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Stabilized lithium-ion battery anode performance
by calcium-bridging of two dimensional siloxene
layers+t

Haruo Imagawa* and Hiroshi Itahara

A Ca-bridged siloxene (Ca-siloxene) composed of two-dimensional siloxene planes with Ca bridging was
synthesized via a solid state metathesis reaction using TaCls to extract Ca from CaSi,. Three different
Ca-siloxenes synthesized at Cl,/Ca molar ratios of 0.25, 1.25 and 2.5 (CS0.25, CS1.25 and CS2.5, respect-
ively) were fabricated and investigated as anode active materials for lithium-ion batteries. Both secondary
and primary Ca-siloxene particles, which serve to increase the contact interfaces with conductive
materials and to generate accessible sites for lithium ions, respectively, were found to become smaller
and to have increased pore volumes as the Cl,/Ca molar ratio was increased. These Ca-siloxenes exhibi-
ted stable charge/discharge performance as anode materials, with 69-99% capacity retention after
50 charge/discharge cycles (compared with 36% retention for a conventional Kautsky-type siloxene). The
charge capacity also increased with increases in the Cl,/Ca molar ratio, such that the CS2.5 showed the
highest capacity after 50 charge/discharge cycles. This may reflect the formation of SigLig rather than
Silis4 and suggests the maintenance of layered Si planes for large capacity retention after charge/
discharge cycling. The increase of contact interfaces between acetylene black (as a conductive material)
and Ca-siloxenes was found to effectively increase the lithium-ion capacity of Ca-siloxene during high

rsc.li/dalton rate charge/discharge cycling.

1. Introduction

Certain anode materials have the potential to increase the
capacity of lithium-ion batteries, so various graphite alter-
natives have been extensively studied for this purpose because
of the limited theoretical capacity of graphite (372 mA h g™*)."?
Silicon (Si)-based compounds, such as SiLi, 4, are among the
possible alternatives and have shown high capacity values as
anode materials (4200 mA h g~').> One drawback associated
with Si-based materials is structural decomposition in con-
junction with volume expansion during charge/discharge
cycling, leading to a loss of conductivity between the Si-based
materials and conductive cell components. As a result, effects
of binder have been reported for the prevention of loss of con-
ductivity. For example, polyacrylate binders have been applied
for improvement in the electrochemical performance of
Si-based materials.* Furthermore, Si-based materials having
different structures and compositions have also been investi-
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gated as a means of preventing this structural damage.”™* For
example, Si nanomaterials, including nanoparticles,>® nano-
wires” and nanotubes,® have been reported to exhibit effective
capacity retention, especially in the presence of an active
carbon matrix. Amorphous Si also shows promise in this
regard,”"® unlike crystalline Si, which is prone to high stresses
and associated cracking. An interesting approach to fabricating
porous Si materials has also been reported, with the aim of
accommodating volume expansion during lithium insertion,
using internal pores.'"'* Layered polysilane ((SigHs),) has also
been studied because its two-dimensional (2D) layered struc-
ture can serve as an analogue for graphite and contains sites
that are accessible for lithium ion insertion/extraction.'*"*
Layered siloxene is another promising material since it
incorporates 2D Si-based planes'™® that may be applicable
to the lithium storage reaction. Si planes with Kautsky-type
siloxene structures are composed of SigO3;Hg with Sig rings
connected through Si-O-Si bridges.'”'® Unfortunately, in this
structure, there are no bridges connecting the layered Si
planes other than van der Waals forces, which may lead to
cleavage between planes during charge/discharge cycles.'® In a
previous study, we reported a convenient method for the syn-
thesis of calcium-bridged siloxene (Ca-siloxene) via a solid
state reaction® incorporating an ethanol wash" (Scheme 1).
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Scheme 1 The solid state reaction employed for Ca-siloxene synthesis.

This material shows potential for application as an anode
active material in lithium-ion batteries.'"® In this solid-state
metathesis reaction, Ca is extracted from layered CasSi, with
the aid of TaCls, acting as a Cl source to form CaCl,, thus
maintaining a partial Ca-bridging between the Si layers, the
extent of which is controlled by varying the TaCls concen-
tration. This process forms Ca-siloxene owing to trace
amounts of H,O in the wash ethanol and HCI derived from
tantalum chloride species, similar to the siloxene synthesis
mechanism.””'® Because of the Ca-bridging, this Ca-siloxene
has demonstrated improved cyclability as an anode active
material compared with the Kautsky-type siloxene."®

Herein, we report the effects of the morphology and compo-
sition of Ca-siloxene on its performance as an anode for
lithium-ion batteries. In this work, primary Ca-siloxene
particles were reduced in size to generate flake-like particles,
varying with the extent of Ca extraction in the synthesis step,
using a technique based on our previous work."® This may not
only facilitate internal pore formation to accommodate volume
expansion, but could also improve cell performance by produ-
cing accessible sites for lithium ion insertion/extraction into
the Si planes during charge/discharge cycles. In order to focus
on the intrinsic anode performance, no binders were added
for the comparison of capacity. The effect of the amount of
conducting materials on capacity increase is also discussed
herein in order to assess the usefulness of Ca-siloxene as a
high capacity anode active material.

2. Experimental
2.1 Synthesis of Ca-siloxenes™

Samples were synthesized based on Cl,/Ca molar ratios of
0.25, 0.5 and 2.5, and are denoted herein as CS0.25, CS1.25
and CS2.5, respectively. In these syntheses, CaSi, (3.2, 1.6 and
0.32 mmol for CS0.25, CS1.25 and CS2.5, Rare Metallic) and
TaCl; (0.32 mmol, Wako Pure Chemical) were mixed together
and packed in boron nitride crucibles. These mixtures were
calcined at 215 °C for 5 h at a heating rate of 100 °C h™*,
which was sufficient to prevent overshooting the desired temp-
erature. The mixtures, still in the boron nitride crucibles, were
subsequently stored within sealed stainless steel cells, each
with an inner volume of 10 ecm®. The products were washed
with anhydrous ethanol in order to remove the by-product
CacCl, and excess TaCl; or their derivatives, followed by drying
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under vacuum at 80 °C. All synthesis steps were performed
under an Ar atmosphere. The Kautsky-type siloxene was
synthesized for a reference sample as described in the
literature.'”"'®

2.2 Characterization of Ca-siloxenes

Scanning transmission electron microscopy (STEM) per-
formed with an energy dispersive X-ray spectrometer (EDX)
(JEOL 2010) was used to analyze the microstructures of the
Ca-siloxenes. The secondary particle sizes were evaluated
using a Microtrac MT3300EX particle size distribution analy-
zer, while the pore volumes were calculated by applying the N,
adsorption method, employing a Quantachrome Autosorb-1.
The crystalline structures of the samples were characterized by
X-ray diffraction (XRD) using a Rigaku RINT-TTR (CuKo radi-
ation, A = 1.5418 A, 50 kV, 300 mA). CaSi, was used as the refer-
ence sample, corresponding to Cl,/Ca = nil.

2.3 Electrochemical properties

The lithium ion capacities of the Ca-siloxenes over 50 charge/
discharge cycles were assessed using a Hokuto Denko
HJ1010 galvanostat at 25 °C. The capacity was calculated based
on a per Ca-siloxene mass basis with the subtraction of that
for acetylene black under the same experimental conditions
from the measured capacity, in order to confirm the capacity
for Ca-siloxene. In these trials, each Ca-siloxene was mixed
with conductive acetylene black (HS100, 39 m”> g~*, Denka Co.,
Ltd) at a Ca-siloxene/acetylene black ratio of 70/30 by weight,
and then pressed onto a Ni foam to obtain electrodes in order
to assess the essential Ca-siloxene performance. Li foil was
used as the counter electrode and a 1 M solution of LiPFg in
an ethylene carbonate/diethyl carbonate mixture (50/50 vol%)
was employed as the electrolyte. A constant current of either
0.1 or 1 Ag™" Ca-siloxene was applied with a voltage window of
0.02 to 1.50 V vs. Li/Li". Scanning electron microscopy (SEM)
images of electrodes composed of CS2.5/acetylene black with
5 wt% PTFE were acquired to assess volume expansion after
50 charge/discharge cycles, using a Hitachi SU-3500.

To determine the acetylene black proportion required to
obtain optimal capacity and conductivity, CS2.5/acetylene
black mixtures with mass proportions of 90/10, 80/20, 70/30,
50/50 and 30/70 were prepared, denoted as CS2.5-10, CS2.5-20
CS2.5-30, CS2.5-50 and CS2.5-70, respectively.

The electrical conductivity values of the CS2.5/acetylene
black powder mixtures were measured using the two-probe
method following uniaxial pressing at 10 MPa.

3. Results and discussion
3.1 Characterization of Ca-siloxene

The XRD spectra of the samples exhibit broad peaks derived
from CaSi, in the region from 25 to 40°, and these peaks
clearly increase in intensity according to the increase in the
Cl,/Ca ratio (Fig. S17). This reflects the amorphous phase for-
mation resulting from the fragmentation of layered CaSi, by
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exfoliation, as has been reported in the literature.'® The pres-
ence of a Ca atom was confirmed in all Ca-siloxenes. The
average Ca/Si molar ratios determined by EDX are 1.8/6, 0.8/6,
and 0.3/6 for CS0.25, CS1.25, and CS2.5, respectively. The pres-
ence of Si-Ca bonding has been also confirmed by extended
X-ray absorption fine structure spectra."’

Such a phenomenon is often accompanied by small particle
formation and larger pore volume. Therefore, STEM images
were used to examine the detailed morphology of the Ca-
siloxene particles, as shown in Fig. 1(A)-(D). The secondary
particles of CS0.25 consist of agglomerated primary particles
with sizes on the order of several hundred nm. These are
similar in shape to the CaSi, particles, although the secondary
particles are evidently smaller than the CaSi, particles. The
morphology is seen to gradually change with greater Cl,/Ca
molar ratios, due to the ongoing aggregation of smaller exfo-
liated primary particles, as seen in the case of the CS1.25
image in Fig. 1(B). Eventually, flake-like primary particles
become dominant as in the CS2.5 (Fig. 1(C)), due to the exfo-
liation of the layered CaSi,. The magnified image of the CS2.5
around flake-like primary particles is shown in Fig. 1(E). The
thickness of flake-like primary particles is almost 15-20 nm.
This flake-like structure has been also confirmed by an N,
adsorption-desorption isotherm based on a typical H3-type
hysteresis loop for a slit-like pore structure (Fig. S21)."°

The secondary particle sizes of the samples are shown in
Fig. 2(A). The secondary particle size becomes smaller than
that of the CaSi, (for which the Cl,/Ca molar ratio is nil) as the
Cl,/Ca molar ratio is increased. This effect is controlled by the
amount of TaCls employed in the solid-state metathesis reac-
tion, which in turn affects the exfoliation of the CaSi,." Fig. 2(B)
summarizes the pore volumes of the samples, which are

Fig. 1 STEM images of (A) CS0.25, (B) CS1.25, (C) CS2.5 (D) CaSi, and
(E) CS2.5 (magnified image).

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (A) Secondary particle sizes, and (B) pore volumes of samples as

functions of the Cl,/Ca molar ratio.

seen to increase with increases in the Cl,/Ca molar ratio. This
transition also results from the morphological changes due to
the formation of flake-like particles in the solid state exfolia-
tion reaction of the CaSi,. The peak of the pore size distri-
bution is at approximately 4 nm (Fig. S21), which may corres-
pond to the size of the internal pores between the flake-like
particles."’

These data demonstrate that it is possible to control the for-
mation of nano-sized structures with increased Si-planes and
pore volumes as a synergetic effect by varying the synthesis
conditions, particularly the Cl,/Ca molar ratio. This tailoring
is capable of generating accessible sites for lithium ions
within the Si planes by forming nano-sized flakes as primary
particles. In addition, this technique produces increased
contact interfaces between conductive particles through the
formation of small secondary particles. Both these effects
show promise in increasing the utility of this material as an
anode in lithium-ion batteries, which will be discussed in the
next section.

3.2 Charge/discharge cycling performance

The charge capacity values of the Ca-siloxene samples on a per
Ca-siloxene mass basis over 50 charge/discharge cycles at a
rate of 0.1 A g', providing an indication of the degree of
delithiation of the specimens, are shown in Fig. 3. All capacity
data were derived from the Ca-siloxene capacity obtained after
subtraction of the acetylene black capacity. All Ca-siloxenes
exhibit stable charge/discharge performance as an anode
material, and do not show rapid capacity fading after the first
few cycles. In contrast, c-Si and Kautsky-type siloxenes are
known to undergo capacity fading within the initial ten
charge/discharge cycles.

The capacity of these Ca-siloxenes was evidently increased
on increasing the degrees of Ca extraction owing to the
exposed Si-planes and the larger pore volume that became
available for lithiation/delithiation, such that the CS2.5 exhi-
bited the highest capacity after 50 charge/discharge cycles.
Interestingly, the capacity of the CS2.5 was higher than that of
a Kautsky-type siloxene after 50 charge/discharge cycles,
indicating the structural stability of the CS2.5 resulting from

Dalton Trans., 2017, 46, 3655-3660 | 3657
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Fig. 3 Charge capacity per Ca-siloxene mass (ie., the capacity of
acetylene black was subtracted) over 50 charge/discharge cycles at a
rate of 0.1 A g! (inset: capacity retention after 50 cycles). Legend:
(a) CS0.25, (b) CS1.25, (c) CS2.5, (d) Kautsky-type siloxene, and (e) c-Si.

Ca-bridging between Si planes,'® even though the Kautsky-type
siloxene and the Ca-siloxene have similar Si plane structures.
The CS0.25 maintained almost all of its original capacity
throughout 50 charge/discharge cycles, exhibiting 99%
capacity retention (Fig. 3, inset), although it did not show the
same capacity as the CS2.5, primarily due to the morphological
differences in the primary particles of these two materials. For
example, the CS0.25 retained a high concentration of Ca
atoms, which prevented the formation of Si-Li bonds, and was
chiefly composed of large particles with lower pore volumes,
as shown in Fig. 2. These conditions do not favor the approach
of lithium ions towards Si atoms. The capacity retention of the
CS1.25 was not increased to the same extent as that of the
CS2.5, likely because of the balance between the formation of
flake-like particles and the extent of Ca extraction required for
effective lithium ion storage in the Si planes in this material.
Therefore, it can be said that the morphology of the Ca-silox-
ene affects the capacity largely because the available Si-plane
formation with larger pore volumes provides more lithium ion
accessible sites in the flake-like primary particles, as discussed
in section 3.1.

Fig. 4(A) shows the charge/discharge capacities and coulom-
bic efficiency of CS2.5 over 50 cycles at a rate of 0.1 A g~
Some amount of irreversible capacity was observed in the first
discharge step, probably due to solid electrolyte interface (SEI)
formation on the CS2.5 surface, as often seen in the Si-based
compounds.”™** The voltage plateau was present at around
0.7 V, probably corresponding to the SEI formation (Fig. 4(B),
charge/discharge curves). Therefore, such a formation also
seems to contribute stable charge/discharge cycling in CS2.5.

3658 | Dalton Trans., 2017, 46, 3655-3660
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Fig. 4 (A) Charge/discharge capacity per Ca-siloxene mass and
coulombic efficiency, (B) charge discharge curves of CS2.5 over 50 cycles,
(C) SEM images of the CS2.5 anode before cycling, and (D) after
50 cycles (inset: magnified CS2.5 particles).

Although low coulombic efficiency at the first cycle was found
in CS2.5 due to the SEI formation, a value more than 97% was
maintained after the first several cycles.

Fig. 4(C) and (D) present the SEM images of the CS2.5
anode before and after 50 charge/discharge cycles, respectively.
No obvious cracks are seen between the Ca-siloxene particles
and the acetylene black after cycling. Although it is possible
that volume expansion of the Ca-siloxene samples could occur
during charge/discharge cycles, since this phenomenon is
often seen with Si-based materials, this volume change may be
accommodated owing to the internal pores between the flake-
like primary particles. Concerning the morphology change of
the CS2.5 particles after charge/discharge cycling, pulveriza-
tion or cracking of particles was not observed (Fig. 4(D) inset,
magnified image of CS2.5 particles), and a Ca atom was also
present. In the case of the Si particles, clear particle pulveriza-
tion due to SiLi,, formation with huge volume expansion

This journal is © The Royal Society of Chemistry 2017
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(>400%) during the charge/discharge cycling was reported to
be one of the reasons for the Si anode deterioration.*?
Therefore, the rapid decrease in the charge/discharge capacity
is believed to have been prevented by successfully maintaining
the contact interfaces between the Ca-siloxene and the con-
ducting particles and also inside the particles, which may be
one of the advantages over the Si anode.

Interestingly, the maximum capacity of the CS2.5 (524
mA h g~' Ca-siloxene, corresponding to 692 mA h g™* (Si mass
basis)) was closer to the capacity of the SigLis (approximately
957 mA h g7') based on the Si planes of a polisilane,* rather
than the 4200 mA h g™' value for SiLi, 4. The smaller CS2.5
capacity relative to that of the SigLis may be due to Si-Ca
bonding, which is not available for Li storage. This result is in
agreement with a Ca-siloxene structure including Si planes,
and also suggests that these Si planes are sustained during the
charge/discharge cycling compared with c¢-Si and Kautsky-type
siloxenes. Similar results were theoretically predicted in the
previous report: single and double layer silicone (Si monolayer
sheet) showed little irreversible structural change during the
charge and discharge cycles.**

3.3 Effect of the conductive materials on capacity

The electrical conductivity of Ca-siloxene is known to be low:
6.4x107* S em™" for CS0.25 and 4.8 x 107 S em ™" for CS2.5."°
Hence, the mixing of conductive materials with Ca-siloxene is
an effective means of increasing the conductivity between the
conductive material and the Ca-siloxene particles and also
between the anode and the collector in a lithium-ion battery.
This should lead to an increase in the charge/discharge
capacity through optimization of the proportion of conductive
material. For this reason, acetylene black, acting as a conduc-
tive material, was mixed with the CS2.5, which had demon-
strated the best capacity among the Ca-siloxenes (see section
3.2). The charge capacity of CS2.5 with varying amounts of
acetylene black is summarized in Fig. 5. The capacity was evi-
dently increased with increases in the ratio of acetylene black
to CS2.5, and the capacity was maintained in the CS2.5-30, -50
and -70 after 50 cycles. The CS2.5-70 also exhibited a constant
charge capacity without any fading. In contrast, the CS2.5-20
and -30 showed a gradual decrease in capacity with prolonged
cycling relative to the CS2.5-70, likely due to the slight ongoing
decrease in the contact interface between the particles of
CS2.5 and acetylene black during these charge/discharge
cycles. The CS2.5-50 showed a slight decrease in capacity
throughout 50 cycles, which is almost intermediate between
CS2.5-30 and -70, just corresponding to the conductive
material ratio. The CS2.5-10 had a rather small capacity,
presumably because the contact interface between the CS2.5
and the acetylene black particles was insufficient to maintain
electrical conductivity when employing the small amount of
acetylene black in this material.

The conductivity of the CS2.5 pellets made with over
10 wt% acetylene black was almost 0.2 S em™, a value that
is almost identical to that of pure acetylene black under
the same experimental conditions. Therefore, a conductive

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Charge capacity per Ca-siloxene mass over 50 charge/discharge
cycles at a rate of 0.1 A g~* for samples with varying CS2.5/acetylene
ratios. Legend: (a) CS2.5-10, (b) CS2.5-20, (c) CS2.5-30, (d) CS2.5-50
and (e) CS2.5-70.

pathway is evidently present in samples containing at least
10 wt% acetylene black, although intimate contact between
the CS2.5 and the acetylene black particles may not occur until
20 wt% acetylene black is present, as seen in Fig. 5.

The formation of a contact interface between electrode
active materials and conducting materials plays an important
role, especially in a high charge/discharge rate, suggesting that
the CS2.5-70 is expected to prevent capacity decrease under
such a rate condition. Thus the effects of the contact interface
between the Ca-siloxene and acetylene black particles on the
current density of the CS2.5-30 and CS2.5-70 specimens are
presented in Fig. 6. The capacity of the CS2.5-70 at a charge/
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Fig. 6 Charge capacity per Ca-siloxene mass over 50 charge/discharge

cycles at a rate of 0.1 A g~* with sample/carbon mass ratios of (a) 70/30
and (b) 30/70, and at a rate of 1 A g~* with ratios of (c) 70/30 and (d) 30/70.
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discharge rate of 1 A g~' remained at almost 90% of the value
obtained at 0.1 A g~". In contrast, the capacity of the CS2.5-30
at 1 A g~' dropped to only 15% of the capacity measured at
0.1 A g7'. These data suggest that it is important to maintain
the contact interface between the Ca-siloxene and the conduct-
ing material, especially during charge/discharge cycling at a
high current density.

Ca-siloxene has the potential to generate a larger capacity
than that of carbon, and exhibits a fast charge/discharge rate
with structural stability during the charge and discharge
process, as described above. Thus, an interface between the
Ca-siloxene and the conducting material may be a key factor
related to the future practical application of this material to
lithium-ion batteries. Physical mixtures need a large amount
of conducting material. Fabricating Ca-siloxene/carbon com-
posite materials by adding organic precursors in the prepa-
ration step prior to calcination®>*® would be useful to reduce
the amount of carbon. It is important to explore such Ca-
siloxene coated with thin carbon layers in a further study.

4. Conclusions

Three different Ca-siloxenes, synthesized via a solid state meta-
thesis reaction using TaCl; and CaSi,, were assessed as anode
active materials for lithium-ion batteries. Decreases in the
primary and secondary particle sizes of the Ca-siloxene and
increases in the pore volume were observed at higher Cl,/Ca
molar ratios, leading to improved capacity after 50 charge/
discharge cycles. In order to judge the maximum capacity and
cyclability of Ca-siloxene, the mixing amount of acetylene
black as a conductive material was changed. The formation of
SigLis and the structural stability of the Si planes during
charge/discharge cycling were suggested. These findings reveal
some of the fundamental properties of Ca-siloxenes with
respect to their structure and composition, and should allow
optimization of these compounds for future applications as
anode materials in lithium-ion batteries.
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