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a b s t r a c t

Negative electrodes containing SiOx were investigated as alternative negative electrodes to carbon for
Li-ion batteries. The results obtained on the effect of binders and carbon additives on the electrochem-
ical performance (i.e., reversible capacity, coulombic efficiency, charge–discharge rate capability) of
the SiOx–graphite electrode and SiOx electrode are presented. SEM analysis that utilizes facilities for
eywords:
iOx

raphite
node
i-ion batteries

in situ and ex situ studies were applied to better understand the performance and cycle life of the SiOx-
based electrodes. The SEM analysis clearly showed that the SiOx particles expand and contract during
charge–discharge cycling, and that some of the particles undergo mechanical degradation during this
process. The SiOx–graphite electrode with polyimide binder exhibited a stable capacity of 600 mAh g−1

during high-rate charge–discharge from C/4 to 1C. These results suggest that the use of a flexible binder
like polyimide and reasonably small SiOx particles (nano-particles) facilitates improved cycle life and
reen transportation higher rate capability.

. Introduction

Carbonaceous materials are typically used in the negative elec-
rode for Li-ion batteries. Because higher energy Li-ion batteries
re demanded in electric vehicles, alternative electrode materi-
ls are being sought. It has been known for a long time that a
etal such as Si [1–3] in the negative electrode provides higher

nergy in Li-based batteries, but cycle life is problematic, as well
s potential safety issues. The volume change that occurs dur-
ng charge–discharge ultimately leads to mechanical degradation
4–6]. However, when small particles [7,8] or thin-films [9,10] con-
aining silicon are used as the negative electrode, performance and
ycle life improve markedly.

Silicon is an attractive alternative material due to its high
ravimetric and volumetric capacity density of 4200 mAh g−1 and
800 mAh mL−1, respectively, when the Li4.4Si phase [11–13] is
ormed. In spite of this advantage, Si-based anodes show numer-
us problems that prevent the material to be commercial in Li-ion
atteries. A significant capacity fade occurs during cycling and

ow coulombic efficiency is obtained. The performance degrades
uring the first few cycles due to the large volume change from
lloying/de-alloying (charge–discharge) that induces cracks in the

icro-size particles and then a failure of electrical contacts. In order

o reduce this effect, we have selected the SiOx mixed with graphite.
he characteristic features of SiOx electrodes are they exhibit
ess volume change than Si during charge–discharge cycling. In
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addition, the SiOx electrodes still have an attractive capacity of
1338 mAh g−1, but they have low first cycle (1st cycle) coulombic
efficiency and low electronic conductivity. Takami [28] prepared a
nanosilicon cluster comprised of Si, SiOx and C by disproportion-
ation of silicon monoxide and polymerization of furfuryl alcohol.
They reported a reversible capacity of about 1700 mAh g−1. These
results are very encouraging, and prompted our effort to investigate
SiOx electrodes for Li-ion batteries.”

The aim of this paper is to present the results on the effect of
binders and carbon additives on the electrochemical performance
(i.e., reversible capacity, coulombic efficiency, charge–discharge
rate capability) of the SiOx–graphite electrode compared to the SiOx

electrode. Yang et al. [14] investigated the electrochemical perfor-
mance of SiOx electrodes and obtained promising initial cycle life,
but their study only reported results with one binder and with lim-
ited charge–discharge rates. Our study extends the earlier study
by also presenting results on the morphology changes to the SiOx

particles using in situ and ex situ scanning electron microscopy.
Negative electrodes for Li-ion batteries are mainly composed

of carbonaceous materials, but to obtain higher energy density,
alternative materials such as metal oxides are receiving consid-
erable attention. As mentioned above, metals such as silicon have
high capacity, but mechanical degradation problems encountered
during charge–discharge cycling, have led to a closer examination
of metal oxide electrodes. In particular, Ti oxide-based electrodes

[15–24] have achieved success in Li-ion batteries. The nanocrys-
talline lithium titanium spinel oxide (Li4Ti5O12) is a promising
negative electrode material because of its excellent rate capability
and structural stability, which permits extensive charge–discharge
cycling without significant degradation. The major disadvantage

dx.doi.org/10.1016/j.jpowsour.2011.02.018
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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Fig. 1. Charge–discharge cycling of SiOx–graphite electrodes containing PVDF, WSB
or polyimide binder. C/25 rate was used.

Table 1
Coulombic efficiency and capacities for charge and discharge of cells with different
binders.

Binder Cycle 1 Cycle 2

PVDF
Charge (mAh g−1) 642 541
Disc (mAh g−1) 472 394
EC (%) 74 73

WDB
Charge (mAh g−1) 919 778
Disc (mAh g−1) 817 778
EC (%) 85 95

o
t
L
t
r
1

a

Polyimide
Charge (mAh g−1) 1283 1024
Disc (mAh g−1) 1026 1026
EC (%) 80 99

f Li4Ti5O12 for high-energy Li-ion batteries is its high Li+ inser-
ion potential, about 1.5 V vs. Li/Li+. Despite our success with
i4Ti5O12 electrodes, we expanded our investigated to SiOx elec-

rodes because of their higher capacity and larger operating voltage
ange, closer to 0 V vs. Li/Li+ upon discharge, compared to about
.5 V for Li4Ti5O12.

The binder has an important effect on the performance of the
node and the interface between the anode particles. The binder

Fig. 2. SEM of SiOx–graphite.
Fig. 3. XRD of pure SiOx (blue curve) and carbon-coated SiOx (red curve). (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
web version of the article.)

also plays a significant role in electrode performance because it
forms a solid–electrolyte interface (SEI) film, which depends on
the binder composition. By using a variety of binders having differ-
ent chemical and mechanical properties, different performance of
the SiOx anode will be obtained. To further improve our compre-
hension on the SEI layer with SiOx and its mixture with graphite,
two analysis methods will be used: ex situ SEM on cycled anodes
with standard electrolyte, and in situ SEM during anode cycling. We
plan to use an ex situ SEM analysis for some binders, but the in situ
experiments will use dry polymer binder in the anode to avoid the
issue with electrolyte evaporation.

2. Experimental

2.1. Materials

Three types of binders were used in this study; poly(vinylidene
fluoride) (PVDF) from Kruha, Japan, CMC-based water dispersed
binder (WDB) from Zeon Japan and polyimide (Aldrich). The SiOx

(x ∼ 0.95), which was obtained from ShinEtsu (Japan), has an 7-�m
average particle size. To enhance the conductivity, the SiOx par-
ticles were coated with a thin layer of carbon (∼1 nm thickness).
The exact amount of oxygen in the sample was determined by a
Leco-TC400.

The natural graphite (OMAC1S, 15-�m average particle size)
was obtained from Osaka Gas (Japan). The electrodes were pre-
pared by mixing SiOx and graphite (1:1 weight ratio) with the
binder dissolved in N-methyl-2-pyrrolidinone (NMP) for PVDF and
polyimide, and in water for WDB, in the weight ratio 10%, 15% and
5%, respectively. A small fraction of vapor-grown carbon fibers (2%
VGCF from Showa-Denko, Japan) was added to each of the elec-
trode compositions. The slurries are coated on copper foil and dried
at 120 ◦C for the PVDF and WDB and higher at 150 ◦C for the poly-
imide [30] for 24 h under vacuum, and then compressed. The cells
were assembled in an argon-filled glove box.

2.2. Electrochemical tests

The charge–discharge measurements were carried out in
CR2025 coin-type cells with a lithium metal counter electrode, Cel-
gard 3501 separator and electrolyte of 1 M LiPF6 in a mixture of
ethylene carbonate (EC) and diethyl carbonate (DEC) at ambient

◦
temperature (25 C). In some experiments, 2% vinyl carbonate (VC)
was added to the electrolyte. In these experiments, discharge refers
to a mechanism involving the insertion of Li+ ions in SiOx as the cell
voltage decreases to close to 0 V. Charge refers to a change in the cell
voltage from about 0 V to about 2.5 V where Li+ ions leaves the SiOx



A. Guerfi et al. / Journal of Power Sources 196 (2011) 5667–5673 5669

0

0,5

1

1,5

2

2,5

3

3,5

14001000600200-200-600-1000-1400

Capacity (mAh/g)

V
o

lt
s

SiOx

SiOx:graphite (1:1)

F
C
a

s
c

2

(
T
o
e

0,0

0,5

1,0

1,5

2,0

2,5

3,0

10008006004002000

P
o

te
n

ti
al

 (
V

)

Cycle #1 at C/12

Cycle #2 at C/8
Cycle #3 at C/4

Cycle #4 at C/2
Cycle #5 at 1C

Cycle #6 at 2C
Cycle #7 at C/12

C/12C/8C/12

2C
1C

C/4, C/2, C, 2C

3. Results and discussion
ig. 4. Charge–discharge potential profile for SiOx and SiOx–graphite electrodes at
/24 rate. Electrolyte is 1 M LiPF6–EC–DEC and binder is WDB. Discharge is left panel
nd charge is right panel.

tructure. The tests were evaluated with a multi-channel battery
ycler (Macpile®, Claix, France).

.3. Materials characterization

The electrodes containing SiO were examined by in situ SEM
x

scanning electron microscopy) using a SEM 2400 (Hitachi, Japan).
he in situ SEM observations can be made with a plane (top) view
r in cross-section view of the electrode. Additional details on
lectrode preparation and operational procedures of the SEM are

Fig. 6. SEM micrograph of SiOx–gr
Capacity (mAh/g)

Fig. 5. Effect of charge–discharge rate (C/12–1C rate) on SiOx–graphite electrodes.
Electrolyte is 1 M LiPF6–EC–DEC + 2% VC and binder is polyimide.

described elsewhere by Zaghib et al. [25–27]. Because of solvent
evaporation in the vacuum in the SEM chamber, a dry solid polymer
binder was used in the electrodes. The intent of these experiments
is to better understand the cycling behaviour of SiOx and the fail-
ure mode associated with capacity fade on cycling and at higher
rates.
The results obtained from electrochemical measurements and
SEM observations of SiOx and SiOx–graphite electrodes are pre-
sented. A major objective of this study is to determine the viability

aphite electrodes on exmet.
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Fig. 7. In situ SEM images of cross-section of SiOx–graphite electrode at different potentials during charge–discharge cycling.
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Fig. 8. Ex situ SEM analysis of SiOx particles that were c

f an alternative electrode material, namely SiOx, for the negative
lectrode in Li-ion batteries.

.1. Effect of binder

The effect of the binder on the charge–discharge cycling
erformance of SiOx–graphite electrodes was evaluated in 1 M
iPF6–EC–DEC + 2% VC. Fig. 1 shows the different initial cycling
esponse of the electrodes containing PVDF, WSB or poly-
mide. The charge–discharge cycling of cells containing the
ifferent binders were evaluated between cell voltage limits

f 2.5 V and 5 mV. Table 1 summarizes the performance of
he SiOx–graphite electrodes for the first two cycles at C/24
ate (full charge in 24 h). The highest reversible capacity was
ound with cells containing polyimide binder, followed by WDB
nd then PVDF. The cell with WDB had the highest 1st cycle
at C/24 rate. (A) Before cycling and (B) discharge 0.5 V.

coulombic efficiency (CE), followed by polyimide and then PVDF.
However, the CE for the second cycle cells with the poly-
imide binder was the highest. In addition the cells with the
polyimide binder exhibited the highest charge and discharge capac-
ities.

These results show that the binder has an important influence
on the performance of the electrode and the interface between the
SiOx particles. The binder also plays a significant role in electrode
performance because it affects the formation of the SEI layer. By
using a variety of binders having different chemical and mechani-
cal properties, different performance of the SiOx was obtained. The

polyimide and WDB binders do not contain fluorine, which may be
beneficial when LiF is formed to stabilize the SEI layer. The results
of EDX (not presented here) clearly showed the presence of fluo-
ride ions in the SEI layer during potential decrease to <0.8 V. The
SEI passivation layer on graphite and SiOx is different. Because the
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ig. 9. Ex situ SEM and EDX of SEI layer on graphite and SiOx at different voltages: (
nd (F) EDX at 0 V.

olume change during charge–discharge on SiOx is much greater
han that on graphite, the SEI layer suffers mechanical breaks and
n interface that is not homogenous is formed. Thus, the presence
f graphite in the SiOx–graphite electrode helps to form a more
table SEI layer.

To further improve our comprehension on the SEI layer

ith SiOx and its mixture with graphite, two analysis meth-

ds were used; ex situ SEM on cycled electrodes with standard
lectrolyte and in situ SEM to observe changes taking place dur-
ng electrode cycling. These results are discussed later in the
aper.
harge at 0.2 V, (B) EDX at 0.2 V, (C) EDX at 0.2 V, (D) discharge at 0 V, (E) EDX at 0 V,

3.2. Morphology of SiOx–graphite

The morphology of the SiOx–graphite particles was examined by
SEM. Fig. 2 shows that the surface of the SiOx particles is covered
with platlet-like carbon. Because the carbon in the electrode com-
position is graphite, the small graphite layers coat the SiOx particles.

In Fig. 3, the XRD of pure SiOx is illustrated by the blue curve and the
red curve is the XRD pattern of carbon-coated SiOx. The XRD pattern
of carbon-coated SiOx shows evidence for the presence of Si but no
carbon because the coating is too thin (1 nm) to detect by X-rays.
Close examination by TEM showed that nano-domains of Si were



5 er So

p
c
r
s

3

f
r
i
b
T
c
a
c
f
t
s

3

t
p
i
e
6
a
a
r
a
p

3

w
o
g
o
i
t
p
r
t
m

d
s
o
t
t
r
a
t
u
p
h
e
b
t
l
e
i
s

672 A. Guerfi et al. / Journal of Pow

resent in the SiO/SiO2 matrix. The presence of Si in the carbon-
oated SiOx may be due to the reaction of Si oxide and C, which
educes the oxide to metallic Si during preparation. However, no
ystematic study was undertaken to verify this explanation.

.3. Comparison of charge–discharge of SiOx and SiOx–graphite

A comparison of the charge–discharge potential curves at C/24
or SiOx and SiOx–graphite electrodes is shown in Fig. 4. The
eversible capacity of the electrode with only SiOx (1338 mAh g−1)
s higher than that of SiOx–graphite (980 mAh g−1), but the coulom-
ic efficiency of the two electrodes is comparable (about 84%).
he presence of graphite decreases the capacity and increases the
onductivity of the electrode. The capacity of the SiOx–graphite
lso accounts for the weight of graphite, consequently a lower
apacity is expected. The irreversible capacity loss is due the
ormation of the SEI layer on SiOx and graphite surfaces, and
he formation Li2O, were evident from by EDX and SEM analy-
is.

.4. Rate capability

The effect of charge rate (C/12 (12 h)–2C (2 h) rate) was inves-
igated with SiOx–graphite electrodes that were fabricated with
olyimide binder (see Fig. 5). In these studies, the discharge rate

s constant at C/12. These experiments were conducted with the
lectrolyte 1 M LiPF6–EC–DEC + 2% VC. A stable capacity of about
00 mAh g−1 was observed at rates from C/4 to 1C (cycle #3–6),
nd the cell was still able to deliver a capacity of >800 mAh g−1

t C/12 rate during cycle #7 to a cut-off voltage of 2.5 V. These
esults suggest that the SiOx–graphite electrode was not adversely
ffected by the high charge–discharge rate up to 1C, at least in these
reliminary studies.

.5. In situ and ex situ SEM analysis

SEM analysis that utilizes facilities for in situ and ex situ studies
ere applied to better understand the performance and cycle life

f the SiOx-based electrodes. The sequence of micrographs at pro-
ressively increasing magnification in Fig. 6 shows SiOx–graphite
n copper exmet screen. The geometric pattern of the exmet screen
s clearly evident in the micrographs. At the highest magnifica-
ion (lower right-hand corner), the carbon-coated SiOx and graphite
articles are clearly distinguished by the lighter and darker colors,
espectively. The carbon-coated SiOx is mixed with graphite par-
icles, which produced the distinctly different shades in the SEM

icrograph.
A post-mortem analysis of SiOx–graphite electrodes was con-

ucted by in situ SEM. The in situ SEM analysis of the electrode
urface, observed through the collector mesh holes, showed no
bservable changes had occurred. However, in situ SEM of the elec-
rode cross-section showed the effects of expansion/contraction of
he SiOx particles during charge and discharge. The result (see Fig. 7)
evealed that the bigger particles (∼13 �m) start to exhibit cracks
t around 0.1 V during discharge. Some fissures were observed and
he particles become delaminated. The fissures showed a larger vol-
me change when the electrode is discharged deeply. When the
otential during discharge reaches 0.03 V, the 13.02-�m particle
as expanded to 14.64 �m. The power of the in situ SEM analysis is
vident in that changes in the morphology of a single particle can
e observed during charge–discharge cycling, in real time. During

he charging process, all the cracks remained; some fissures col-
apsed and others swelled. The dimensions of the SiOx particles that
xpanded (for example, 14.64 �m) during discharge, diminished
n size upon charge to 1.85 V. Video 1 of the top of the electrode
how no change of the volume of the particle, however Video 2 for
urces 196 (2011) 5667–5673

the cross-section show the volumetric expansion related to Fig. 7.
In general, it appears that the smaller particles (<2 �m) did not
crack because these particles have higher surface area, and the SEI
layer is more stable due to the low volumetric expansion. From this
result, it suggests that smaller particles combined with more elastic
binder are better for achieving long cycle life without mechanical
degradation of the SiOx particles. These studies will help to better
understand the cycling mechanism of SiOx and the failure mode
associated with capacity fade.

Ex situ SEM was used to observe the SiOx particles before
and after cycling at C/24 rate. The micrograph in Fig. 8 shows
the initial SiOx particles are relatively large before cycling. How-
ever, after cycling, some of the initial particles disintegrated to
form numerous smaller SiOx particles (areas highlighted by circu-
lar red lines), which are more prevalent after discharge to 0.5 V
during the first cycle. These observations illustrate that the expan-
sion and contraction of the SiOx particles leads to mechanical
degradation and the formation of much smaller particles. The anal-
ysis of the SEI layer at different voltages is described in Fig. 9.
Some O and F were found at different locations on the surface of
graphite at 0.250 V, before lithium intercalated tin the graphite.
Strong peaks for O and F were observed, confirming a thicker SEI
layer for both C and SiOx was present. The C peak was detected
at the SiOx surface (0.0 V) when the graphite is fully interca-
lated (LiC6). Local chemical mapping (at discharged state at 0 V)
shows that the F was non-uniformly dispersed, in particular on
the surface of SiOx. The SEI layer is stable on the graphite surface
[29].

4. Conclusion

The electrochemical performance of SiOx as an alternative to
graphite for the negative electrode was investigated in cells con-
taining a Li counter electrode. The influence of the binder (e.g.,
polyimide, WSB, PVDF) on charge–discharge capacity and coulom-
bic efficiency was determined. The highest reversible capacity
of the SiOx–graphite electrode was observed with the polyimide
binder, and the lowest capacity was obtained in a cell contain-
ing PVDF binder. The cell with the polyimide binder also had the
highest coulombic efficiency after the second cycle.

The SiOx–graphite electrode with polyimide binder exhibited a
stable capacity of 600 mAh g−1 during high-rate charge–discharge
from C/4 to 1C. These results suggest that the use of a flexible
binder like polyimide and reasonably small SiOx particles facilitates
improved cycle life and higher rate capability.

The power of in situ SEM for observing morphological changes
to the SiOx particles was demonstrated. The findings from the
in situ SEM observations suggest that smaller SiOx particles
(nano-particles) and more flexible binders are necessary to obtain
electrodes with improved charge–discharge cycling performance.
The graphite addition improves the rate capability and cyclability
of the anode due to its high conductivity and having more stable
SEI compared to SiOx particles.
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