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Pure Si platelets and Ni or Cu layer-laminated Si platelets with difference thickness were prepared, and
their charge/discharge properties were examined in 1M LiClO4/EC+DEC (1:1 by volume) as alternative
negative electrode materials to graphite for Li-ion batteries. The shape of thin platelets and lamination
with Ni layer are significantly effective to improve the cycleability in Li-Si alloy system by relieving the
stress during the alloying/de-alloying processes, reinforcing the mechanical strength and reducing the
Li* ion diffusion length. Moreover, the first irreversible capacity is minimized by reduction of the amount
of Ketjen Black (KB) in the composite electrode because of electrolyte decomposition on the surface of
KB. Consequently, the Si/Ni/Si-LP30 (30/30/30 nm) composite electrode with 5 wt% KB also exhibits over
700 mAh g-! even after 50 cycles in 1M LiPFg/EC+DEC (1:1).

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Li-Si alloy systems have attracted much attention as negative
electrodes in lithium-ion cells because of their high theoretical
capacity (ca. 4200 mAh g~1) [1,2]. However, the capacity retention
of Si is poor, and it shows a high irreversible capacity in the first
charge/discharge cycle. The poor retention is ascribed to a large
volume expansion and contraction during the charge/discharge
cycling, which causes particle fracture and electrochemical pulver-
ization [3]. As a result, a significant capacity loss upon cycling is
induced. Therefore, relaxation of the stress caused by the expan-
sion and contraction of Li-Si alloy materials is important to obtain
a good cycleability. This concept has been realized by using Si
nanoparticles [3-10] or nanowires [11-16], which are usually used
as composites with carbon or SiOy (Si/C or Si/SiOx) [3-12]. Another
concept is to use thin films of metals [17-21]; however, the thick-
ness of the film should be less than several micrometers to obtain
good cycleability, which limits the capacity of the cells. From these
viewpoints, metal thin platelets are a promising morphology for
alloy materials to attain both high capacity and good cycleability
[22,23]. In addition, lamination with inactive metals such as Ni can
increase the strength of the platelets, by which further improved
cycleability is expected, though the specific capacity decreases.
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In this study, we prepared five types of Si thin platelets (Leaf
Powder®, Oike & Co., Ltd.) as shown in Fig. 1, and examined the
charge/discharge characteristics. The morphologies of the samples
before and after the charge/discharge cycling and components of
solid electrolyte interphase (SEI) are also investigated.

2. Experimental

Pure Si platelets (Si-LP, thickness: 100nm) and Ni or Cu
layer-laminated Si platelets with difference thickness (Si/Ni/Si-
LP30 (30/30/30nm), Si/Ni/Si-LP50 (50/50/50nm), Ni/Si/Ni-LP
(15/60/15 nm) and Si/Cu/Si-LP30 (30/30/30 nm)) were prepared by
a physical vapor deposition (PVD) method using vacuum evapora-
tion, followed by crashing. The size of the platelets was controlled
in 4-5 pm square with a thickness of 90-150 nm. Commercially
available Si powder (Aldrich, <325 mesh) was also used for com-
parison. The test electrode was fabricated by coating slurry on a
copper foil as a current collector. The slurry was prepared by mix-
ing (90 — x) wt% active material sample, x wt% Ketjen Black (KB, Lion
Corp., EC600JD) as a conductive agent and 10 wt% carboxymethyl
cellulose sodium (NaCMC) salt as a binder using water as a solvent.
The slurry was coated on a copper foil current collector (0.785 cm?)
with a thickness of 50 wm, and then dried overnight at 80°C
under vacuum. The electrochemical evaluation was performed by
constant current-constant voltage (CC-CV) charge/discharge tests
with a coin-type two-electrode half-cell. The counter electrode was
Li foil. The electrolyte solution was 1M LiClO4 or 1M LiPFg dis-
solved in EC/DEC (1:1, by volume). The surface morphologies of


dx.doi.org/10.1016/j.jpowsour.2011.02.042
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:minaba@mail.doshisha.ac.jp
dx.doi.org/10.1016/j.jpowsour.2011.02.042

6638 M. Saito et al. / Journal of Power Sources 196 (2011) 6637-6643

WSi-LP W Si/Ni/Si-LP30 W Si/Ni/Si-LP50
(30/30/30) (50/50/50)
) 00nm ) g}lsom
Mean particle
size: 4.44 um Mean particle Mean particle
size: 4.46 um size: 4.76 um

ENi/Si/Ni-LP
(15/60/15)

W Si/Cu/Si-LP30

(30/30/30)
=" -
Mean particle i
lea Mean particle
size: 4.02 um size: 4.56 um

Fig. 1. Schematic illustrations of the Si thin platelets.

Fig. 2. SEM images for Si thin platelets. (a) Si-LP, (b) Si/Ni/Si-LP30, (c) Si/Ni/Si-LP50, (d) Ni/Si/Ni-LP and (e) Si/Cu/Si-LP30.

the electrodes before and after CC-CV tests and components of SEI
were examined by a scanning electron microscope (SEM) with a
secondary electron detector and X-ray photoelectron spectroscopy
(XPS), respectively.

3. Results and discussion
3.1. Characterizations of Si thin platelets

Fig. 2 shows the SEM images of the Si thin platelets. They had
platelet structure with an average size of 4-5 wm. The thicknesses
of the Si-LP, Si/Ni/Si-LP30, Si/Ni/Si-LP50, Ni/Si/Ni-LP and Si/Cu/Si-
LP30 were 100, 90, 150, 90 and 90 nm, respectively. The presence
of the Ni and Cu layers was confirmed in the laminated samples,
especially clearly in the Si/Ni/Si-LP50.

XRD patterns of the platelets are shown in Fig. 3. For com-
mercially available Si powder, sharp peaks assigned to Si(111),
Si(220) and Si(311) were clearly observed. In contrast, no clear
peaks assigned to crystalline Si were observed for all the platelets,
which indicated that Si in the thin platelets was amorphous. On the
pattern of the Si-LP, a small peak was found at around 38°, which
is probably assigned to SiO,. This indicates that a relatively large
amount of SiO, covered the surface of Si-LP as compared with those
of the other laminated platelets.

3.2. Electrochemical properties and cycleability of Si thin platelets

Fig. 4 shows the charge/discharge curves of Si thin platelets
and Si powder. The Si powder and Si-LP showed high initial dis-
charge capacities of over 2000 mAh g~!, while the other laminated
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Fig. 3. XRD patterns of Si thin platelets together with a conventional Si powder.
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Fig. 4. Charge/discharge curves of (a) Si-LP, (b) Si/Ni/Si-LP30, (c¢) Si/Ni/Si-LP50, (d) Ni/Si/Ni-LP, (e) Si/Cu/Si-LP30 and (f) Si powder electrodes consisted of active mate-
rial + KB +NaCMC=75:15:10 by weight at C/6 in 1 M LiClO4/EC+DEC (1:1 by volume). Potential range: 0.02-1.5V vs. Li/Li*.

Si platelets exhibited lower initial capacities of ca. 1000 mAhg~!
because of the presence of inactive Ni or Cu layer. The charge
current was observed at around 1.5-0.75V in the first charging
for all the platelets. However, in the second charging, it began

to appear below 0.5V. In addition, all the platelets showed large
irreversible capacities in the first cycle. These results indicate that
solid electrolyte interphase (SEI) was formed on the surface of elec-
trode through the reductive decomposition of electrolyte. For the
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Fig. 5. (a) Discharge capacity and (b) coulombic efficiency vs. cycle number of Si/Ni/Si-LP30, Si/Ni/Si-LP50, Ni/Si/Ni-LP and Si/Cu/Si-LP30 electrodes consisted of active
material + KB+NaCMC=75:15:10 by weight at C/6 in 1 M LiClO4/EC+DEC (1:1 by volume). Potential range: 0.02-1.5V vs. Li/Li*.
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Fig. 6. SEM images of Si thin platelets after the CC-CV tests. (a) Si-LP, (b) Si/Ni/Si-LP30, (c) Si/Ni/Si-LP50, (d) Ni/Si/Ni-LP, (e) Si/Cu/Si-LP30 and (f) Si powder.

Si powder, the discharge current began to appear at around 0.5V;
however, it was at around 0.25V for the Si thin platelets. There-
fore, hysteresis between the charge and discharge curves was found
to be smaller for the Si thin platelets, probably because Si in the
platelets was amorphous.

Cycleability of the Si thin platelets and Si powder are shown in
Fig. 5(a). In the case of the Si powder, the charge and discharge
capacity dropped drastically in several cycles and it became hard
to charge and discharge after only 15 cycles. The Si-LP showed
improved cycleability. Though the initial discharge capacity was
lower than that of the Si and Si-LP, the laminated Si platelets
showed excellent retention of the charge/discharge capacity. The
Si/Ni/Si-LP30 showed the best retention of the charge/discharge
capacity among the laminated platelets. Therefore, both concepts
of shape control and lamination are found to be effective to improve
the cycleability in Li-Si alloy system. However, the cycleability of
Si/Cu/Si-LP30 was poor as compared with other Leaf Powders that
were laminated with Ni layer.

To elucidate the utilization of Si in the laminated Si thin platelets,
the practical discharge capacity was converted against the Si mass
(Fig. 5(b)). The Si utilization in the first cycle was ca. 3200 mAh g~!

for the laminated Si thin platelets, i.e. more than 75% of theoretical
capacity (ca.4200 mAh g~1) of Si, while the Si powder and Si-LP was
ca. 60% of the theoretical value. This implies that the alloying and
de-alloying reactions proceed more effectively and reversibly in the
laminated platelets, which is probably attributed to enhancement
of the mechanical strength against crack formation and pulveriza-
tion, and further reduction of the diffusion length of Li* ions.

Fig. 6 shows the SEM images of Si platelets and Si powder before
and after 50 cycles. The initial large particles of the commercially
available Si powder were pulverized after repeated charging and
discharging. On the other hand, agglomeration of thin flakes was
observed for Si-LP. In contrast to Si-LP, for Si/Ni/Si-LP30, Si/Ni/Si-
LP50, Ni/Si/Ni-LP and Si/Cu/Si-LP30, thin flakes of platelet remained
after 50 cycles, while some agglomeration was observed in Si/Ni/Si-
LP50 and Ni/Si/Ni-LP. Therefore the presence of the inert metal layer
suppressed the agglomeration of thin flakes. In summary, lami-
nated platelets effectively prevented pulverization and remained
their shape by containing inert metal layer, which resulted in excel-
lent cycleability. The morphology of Si/Cu/Si-LP hardly changed
after 50 cycles. However, the cycleability was poorer than Ni layer
laminated LP as shown in Fig. 5(a), the reason of which is not clear
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Fig. 7. Charge/discharge curves of Si/Ni/Si-LP30 electrodes consisted of Si/Ni/Si-LP30:KB:NaCMC =(a) 75:0:10, (b) 75:5:10, (c) 75:10:10, (d) 75:20:10, (e) 75:35:10 by weight

at C/6 in 1M LiClO4/EC+DEC (1:1 by volume). Potential range: 0.02-1.5V vs. Li/Li*.

at present.

3.3. Decrease in the irreversible capacity at 1st cycle

It is widely known that the KB is superior as an electron-
conductive material to the other conductive agents such as the
conventional acetylene black (AB). However, the large specific sur-
face area also brings about a greatly large amount of decomposition
of electrolyte on the KB, and generates a significant irreversible
capacity. Therefore, to reduce the irreversible capacity of the com-
posite electrode, the amount of KB added in the electrode was
changed, and their charge/discharge properties were evaluated
using the Ni/Si/Ni-LP30 that exhibited the highest cycleability in
the above results. Fig. 7 shows the charge/discharge curves of
the Ni/Si/Ni-LP30 electrodes containing various amounts of KB. By
increasing the amount of KB, a plateau appeared at around 1.0V on
charging, which corresponds to the current due to the decomposi-
tion of electrolyte on KB.

The charge and discharge capacities are summarized in Fig. 8.
As shown in Fig. 8, the first discharge capacity did not increase at
more than 5wt% of KB, while the first charge capacity increased
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0.02-1.5V vs. Li/Li*.
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with an increase in the amount of KB. This indicates that 5 wt% of
KB is enough to make the electron path in the composite electrode,
and extra amount of KB provides the irreversible capacity due to
the electrolyte decomposition on the surface of KB. As a result, the
irreversible capacity was reduced down to of 672mAhg-! at the
5 wt% of KB, which corresponds to ca. 54% of the irreversible capac-
ity in the case of 15 wt% KB. Therefore, to fabricate the composite
electrode using Li-Si alloy anode, it is considered that the kinds
and adding amount of conductive agent is important for the practi-
cal use. Further optimization of the conductive agents was now in
progress.

Fig. 9(a) and (b) shows the discharge capacity and the coulom-
bic efficiency vs. cycle number for the composite electrodes
using the Si/Ni/Si-LP30. The composite electrode consisted of
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Si/Ni/Si-LP30:KB:NaCMC=75:5:10 exhibited a high capacity of
696 mAh g1 in 50 cycles and the highest cycleability among them
(Fig. 9(a)). Also, the coulombic efficiency vs. cycle number at
the 5wt% KB was the highest from the initial cycles (Fig. 9(b)).
Non-adding and extra-adding KB over 20 wt% led to decrease the
coulombic efficiency.

Fig. 10 shows the XPS spectra for the composite electrode using
Si/Ni/Si-LP30 with 5 wt% KB before and after the charge/discharge
test. In the Si 2p, the XPS peaks assigned to Si and SiO, were clearly
observed at 99.6 eV and 103.7 eV, respectively. However, the XPS
peaks vanished only after 10 cycles. On the other hand, for the C
1s the XPS spectra of C-C, C-0 and O=C-0 bonds were confirmed
at 184.5eV, 186.5eV and 288.4 eV, respectively. However, the XPS
spectra completely changed and a new XPS spectra appeared at
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Fig. 11. (a) Charge/discharge curves and (b) cycleability of Si/Ni/Si-LP30 electrode consisted of Si/Ni/Si-LP30 + KB + NaCMC=75:5:10 by weight at C/6 in 1 M LiPFg/EC + DEC

(1:1 by volume). Potential range: 0.02-1.5V vs. Li/Li*.
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186.5eV and 290eV, which are considered to be originated from
Li;CO3 containing in the SEI. These results indicate that the elec-
trolyte decomposed both on the surface of Si thin platelet and KB
to form the SEI film, which causes the large irreversible capacity.
In addition, the SiO, was also detected on the surface of Si/Ni/Si-
LP30. It is well known that the electrochemical reduction of SiO, to
metal Si generates Li;O and LigSiO4 as electrochemically inactive
by-products [24], which is also an origin of the irreversible capacity
at the first charging process. Therefore, the irreversible capacity is
suggested to be reduced by decreasing the amount of SiO,.

For the practical use of the Si thin platelets, availability of
a conventional Li salt LiPFg is quite important because of the
physical properties. Fig. 11(a) and (b) shows the charge/discharge
curves and cycleability for the Si/Ni/Si-LP30. From the results,
the charge/discharge performance was not changed in 1M
LiPFg/EC+DEC(1:1 by volume) at C/6 rate. The estimated coulombic
efficiency vs. cycle number was also excellent.

4. Conclusions

To improve the capacity retention of Li-Si alloy anode, five
kinds of Si thin platelets were prepared, and their charge/discharge
properties were examined. The shape of thin platelets effectively
relieved the stress by volume expansion and shrinkage during
the alloying and de-alloying processes with Li* ion, and greatly
improved the cycleability. The lamination with the Li-inactive Ni
layer further improved the cycleability by reinforcing the platelets
and reducing the diffusion length of Li* ions, though the specific
capacity decreased by its presence. As the results, the Si/NiSi-LP30
showed the best cycle performance. On the other hand, a part of
irreversible capacity at the 1st cycle was found to be originated from
the electrolyte decomposition on KB by charge/discharge test using
various amounts of KB and XPS analysis. The irreversible capac-
ity was minimized to 672 mAhg~! by reduction of the amount of
KB in the composite electrode down to 5wt%. Moreover, for the
practical use of Si thin platelets, the charge/discharge properties
of Si/Ni/Si-LP30 was evaluated in the LiPFg-based electrolyte, and
was demonstrated to exhibit an excellent performance as well as
that in the LiClO4-based one. Consequently, a high first discharge

capacity of 917 mAh g1 was obtained, and more than 700 mAh g1
was kept in 50 cycles.
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