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Phase transformation

The structural transformations of silicon nanowires when cycled against lithium were evaluated using
electrochemical potential spectroscopy and galvanostatic cycling. During the charge, the nanowires alloy
with lithium to form an amorphous Li,Si compound. At potentials <50 mV, a structural transformation
occurs. In studies on micron-sized particles previously reported in the literature, this transformation
is a crystallization to a metastable Li;5Si4 phase. X-ray diffraction measurements on the Si nanowires,
however, show that they are amorphous, suggesting that a different amorphous phase (Li,Si) is formed.
Lithium is removed from this phase in the discharge to form amorphous silicon. We have found that
limiting the voltage in the charge to 70mV results in improved efficiency and cyclability compared to
charging to 10 mV. This improvement is due to the suppression of the transformation at low potentials,
which alloys for reversible cycling of amorphous silicon nanowires.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Because of the demand for higher specific energy and energy
density lithium batteries for portable electronic devices, electric
vehicles, and implantable medical devices, silicon has been studied
as a replacement for graphite for the negative electrode.

The incorporation of 4.4 lithium atoms per silicon gives a specific
discharge capacity of 4200mAhg-1. The relatively low potential
range at which discharge occurs, below 0.5V [1], is also attrac-
tive. Thus there is a great incentive to find a way to utilize this
alloy system. Silicon is the second most abundant element on earth
and there is already a mature industrial infrastructure in existence,
which also makes it attractive when considering commercial appli-
cations.

There have been a number of studies on silicon containing
materials involving submicrometer pillars [2], micron- [3] and
nano-sized particles [4,5], and various composite anodes [6]. An
important feature of all of these silicon-based materials is the large
inherent change in specific volume (up to about 400%) during the
insertion and extraction of large amounts of silicon [7]. This causes
decrepitation, also known as pulverization or crumbling, and a loss
of electrical contact between the active material and the current
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collector. The result is a reduction in the effective capacity during
cycling.

In an attempt to better accommodate the large volume change
and to avoid capacity loss during cycling due to disconnected mate-
rial, we have developed an electrode platform that uses nanowires
(NWs) vertically adhered to the current collector [8,9]. By exploiting
the nanometer size in the diameter while maintaining good elec-
trical contact along the length of the nanowires, we aim to allow
for facile volume expansion while preventing decrepitation.

In our previous work [8], we have shown that silicon nanowires
(SiNWs) grown directly onto stainless steel current collectors
display stable discharge capacities >3000mAhg-!. Using ex
situ scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and X-ray diffraction, we observed that the
SiNWs remain intact during cycling and become amorphous upon
alloying with Li. In this study we used electrochemical potential
spectroscopy and galvanostatic cycling to better understand the
structural transformations occurring in the SiNWs and how they
might affect the reversible cycling.

2. Experimental

2.1. Synthesis

As described previously [8], stainless steel (SS) 304 (0.002 in.
thick, McMaster-Carr) substrates were decorated with Au catalyst
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Fig. 1. (a) Apparatus for synthesizing SINWs. (b) SINW growth process and corresponding regions on the Si—Au binary phase diagram. (c) SEM image of SiNWs. (d) Side-view

SEM image of SiNWs.

by evaporating 50 nm Au using e-beam evaporation and anneal-
ing for 30 min at 485 °C just prior to growth. The substrates were
heated to 485 °C and silane (SiHg4, 2% in Ar) was flowed in at 50 sccm
with a total chamber pressure of 40 Torr for 20 min. The mass of the
SiNWs in a given experiment (~200 g cm~2) was accurately deter-
mined by measuring the mass of the substrate using a microbalance
(Sartarious SE2, 0.1 g resolution) before and after growth.

2.2. Electrochemical analysis

Half-cells were fabricated out of the SINW/SS electrode, Li metal
foil, and Celgard 3401 separator soaked in electrolyte. The elec-
trolyte was 1.0M LiPFg in 1:1 (w/w) ethylene carbonate:diethyl
carbonate (Ferro Corporation). No binders or conducting carbon
were used. The cells were assembled inside an Ar-filled glove-
box and sealed in aluminized polyethylene laminate bags. The
SiNWs were stepped between the open circuit voltage (around
2.5V) and the lower cutoff voltage (0.01V) using 5 mV steps. The
current was measured in each step until the value was higher
than the threshold corresponding to the current of the C/20 charge
rate. Each current step was then integrated to get the differential
capacity. Galvanostatic measurements were made using a Maccor
4300.

2.3. X-ray diffraction

X-ray diffraction (XRD) was done using a PANalytical X'Pert
diffractometer with Cu Ka-radiation. The samples were mounted
on the sample stage (DHS900, Anton-Paar) using an Ar-filled trans-
fer bag to prevent exposure to air. The sample stage was covered
with a dome made of poly-ether-ether-ketone (PEEK) and filled
with Ar to prevent exposure to air during the measurement.

3. Results and discussion
3.1. SiNW growth

The SiNWs were grown directly onto stainless steel substrates
as described before [8] inside a tube furnace (Fig. 1a) using the
vapor-liquid-solid (VLS) growth method (Fig. 1b). VLS [10,11] is
a well-known process for growing NWs that exploits the eutectic
region in a binary phase diagram. One of the elements functions as
a catalyst for nucleating a NW while the other element is supplied
in a vapor form and makes up the bulk of the NW. After the growth,
each NW has a catalyst on its tip. For Si, a common catalyst is Au.
The Au catalyst is heated (Il in Fig. 1b) above the eutectic tempera-
ture (363 °C) and SiHy is introduced and allowed to decompose into
Si. The Si dissolves in the Au particle and forms a eutectic droplet
(Il in Fig. 1b). Upon reaching supersaturation (IV in Fig. 1b), nucle-
ation of a single-crystalline SINW occurs. Continuous supply of Si
vapor results in increasing growth along the length of the NW (V in
Fig. 1b).

Typical SEM images are shown in Fig. 1c and d. The SiNWs had
an average diameter of about 100 nm and lengths up to several tens
of microns. The cross-section SEM image (Fig. 1d) showed that the
SiNWs grew vertically off of the substrate.

3.2. Electrochemical potential spectroscopy

Electrochemical potential spectroscopy [12] was performed to
study the differential capacity as a function of potential in the
SiNWs and to obtain information about the structural transfor-
mations during lithiation and delithation. The dC/dV vs. voltage
and corresponding voltage vs. capacity curves are shown in Fig. 2.
Fig. 2a and b shows the curves for charging (lithiation) to 10 mV
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Fig. 2. Electrochemical potential spectroscopy data. Voltage profile (a) and differential capacity curve (b) of the first cycle, starting from crystalline SiINWs and charging to
10 mV. After the first cycle, the SINWSs turned amorphous, resulting in a different voltage profile (c) and differential capacity curve (d). Stopping the charge at 70 mV results

in yet another different voltage profile (e) and differential capacity curve (f).

vs. Li/Li* and discharging (delithiation) to 2V vs. Li/Li*. During
the charge, a small peak is observed at 0.62V and a larger peak
at 0.125V (A and B in Fig. 2b, respectively). The peak at 0.62V
has been reported to be due to SEI formation on the Si surface
[5] whereas the peak at 0.125V is a two-phase region where
crystalline Si (c-Si) reacts with Li to form an amorphous lithium
silicide, a-LixSi [13]. This two-phase region is seen as a long slop-
ing plateau indicated by B in Fig. 2a. The corresponding plateau
for the SEI formation in the voltage profile (A in Fig. 2a) is quite
small, indicating that this process does not contribute to sig-
nificant irreversible capacity loss. Indeed, from the peak areas
in the differential capacity curve, the capacity due to the SEI
peak at 0.62V was determined to be 253 mAhg-! whereas the
capacity due to lithiation of the SiNWs was 2962 mAhg-1. The
capacity loss between the charge and discharge was 18%. Because
the SEI peak only contributed about 8% of the capacity loss, the
cause of the remaining 10% may be due to other factors. Our
previous ex situ SEM and TEM work [8] found that the SiNWs
did not appear to pulverize or lose contact with the substrate.

The cause of the remaining capacity loss is still under investiga-
tion.

It has been reported [14] that charging Si to <50 mV results in
the formation of a crystalline Li;5Si4 phase, which is not predicted
by the equilibrium phase diagram. This can be observed as a small
peak in the differential capacity curve <50 mV. During discharg-
ing, Li is removed from this crystalline phase to form amorphous
Si (a-Si) in a two-phase region. This can be observed as a plateau
in the voltage profile and a peak in the differential capacity curve.
Previously [8], our ex situ XRD and SEM studies failed to observe
this crystalline Li5Sis phase and instead, we only observed that
the SiNWs were amorphous. The electrochemical potential spec-
troscopy data here, however, clearly show a transformation that
leads to a two-phase region. During the discharging, two peaks (D
and E) are observed in the differential capacity curve (Fig. 2b), which
correspond to plateaus in Fig. 2a. The two-phase region at E looks
similar to the reported [13] delithiation of crystalline Li;5Si4 to form
amorphous Si. However, our XRD data do not support the formation
of the crystalline Li;5Si4 phase. XRD scans taken of samples charged
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Fig. 3. X-ray diffraction data of SINWs charged to 10 mV and discharged to 2.0 V. The
peaks marked by S are from the stainless steel substrate. The peaks marked with *
are from the PEEK dome on the sample stage. The Li;5Si4 peaks, which are overlaid
as a reference, do not appear in the scans.

to 10 mV and discharged to 0.2 V clearly showed the absence of any
crystalline phase (Fig. 3). Based on our EPS data, if the crystalline
Li15Sis phase had formed, it should exist at both of these poten-
tials. The absence of the phase in the XRD data suggests that the
SiNWs remain amorphous. Although the EPS data look very simi-
lar to that reported in the literature, we do not believe the feature
at C and E are due to crystalline Li;5Si4 formation and delithiation,
respectively. Instead, it is possible that the transformation at C is
the formation of a distinct amorphous lithium silicide phase, here
called a-Liy,Si, which is different from the a-Li,Si formed during the
charge (region B). The feature at E then may be a two-phase region
between two different amorphous lithiated phases.

Fig. 2c and d shows the voltage and dC/dV curves after the crys-
talline Si has been converted to amorphous Si following the first
cycle. During the charge, lithiation into the amorphous Si occurs
in two sloping single-phase regions, as indicated by B’ and B”. The
lithiation of amorphous Si in two different voltage regions has been
reported previously [13], but the reason for it is still unknown and
requires further investigation. Here, we use a-Li, Si to identify the
phase formed at B’, and a-Li(y,Si to identify the phase formed
at B”. Below 50 mV, the same transformation to a-LiySi occurs and
delithiation of this phase occurs in a two-phase region to show a
similar plateau as in Fig. 2a.

Limiting the voltage of the charge to >70 mV prevents the forma-
tion of the a-Liy,Si phase, as shown in Fig. 2e and f. Delithiation thus
occurs in two single-phase regions, as indicated by E' and E”’. At E/,
the a-Li, Si phase is delithiated to a-Si. The voltage profile (Fig. 2e) is
thus characterized by sloping regions due to cycling of amorphous
Si rather than a plateau as seen in Fig. 2a and d. Closer inspection
of the voltage profiles indicate that the delithiation noted by E’ is
observed even after charging to <70 mV, as indicated in Fig. 2a and
c. In the dC/dV curve, this feature is observed after the large peak
at E. Thus, we conclude that during the process at E, there is a two-
phase region between a-LiySi and a-Liy Si. Then at E, the a-Li,Si is
delithiated to a-Si.

The features indicated by D were due to alloying of the Au
catalyst with the Li. Au has been known to react with Li at low
potentials [15]. Control experiments of a 50-nm film of Au showed
that a charge capacity of 47mAhg-! could be obtained due to
lithiation of Li with Au as determined using electrochemical poten-
tial spectroscopy with a C/20 cutoff current. This corresponds
to a stoichiometry of Lip33;Au. However, galvanostatic cycling

Table 1
Summary of phase transformations in SINWs.

Point in Fig. 2 Reaction

SEI formation
Lithiation of crystalline Si, c-Si +xLi — a-LiySi
Transformation to new phase at <50 mV, a-LixSi — a-LiySi
Gold alloying/dealloying with Li
Delithiation of phase formed at <50 mV
a-LiySi — a-Li, Si+(y —x')Li
B’ Lithiation of amorphous Si at >0.17 V, a-Si+X'Li — a-Li,/ Si
B” Lithiation of amorphous Si between 70 mV and 0.17V
a-Liy Si+X'"Li — a-Liyr 01y Si
E”’ Delithiation of amorphous Si <0.38V
a-Li(X/,,X//)Si — a-LiX/ Si+x"'Li
E Delithiation of amorphous Si >0.38V, a-Li,/Si — a-Si+x'Li

mg N w >

using a C/5 rate showed lower capacities (20-35mAhg-1) that
quickly degraded with each cycle, suggesting that the process is
not reversible over many cycles and may also be kinetically limited.
The “trapping” of Li into the Au may be one possible reason for the
capacity loss we have observed in the SINW samples, and this is still
under investigation.

Based on the electrochemical potential data (summarized in
Table 1), we found that the SiINWs appear to undergo similar phase
transformations as observed in previous studies in micron-sized
crystalline Si powders [13,16]. However, XRD data suggest that
the structural transformations at low potentials are different in
the SiNWs. Because our SiNWs have a cylindrical geometry and
space to freely expand, formation of the Li;5Si4 phase may be
dependent on parameters other than the voltage of the charge,
such as strain with the substrate and/or film thickness. Indeed,
previous studies done on amorphous Si thin films [17] observed
that formation of Lij5Si4 did not occur for films with thicknesses
<2.5 pm.

3.3. Galvanostatic cycling

Different galvanostatic charge/discharge measurements were
made to determine how the structural changes affected the
reversible cyclability. Fig. 4a shows cycling done using a C/20
rate between 10mV and 2.0V. In the voltage profile, the plateau
characteristic of lithiation of crystalline Si is observed in the first
charge. Afterwards, the charges have the sloping profiles char-
acteristic of lithiation of amorphous Si in two different voltage
regions. All of the discharges show plateaus due to delithia-
tion of the a-LiySi phase. Fig. 4b shows cycling done using a
C/5 rate using the same voltage range. Interestingly, all of the
discharges show sloping profiles, although there is still an indi-
cation of a plateau, suggesting partial formation of a-LiySi. This
suggests that formation of the a-Li,Si phase may be rate depen-
dent or that there may be polarization in the electrode. The C/5
cycling also showed improved coulombic efficiency and lower
irreversible capacity loss in the first cycle. The reason for this
improvement in cycling may be due to several reasons. The first
may be due to increased side reactions with the electrolyte or
more Li-Au alloy formation at the lower rate. The second may
be due to improved cycling due to the suppression of the forma-
tion of the a-LiySi phase. Highly reversible cycling of amorphous Si
thin films has been reported [18], with the good cyclability being
attributed to the facile Li insertion and extraction into the single
phase.

In order to better understand this improved cyclability at the
C/5 rate, we performed galvanostatic measurements with different
voltage cutoffs in the charge to control the formation of the a-Liy,Si
phase. Fig. 4c shows the cycling profile of a sample cycled between
70mV and 2.0V. Compared to Fig. 4b (10 mV cutoff, C/5 rate), the
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Fig. 4. Galvanostatic cycling of SiNWs at (a) C/20 rate with charge to 10 mV, (b) C/5
rate with charge to 10mV and (c) C/5 rate with charge to 70 mV.

discharge curves clearly show amorphous cycling. The first charge
capacity for the 70 mV cutoff is lower than for the 10 mV cutoff, as
expected, due to fewer Li ions being inserted. However, the cycling
with the 70 mV cutoff has better reversibility than the 10 mV cut-
off. This may be due to improved reversibility when cycling only
amorphous Si.

3.4. Cycle life

The cycle life of the SINWs measured with different charge cut-
offs was monitored for 50 cycles (Fig. 5). For the 10mV cutoff
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Fig.5. Cyclelife of SINWs cycled at(a) C/5 rate with charge to 10 mV, (b) C/5 rate with
charge to 70 mV and (c) the discharge capacity retention for the samples charged to
10 mV compared to 70 mV.

(Fig. 5a), both charge and discharge capacities were quite stable,
with a coulombic efficiency of 99% (84% in the first cycle), for
about 16 cycles, after which the capacity began to drop. After 50
cycles, the capacity retention was 61% (Fig. 5c). For the 70 mV
cutoff, the results are quite different (Fig. 5b). The irreversible
capacity loss in the first cycle is lower (12%) than for the 10 mV
(16%) case. Also, the capacity retention after 50 cycles is much
higher. This suggests that suppression of the crystallization of
a-Li,Si may substantially improve the reversible cycling of the
SiNWs.
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4. Conclusions

Here we report the structural transformations occurring in the
SiNWs when cycled with Li. In contrast to studies reported on Si
powders, the SiNWs do not appear to recrystallize at low poten-
tials, although a transformation event to a different phase may be
occurring. Because XRD data do not indicate a crystalline phase, we
conclude that this phase is an amorphous lithium silicide. In our
potential spectroscopy analysis, we therefore observe four different
amorphous lithium silicides: during the lithiation of crystalline Si
in the first charge (a-LixSi), at potentials <50 mV (a-Liy,Si), and dur-
ing lithiation of amorphous Si in all subsequent charges (a-Li, Si
and a-Ligy.y)Si). From our galvanostatic studies at different rates
and using different voltage cutoffs in the charge, it is clear that
these amorphous phases can contribute to the reversibility and
cycling retention. There is also indication that formation of these
phases, particularly the a-Li,Si phase, is kinetically limited. There-
fore, although characterization of these amorphous phases may be
challenging, understanding them may be key to developing better
silicon-based negative electrodes for lithium batteries.
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