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A highly durable SiOC composite anode was prepared for use in lithium secondary batteries. The SiOC
composite was synthesized by electrodeposition of SiCly. The composite anode delivered a discharge
capacity of 1045 mA h per gram of Si at the 2000'" cycle and 842 mA h per gram of Si even at the 7200
cycle. The reason for the excellent cyclability was investigated by methods including field emission
scanning electron microscopy (FESEM), scanning transmission electron microscopy with an energy
dispersive X-ray analyser (STEM-EDX), and X-ray photoelectron spectroscopy (XPS). The results
revealed that the excellent cyclability was achieved by the homogeneous dispersion of SiO, and organic/
inorganic compounds at the nanometre scale. The structural uniformity of the SIOC composite is
believed to have suppressed the crack formation attributable to the stress resulting from the reaction of
silicon with lithium during charge—discharge cycles.

progress in portable electronic devices has also been significant.
The development of these applications mainly depends on the
advancement in the technology of energy storage, for which
lithium ion batteries (LIB) are most suitable because of their high
energy density and high power output.

The silicon anode system, along with the Sn anode
system,*? is promising because of the high theoretical capacity
of 4200 mA h per gram of Si,'"'> which is higher than that of

Introduction

Environmental issues such as global warming have become
increasingly important in recent years, and the development of
low-emission vehicles such as hybrid electric vehicles (HEVs) and
battery-operated electric vehicles (BEVs) and the utilization of
renewable energies have been attracting much attention.' The
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1 Electronic supplementary information (ESI) available: Linear sweep
voltammogram of the silicon deposition bath; potential profile during
the silicon deposition; XRD pattern of the deposit prepared by the
electrodeposition of silicon; GDOES depth profiles for the elements of
Si, C, and O in the deposit; cyclic voltammogram for initial 3 cycles of
the SiOC composite prepared by the electrodeposition of silicon. See
DOI: 10.1039/c2ee03278c

graphite (372 mA h g™).

A long-life n-Si anode with 2000 mA h g=' of capacity
sustainable for more than 3000 cycles has been reported when the
anode thickness was as thin as 50 nm."* In order to increase the
capacity of the Si battery system, electrodes of thicker Si films
were examined, but such electrodes did not hold their structure
during charge—discharge cycles because of a large change in
volume of the active material during the cycles.™

Broader context

Lithium secondary batteries which are used in portable electric devices are important also in applications for electric vehicles and
smart grids. The development of electric vehicles will be accelerated significantly by the reduction in size and weight of batteries,
which, in turn, will be achieved by increasing the capacity of electrode materials. Silicon is a promising material because its theo-
retical capacity is ten times higher than that of carbon which is used as the conventional anode. However silicon has a critical
problem of intrinsic expansion/contraction in volume during charge/discharge cycles, resulting in a rapid capacity fading attributed
to a pulverization of anode. This problem impedes the practical use of silicon anodes. This paper describes results of our attempt to
realize a practical silicon anode. Our silicon anode was prepared by an electrodeposition method, the technique of which was
developed in the early 1800s. The silicon anode is composed of silicon oxide and carbon products produced during the electrode-
position (electrochemical reduction), which serve to buffer the stress attributed to the volume expansion/contraction of silicon.
Consequently, the silicon anode delivers a capacity three times higher than that of the carbon anode with an outstanding cyclability
of more than 7200 cycles.
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To realize a long-life anode using Si, some attempts have been
proposed, such as the introduction of core-shell structures,'>'®
a mesoporous structure,’®*' and microstructures,'”?*2¢ to
prevent a decrease in paths of electricity during the operation.
Recently, an electrodeposited Li-Si metallic anode was reported
to show a capacity greater than 500 pA h cm—, which was
retained for 50 cycles.?” On the other hand, it has been reported
that composites of SiO and carbon prepared by mechanical
grinding showed a high capacity exceeding 3000 mA h g~'.?®

We recently proposed a novel SiOC composite for use as a Li
battery anode. It was prepared by the electrodeposition from an
organic solution.?® The electrodeposition method was introduced
based on the assumption that, to form a Si containing anode
from an organic solution, the composite of Si with an organic/
inorganic compound withstands the stress during the anode
operation. Organic/inorganic compounds formed by the reduc-
tion of the organic solvent, as in the formation of a resultant solid
electrolyte interphase (SEI) layer on anodes in Li ion batteries,
are well known to exhibit permeability to Li* ions as well as
chemical/electrochemical stability.?63°32 Based on these consid-
erations, to realize a Si and organic/inorganic compound which
would buffer the stress and exhibit Li* permeability, the elec-
trochemical co-reduction of Si and the solvent was performed
directly on the current collector. While there is a report on the Si
related material formed by electrodeposition for the anode of Li
batteries, their reversible capacity and cycle life are lower than
those of the conventional carbon anode.?* This paper introduces
a silicon anode for lithium secondary batteries with an
outstanding cycle durability.

Experimental
Preparation of the SiOC composite anode

SiCl,  (Sigma-Aldrich), tetrabutylammonium perchlorate
(TBAP, Kanto Chemical), propylene carbonate (PC, Kishida,
H,O content less than 30 ppm) and 1.0 mol dm™ lithium
perchlorate (LiClO4)/PC—ethylenecarbonate (EC) (1:1 v/v)
electrolyte solution (Kishida, H,O content less than 20 ppm)
were used without further purification. The electrolytic solution
containing 0.5 mol dm~3 SiCl; and 0.5 mol dm~* TBAP/PC for
the deposition of the composite was prepared in dry air at the
dew point lower than —50 °C. The electrochemical cell equipped
with a Li reference electrode, 1.00 cm? Cu foil as a working
electrode and a Pt counter electrode was set up in Ar atmosphere
at the dew point lower than —90 °C. The Cu substrate was
treated with 10% H,SO, for 10 s, rinsed with distilled water,
dried, and transferred into an Ar atmosphere. A constant
cathodic current of 0.70 mA cm~2 was applied to pass a charge of
2.00 C cm? for the deposition.

Electrochemical measurement of the SiOC composite anode

The deposit on the Cu foil was transferred to an electrochemical
cell equipped with a Li/Li* reference electrode containing 1.0 mol
dm—? LiClO4/PC. The cell was charged and discharged by the
constant-current (CC)—constant-voltage (CV) mode and by the
CC mode, respectively, at 250 nA cm™? in the potential range
between 1.20 V and 0.01 V vs. Li/Li*.

Characterization of the SiOC composite anode

The composite anode was characterized by means of field emis-
sion scanning electron microscopy with an energy dispersive
X-ray analyser (FESEM-EDX, Hitachi, S-4800), scanning
transmission electron microscopy with an EDX (STEM-EDX,
Hitachi, HD-2700), glow discharge optical emission spectros-
copy (GDOES, HORIBA, JY-5000RF), and X-ray photoelec-
tron spectroscopy (XPS, JEOL, JPS-9010TR) after Ar* etching
for 60 s was performed to remove the surface damaged during the
transfer of the specimen into the chamber.

Results and discussion

To determine a proper set of conditions for the electrodeposition
of silicon, linear sweep voltammetry was carried out with the
electrochemical cell equipped with a Li reference electrode,
a 1.00 cm? Cu foil as a working electrode and a Pt counter elec-
trode in the electrolyte solution of 0.5 mol dm—3 SiCl, and 0.5 mol
dm~ TBAP in PC. The onset of the reductive current due to the
decomposition of SiCl, was observed at ca. 1.3 V vs. Li (see ESI,
Fig. S17). The current density for the electrodeposition of silicon
was adjusted to 0.7 mA cm~? to maintain the potential during
electrodeposition at ca. 1.3 V vs. Li. The discharge capacity of the
electrodeposited silicon anode decreased with increasing current
density during the electrodeposition of silicon. Therefore, the
current density during the electrodeposition of silicon was set at
0.7 mA cm™ in this investigation. The silicon electrodeposited in
the PC solution with a charge of 2.00 C cm~? was characterized.

The weight of deposits obtained by the electrodeposition of
silicon was found to increase monotonically with increasing
amount of passed charge. The weight of the deposit with a charge
of 2.00 C cm 2 was found to be 105 pg on average, with an error
of +5 ng.

The SEM and STEM images of the deposit prepared by the
electrodeposition of silicon are shown in Fig. 1. Fig. 1(a) shows
a macroscopically homogeneous deposit. The parallel pattern on
the deposit appears to have resulted from the pattern on the Cu
foil substrate. The enlarged SEM image of Fig. 1(b) indicates
that the deposit consisted of sub-micrometre clusters covering
the Cu substrate with voids. The cross-sectional STEM image of
the deposit (Fig. 1(c)) indicates the direct deposition on the Cu
foil substrate. The thickness of the deposit corresponded
approximately to the cluster size of approximately 0.5 um.

The crystallinity of the deposit formed by the electrodeposition
of silicon was investigated by XRD (see ESI, Fig. S2t). Two
peaks were observed at ca. 50.5° and ca. 74.0°, which correspond
to the peaks of Cu (200) and Cu (220), respectively. These peaks
are due to the Cu foil substrate. Peaks expected for silicon, which
are indicated in Fig. S21 by dotted lines, were not observed. This
result suggests that the deposit formed by the electrodeposition
of silicon was amorphous, which is supported by TEM analysis
also. The existence of elemental silicon was confirmed by
GDOES, XPS, and STEM-EDX. Fig. 2 shows the results of
elemental mappings of the surface and the cross-section of the
deposit obtained by SEM-EDX and STEM-EDX, respectively.
Both the surface and cross-sectional elemental mapping show
that Si, O, and C were distributed homogeneously at the nano-
metric scale. In cross-sectional images, Si, O, and C were detected
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Fig. 1 Plane view FESEM image (a), enlarged image (b), and cross-
sectional STEM image (c) of the deposit prepared by the electrodeposi-
tion of silicon.

(a)Plan view

Fig. 2 Plane view SEM image (a) and elemental mappings of Si (b), O
(c), and C (d), and cross-sectional STEM image (e), and element
mappings of Si (f), O (g), and C (h).

on the Cu foil substrate, because Si, O, and C were spattered by
focused ion beams for the preparation of the STEM specimens.
The results of the XRD and EDX revealed the deposit to be an
amorphous composite of Si, O, and C with nano-scale
dispersion.

XPS spectra of the deposit obtained by the electrodeposition
of silicon are shown in Fig. 3(a)—(c). Peaks attributable to Sizp3/,
Oy, and C; were observed. The spectrum of Si,p3/, revealed that
the peak is located at the binding energy of about 103 eV, which
indicates that the electronic state of Siis SiO,. instead of Si metal
whose peak would appear at about 99 eV.**¢ In the O, spec-
trum of the as-formed deposit, a peak was observed at about
532.2 eV, as represented by the oxygen in the state of C-O-C.
This peak may consist of overlapped peaks for C-O-Si and Si—
0-Si.3* In the C, spectrum of the as-formed deposit, a peak was
observed at about 284 eV, as represented by the carbon in the
C-C bond.*” The C-O-C and C-C bonds are attributed to
decomposition products of the organic electrolyte formed during
the silicon deposition. The results of XPS indicate that the
deposit was composed of Si existing in an oxidized state and
decomposition products of the organic electrolyte.

GDOES depth profiles of the elements of Si, C, and O in the
deposit obtained by the electrodeposition of silicon are shown in
Fig. S3t. The silicon content was found to increase with depth
near the surface, and saturate at ca. 60 wt%. The carbon and
oxygen contents were found to decrease with depth near the
surface to saturate at ca. 22 wt% and ca. 17 wt%, respectively.
These tendencies near the surface are attributed to the
measurement process, i.e., the oxidation by exposure in air, and
the heterogeneous surface of the deposit as shown in Fig. 1(b).
Hence, the composition of the deposit was determined to be Si/C/
O = 61.6/21.8/16.6 by weight from the composition at the depth
of 1.0 to 1.5 pum. Considering the GDOES result, the weight of
silicon in the deposit prepared with a charge of 2.00 C cm 2 was
ca. 64.5 ng. Therefore, the efficiency of silicon deposition, which
is a 4-electron reaction as indicated in eqn (1), was calculated to
be 44.4%. The result also indicates decomposition of the organic
electrolyte during the silicon deposition, resulting in the forma-
tion of SiOC composite.

= (a) Sizpa/2 = (b) Oy
« «
E, 103 eV }
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b 2
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Binding energy / eV Binding energy / eV
= (C) cls
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E

292 290 288 286 284 282 280
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Fig.3 XPS spectra obtained with deposit sample. The surface layer was
etched by Ar* for 60 s. The spectra of Siy3/2, Oy, and Cy are shown in
(a), (b), and (c), respectively.
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SiCl, + 4e~ — Si + 4Cl- (1)

Electrochemical performance of the SiOC composite as an
anode of a Li battery was examined by a CC-CV charge (lith-
iation)-CC discharge (delithiation) test. Fig. 4(a) shows the
potential profiles during the charge-discharge test. In the initial
lithiation process, a negative potential overshoot was observed
due to the nucleation of a new phase, that is the Li,O phase.’®
The capacity for the first lithiation was 4731 mA h g, while the
capacity for the first delithiation was 1403 mA h g='. The large
irreversible capacity is attributed mainly to the conversion
reaction of SiO, to SiLi, and Li,O,**** and partly due to SEI
formation,'®?%32 which is indicated by the potential plateau
above 0.4 V vs. Li/Li" in Fig. 4(a) and the reductive current above
ca. 0.4 V vs. Li/Li* in the first cathodic scan of the cyclic vol-
tammogram (see ESI, Fig. S4t). In the first discharge, the
potential plateau for delithiation below 0.6 V vs. Li/Li* was
confirmed, which corresponds to the anodic peaks repeated at
0.32 and 0.46 V vs. Li/Li* in the cyclic voltammogram (Fig. S47),
whose result accords with the delithiation of silicon.*® After the
1** cycle, the SiOC anode was charged at a potential below 0.3 V
vs. Li/Li*, and discharged at a potential plateau below 0.6 V vs.
Li/Li*. At the initial stage of charging in each cycle for 300 cycles,
the electrode potential dropped at the beginning to about 0.2 V
vs. Li/Li* and then decreased while the current was being passed.
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Fig. 4 Potential profiles of the SIOC composite anode for Li batteries
during charge—discharge cycling at various cycle numbers (a) and plots of
charge—discharge capacity against the number of cycles (b). The inset in
(a) indicates the potential profiles during the first lithiation and deli-
thiation. The capacity values were normalized with respect to the weight
of initial deposit or the calculated amount of Si in the deposit. The
applied current density was 250 nA cm=2 (1.0 C-rate).

With increasing number of cycles, the initial potential shifted
towards 0.4 V vs. Li/Li*. After the 300™ cycle, the potential
profile during the charging did not change significantly. The
potential profiles during discharge were identical in all stages
except for the amount of discharge capacity. The value of
discharge capacity was found to be above 1000 mA h g~! of Si or
above 630 mA h g™! of the deposit even after 2000 cycles. The
decrease was gradual. The discharge capacity of 1000 mA h g
corresponds to a value as high as 0.238 C cm > for the electrode
examined in this study. Fig. 4(b) reveals clearly the capacity value
of the composite under a loading current of 250 pA cm~2, which
corresponds to a value of 1.0 in the C-rate. At the initial stage the
composite exhibited a high value above 1200 mA h g! of Si.
After the 50™ cycle, the value increased beyond 1100 mA h g~' of
Si and showed a gradual decrease while the discharge capacity
kept a value higher than 1000 mA h g~' of Si for more than 2000
cycles. These results show that the composite was formed by the
reduction of SiCl, followed by the initial reduction process, and
that Si oxide may not have been reduced completely. The
remaining Si oxides are considered to have been reduced during
the charging steps of the cycling test. This conversion reaction led
to an increase in the amount of active Si and the discharge
capacity in the early stages of the cycling test. Also, successive
phase transition between Si and SiLi alloy during the charge—
discharge cycles may lead to the formation of electronic path-
ways and/or ionic pathways in the anode matrix.

The columbic efficiency in charge—discharge cycling was found
to be higher than 98%, except for several initial cycles. The low
efficiency in the first cycle may be due to the consumption of
reducing charge for Si oxide remaining after the initial reduction
process, as discussed above. The effect of completion of the
conversion explains the potential decay in the first stage of
charging up to 300 cycles. The electrode potential at the begin-
ning of the charging process shifted from 0.2 V to 0.4 V vs. Li/Li*
over 300 cycles. It is considered that, at the initial stages,
adequate conduction pathways for electrons and/or Li* ions were
not formed within the anode matrix. During the continuous
charge—discharge cycles, with the further reduction of Si oxide
and a succession of phase conversion between Si-Li and Si,
a combination with the Si phase may take place to allow for
maintaining adequate electric conduction pathways or ionic
transportation pathways within the anode matrix.

The anodes being cycled at 1.0 C-rate exceeded 7200 cycles
with a discharge capacity of 842 mA h g~! of Si. By utilizing such
an anode material having a capacity of 1000 mA h g, it becomes
possible to increase the capacity by ca. 20% for the entire battery
as compared with a battery using a conventional carbon anode
material. While there were some experimental deviations in the
capacity profiles at the initial stages, the electrochemically
formed SiOC composite was revealed to have a very long cycle
life with a discharge capacity higher than 1000 mA h g~ of Si.

The plane view FESEM images of an SiOC anode after the
first lithiation are shown in Fig. 5(a) and (b). After the first
lithiation, the voids observed in the SiOC composite before the
first lithiation decreased. This is attributed to the expansion of
silicon by lithiation and also to SEI formation as seen in
Fig. 4(a). The thickness of the SiOC composite after the first
lithiation was found to be ca. 3.3 um on average from the STEM
image shown in Fig. 5(c). Thus, it was suggested that the SiOC

This journal is © The Royal Society of Chemistry 2012
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Fig. 5 Plane view FESEM image (a), enlarged image (b), and cross-
sectional STEM image (c) of the SiOC anode after the first lithiation.

composite anode expanded after the first lithiation because of the
reaction of silicon with lithium and the SEI formation.

The potential during the operation of anodes, such as tin and
silicon, is close to the potential of metallic lithium, where almost
no solvent or salt can be thermodynamically stable. Hence,
organic electrolytes undergo electrochemical decomposition
resulting in the formation of a passive SEI, through which
lithium ions can migrate but electrons cannot penetrate.?®*> The
SEI layer on silicon electrodes in alkyl carbonate electrolytes is
reported typically to consist of a heterogeneous mosaic of
composites including polyethylene oxide, lithium alkyl carbonate
(R-CH,0OCO,Li), lithium alkoxides (ROLIi), lithium carbonate
(Li,CO3), lithium oxide (Li,O), and silicon species.'¢-26:37:41

The XPS spectra of the SiOC anode after the first lithiation
and after 100 cycles are shown in Fig. 6 to reveal the variation of
the SiOC anode brought about by charge—discharge cycling. In
the SiOC anodes after the first lithiation and after 100 cycles,
peaks attributed to Siyp3n, Oys, Cis, and Li;s were observed. The
peak of Siy,3» observed before the first lithiation shifted to
a lower binding energy of ca. 101.5 eV, which suggests that the Si
was partially reduced,**3¢ which also indicates the occurrence of
the conversion reaction of SiO,.** The peak of O with a height
of ca. 531 eV and a shoulder at ca. 529.5 eV implies the existence
of Li,CO3, LiOH, and Li,0,3*** besides Li4SiO4, which might
have been formed as reported by Guo et al** In the spectrum of
Cys, a peak appeared at about 289 eV after the first lithiation.
This peak suggests the formation of carbonates including Li,CO;3
and R-CH,0CO,Li.*** In the spectrum of Li;,, the broad peak
at about 54.5 eV implies the formation of Li,O, Li,COs3, and
LiOH,***647 in accord with the results of the peak of O;s. The
existence of Li,O was supported by TEM analysis (not shown).
The spectra of Sizp3, Oy, Cis, and Lijs after 100 cycles were

(a) Sizpgsp, -7 7~

S

Intensity/ a.u.
Intensity/ a.u.

105 103 101 99 97
Binding energy / eV

292 290 288 286 284 282 280
Binding energy / eV

(c) Oy (CIE AN

VN Ve
-’

Vad

Intensity/ a.u.
Intensity/ a.u.
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Fig. 6 XPS spectra of SiOC anodes after the first lithiation (solid line)
and after 100 cycles (dashed line) obtained with samples with the surface
layer etched by Ar* for 60 s. The spectra of Siy3/, Cis, Oy, and Li are
shown in (a), (b), (c), and (d), respectively. For comparison, XPS spectra
of the SiOC anode before the first lithiation are indicated by dotted lines,
as in Fig. 3.

essentially unchanged from the spectra after the first lithiation.
The increase of the content of Li,CO3 was confirmed by TEM
analysis (not shown). Thus, the results of XPS analysis suggest
that the SEI is formed on the SiOC anode after the first lithiation
and is almost retained after 100 cycles.

The morphology of the SiOC anode surface was examined
after 10 and 300 cycles to find the reason why the excellent cycle
durability was achieved. The FESEM images of SiOC anodes
after the 10™ and the 300" cycles are shown in Fig. 7. The
particles observed on the SiOC anode surface after the first
lithiation were absent after the 10" cycle. This phenomenon must
be due to the progress of SEI formation, which is evidenced by
the lower columbic efficiency during the initial cycles (Fig. 4).
The cracking of the SiOC anode caused by the large volume

Fig.7 Plane view FESEM images of SiOC anodes after the 10" cycle (a)
and (b), and after the 300* cycle (c) and (d).
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change of silicon, which is a problem associated with the Si anode
system,'**%4% was not observed. This is attributed to a uniform
reaction of the well-dispersed SiO, at the nanometre scale as
confirmed by STEM-EDX (Fig. 2) and to the buffering effect of
products of the decomposition of the organic solvent. After the
100™ cycle, although cracking was observed to a slight extent, the
surface morphology was almost unchanged even after the 300™
cycle. The results of the FESEM observation imply that the
suppression of crack formation leads to the excellent cycle
durability of the SiOC anode.

Conclusions

On the basis of the assumption that the composite of Si with an
organic/inorganic compound withstands the stress associated
with the anode operation, a homogeneous SiOC composite at the
nanometre scale was successfully formed directly on a Cu
substrate by electrodeposition in a PC solution containing SiCly.

The SiOC composite anode exhibited an outstanding dura-
bility against charge—discharge cycles and delivered the discharge
capacity of 1045 mA h g~' at the 2000" cycle and 842 mA h g~' of
Si even at the 7200™ cycle. These superior results were achieved
by the uniform dispersion of SiO, in the organic/inorganic
compound synthesized by the electrodeposition of silicon in an
organic solvent, which were confirmed by STEM-EDX and XPS.
The reasons why the SiOC composite anode withstood thou-
sands of cycles were discussed from the standpoint of the crack
formation attributed to the reaction of silicon with lithium
during charge and discharge cycles.
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