowires and
bulk Si materials. The array nanostructures can lead to the eas-
ier diffusion of electrolyte and shorter lithium ion diffusion path,
which might be responsible for the improved performance. We
believed that the SiNA might find potential applications in the next
generation of Li-ion batteries.
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