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Use of Sn—Si nanocomposite electrodes for Li rechargeable batteries
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The relationship between the structural properties of Sn nano-
dots embedded in a Si electrode synthesised by co-sputtering
and their electrochemical performance during a lithium
insertion and extraction process has been investigated.

Due to the reduction in size of electronic device features, there is a
constant demand for lithium rechargeable batteries which have
greater battery capacity. In order to improve the performance of
Li rechargeable batteries, the development of new anodic materials
which have capacities greater than that of carbon (372 mA h g™ ')
is required.! Silicon has been considered as a promising anode
because of its high capacity (theoretical capacity, 980 pA h (cm® x
um) 1), compared with currently used carbon or graphite.*
Despite this high capacity, however, a pure Si electrode suffers
from poor cyclability due to mechanical cracking caused by the
volume change occurring during the insertion and extraction
processes.>® For the enhancement of performance, such as
reversible capacity, modification of the electrode structure seems
to be a vital factor.’ Recently, the introduction of nano-sized
materials in battery systems has been suggested to be a possibility
since the physical, electrical and chemical properties of nanophases
are very different from those of their bulk counterparts.® ! It is
believed that the key to the successful application of nanostruc-
tured electrodes in batteries is a combination of a number of
reaction sites, a fast transport pathway for electrons and ions, and
the cycle performance of the battery.”!*!? Indeed, the use of nano-
sized electrodes was shown to strongly affect the reversible capacity
of batteries.'* For example, Wang e al.'* reported that nano-sized
NiSi and FeSi powders prepared by high-energy ball-milling yield
a high Li storage capacity. Recently, Song er al,'’ while
investigating the film thickness dependence of the electrochemical
behaviour of nanocrystalline Mg,Si thin film electrodes, showed
that the nano-sized structure of the anodes is important for
improving the electrochemical performance of Li rechargeable
batteries. Li and Martin,'® while investigating the electrochemical
behaviour of SnO, particles embedded within the anode of Li
rechargeable batteries, suggested that the nano-sized Sn grains in
the SnO, nanofibers result in improved cycling performance. In
this work, we have investigated the synthesis and electrochemical
properties of a two-phase nanocomposite electrode, ie., Sn nano-
dots embedded in a Si electrode prepared by a co-sputtering
system. It is shown that the addition of Sn nano-dots effectively
improves the cycling performance of Li rechargeable batteries.
Sn-Si nanocomposite electrodes were deposited on Cu foil
substrates using an RF magnetron sputtering system, at a base
pressure of less than 5 x 10 Torr and a working pressure of
5 x 107 Torr. Sputtering was carried out under an inert Ar gas
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atmosphere at 40 sccm at room temperature. Three different
nanocomposite electrodes (I x 1 cm in area) were synthesised:
sample A (230 nm thick) was deposited for 30 min at RF powers
of 30 W (Si target) and 30 W (Sn target); sample B (236 nm) for
25 min at RF powers of 60 W (Si target) and 30 W (Sn target), and
sample C (244 nm) for 20 min at RF powers of 90 W (Si target)
and 30 W (Sn target). For comparison, a Si single-phase electrode
was also prepared at 50 W for 30 min. The thicknesses of the
nanocomposite electrodes were carefully measured using field
emission scanning electron microscopy (FESEM: Hitachi S-4100).
To measure the thickness accurately, the electrodes were
intentionally deposited onto Pt/Si substrates instead of Cu
substrates, since the Pt/Si substrates were easy to cut into pieces
for measurements. The microstructures of the nanocomposite
electrodes were examined using high-resolution electron micro-
scopy (HREM) (a Phillips CM20T/STEM electron microscope at
200 kV). X-Ray diffraction (XRD) examinations were done using
a Rigaku X-ray diffractometer equipped with a Cu Ko source.
X-ray photoelectron spectroscopy (XPS) analyses were carried out
using a VG Scientific (ESCALAB 250) X-ray photoelectron
spectrometer with an Al Ko X-ray source (1486.6 eV) at a
base pressure of 2 x 10~° Torr. To evaluate the electrochemical
performance of the nanocomposite electrodes, the electrochemical
behaviour for Li insertion and extraction was investigated using a
conventional two-electrochemical system. Test cells fabricated with
as-deposited thin-film working electrodes and metallic Li anodes
were prepared in a glove box filled with Ar gas. A 1.0 M LiPF¢
solution in a 1 : 1 (vol%) mixture of ethylene carbonate and diethyl
carbonate was used as the electrolyte. The test cells were aged for
12 h at 25 °C after the addition of the electrolyte before
electrochemical testing. The electrochemical behaviour of the
nanocomposite electrodes was investigated in organic electrolyte Li
cells using a WBCS 3000 battery tester system (Won-A Tech
Corp., Korea) with a constant current density of 20 pA cm Zata
cut-off voltage of 0.1 to 2.0 V (vs. Li/Li*) at room temperature.
Fig. 1 shows HREM images and transmission electron
diffraction (TED) patterns obtained from the pure Si thin-film
and Sn-Si nanocomposite electrodes. For the Si electrode
(Fig. 1(a)), the image reveals uniform speckle contrast and the
TED pattern exhibits a broad diffuse ring, which are character-
istics of amorphous materials. For the nanocomposite samples, the
HREM images exhibit a number of dark blobs. A comparison of
the Si and Sn-Si nanocomposite samples indicates that the blobs
are Sn nano-dots and are embedded in an amorphous Si electrode
(bright contrast). The TED patterns also revealed a characteristic
of amorphous phases, indicating that the Sn nano-dots have
amorphous structure. This was further confirmed by XRD results
(not shown), which showed the presence of a very weak broad
diffraction peak, a characteristic of amorphous structure. The Sn
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Fig. 1 HREM images of (a) a pure Si electrode fabricated by
conventional sputtering and (b) Si-Sn nanocomposite sample A, (c)
sample B, and (d) sample C that were fabricated by a co-sputtering
method. Their transmission electron diffraction (TED) patterns are shown
in the inset (top right).

nano-dots are measured to be in the range 8-19, 4-9, and 4-6.5 nm
for samples A, B, and C respectively.

XPS analyses were made of the three nanocomposite samples. A
charge correction was applied to the C 1s (284.5 eV) signal, and all
other XPS peaks in the C 1s, Si 2p and Sn 3d regions. The Sn 3ds,,
XPS spectrum exhibited a signal corresponding to the Sn metallic
state (~485.0 eV).!” This is in good agreement with the
thermodynamic solubility of Sn in Si;'® due to its low solubility,
the incorporated Sn tends to be segregated in the amorphous
matrix. Furthermore, the Si 2p spectrum appears at ~99.0 eV.'” It
was shown that the relative intensities of the Sn spectral peaks
decrease with increasing RF power for the Si target. This indicates
that a larger amount of Sn was incorporated into the Si electrode
when the samples were synthesised at lower RF power for the Si
target, as summarised in Table 1. In addition, the Sn 3d XPS
results show that tin oxide is present in the form of SnO, at the
surface region of the Sn nano-dots. The XPS results also show that
the oxidation states of Si 2p is Si*" (~103.3 eV)!” and that silicon
oxide forms only at the surface during exposure to air for the XPS
examination.

Fig. 2 shows the cycle number dependence of the insertion
capacities of Li/Sn-Si cells fabricated with the three different Sn—Si

Table 1 Summary of the amounts of Sn and Si in the three
different Si-Sn nanocomposite electrodes, which were calculated by
Cy = (I,/SY)/(Zi;lS;) based on the XPS spectra
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Sensitivity

Atom fraction of

factor (Sy) Area (Iy) constituent (Cy)
Sample A Sn 3d 4.095 106 469.12  Sn : Si = 0.67 : 0.33
Si 2p 0.283 3644.90
Sample B Sn 3d 4.095 86 208.18 Sn: Si=049:0.51
Si 2p 0.283 6341.25
Sample C  Sn 3d 4.095 47 478.73  Sn:Si = 0.24:0.76
Si 2p 0.283 8640.72
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Fig. 2 The cycle number dependence of the capacities of Li/Sn-Si cells
fabricated with the three different Sn—Si nanocomposite electrodes, in
which the cut-off voltages were 0.1 to 2.0 V.

nanocomposite electrodes. It is shown that the cycling performance
of the pure Si thin film-based cells rapidly degrades with increasing
cycle number.” However, the Sn-Si nanocomposite electrode-
based cells exhibit good stability. In other words, as the cycle
number increases, the capacity drops by 27-33% of the initial value
and then becomes saturated. This indicates that although the
amorphous Si plays a major role in producing high capacity,
the presence of the Sn nano-dots delays the degradation of the
capacity by stabilizing the amorphous Si matrix, and so is very
effective in enhancing the electrochemical performance of batteries.
This is in good agreement with the results previously reported by
other groups, showing that the incorporation of nanostructured
electrodes into batteries enhances the electrochemical performance
of Li ion batteries.”'>!° Although the exact mechanism for the Sn
nano-dot dependence of the cycling behaviour is not clear at this
moment, the improvement of the cycling behaviour of the Sn—Si
nanocomposite-based cells can be attributed to the increased
structural stability of the electrodes, namely, a decrease in the
volume change of the Si electrode due to the incorporation of the
Sn nano-dots.’ In other words, the Si electrode-based cells suffered
a large loss in the capacity due to the mechanical cracking caused
by the volume change during the cycling process.> It is also noted
that the capacity performance is dependent on the amount of Sn
(and its size) incorporated in the amorphous Si electrode, namely,
the smaller the size of the Sn nano-dots, the better the capacity.
For example, the cells made with the samples A, B, and C
produced capacities of 707.0, 829.0, and 870.0 pA h (em? x pm) !
in the first insertion process, respectively. Considering that Sn has
a lower theoretical capacity than Si,*° the reason why sample C
yields a higher capacity than samples A and B can be associated
with the smaller amount of Sn nano-dots incorporated in the Si
electrode. The capacity drops by 49.1, 42.2, and 34.8% of the initial
value after 15 cycles for samples A, B, and C, respectively, showing
that sample C gives higher capacity than samples A and B. This
indicates that smaller Sn nano-dots are more effective in mini-
mising the volume expansion and hence hindering the cracking of
the Si electrode film, leading to better capacity performance.

Fig. 3 shows insertion curves for the samples with the three
different Sn—Si nanocomposite electrodes, in which the cut-off
voltages were 0.1 to 2.0 V. It is shown that capacity depends on the
amount of incorporated Sn.
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Fig. 3 Potential vs. capacity curves for Li/Sn-Si cells made with three
different Sn—Si nanocomposite electrodes with a constant current density
of 20 pA cm ™2 at a cut-off voltage of 0.1 to 2.0 V.

In summary, the nanocomposite electrodes, ie., Sn nano-dots
embedded in the amorphous Si electrode, were designed and
synthesised using a co-sputtering system. Li/Sn-Si cells fabricated
with the Sn-Si nanocomposite electrodes showed very good
reversible capacity during the Li insertion and extraction process,
which is much better than that of the cells with the pure Si film
electrodes. This implies that the use of the Sn—Si nanocomposite
electrodes is potentially important for realising high-performance
Li rechargeable batteries.
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