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Abstract

In order to enhance the electrical conductivity of Si powder, which shows a poor cycleabilty as the anode in lithium secondary batteries due
to low electrical conductivity and a severe volume change on cycling, Cu is deposited on the Si surface by a electroless deposition method.
As Cu deposition on bare Si powder is found to be unsatisfactory, Si powder is etched to roughen the surface, on to which a large amount of
Cu deposit with a uniform coverage is obtained. The resulting anode material exhibits improved cycle performance as a result of conductivity
enhancement. The long-term cycleability is, however, still unsatisfactory due to detachment of Cu from the Si surface that is caused by a
severe volume change of the Si particles on cycling. The detachment of Cu is greatly suppressed by anneati@draaA@dert atmosphere
and, thereby, delivers better cycle performance. The improvement in interfacial stability exhibited by the annealed samples is ascribed to the
formation of a CySi alloy phase at the interface and diffusion of Cu atoms into the Si particles.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction and electron$15]. This behaviour leads to swelling of the
electrode layer, in which carbon powder has been added to
Recently, considerable attention has been paid to the usecompensate for the poor conductivity of Si particles. During
of Si, Al and Sn for the anode material in lithium secondary the discharge period, Si particles contract as a result of the de-
batteries since such electrodes possess higher theoretical spalloying reaction, but the electrode layer still remains swollen
cific capacity than that of graphite counterp#ttss]. Among because the electrode layer is not elastic. The net result after
the three alternatives, Si has the highest theoretical specificcharge—discharge cycling is a breakdown of the conductive
capacity. The commercial use of Si powder is, however, still network between the Si and the carbon particles, which leads
hindered because of two major problems. One is the low elec-to an increase in the internal resistance. An abrupt increase in
trical conductivity of Si and the other is the volume expan- internal resistance causes an earlier approach to the discharge
sion/contraction during the alloying and de-alloying reaction cut-off limit so that the de-alloying reaction is not completed
with Li* ions[7-14] and Siremainsin a lithiated state. Upon arepeated cycling, Si
The failure modes in Si powder anode, which are closely anodes are degraded along with a successive accumulation of
related to the poor conductivity and severe volume change,Li* ions inside the Si matrix. In summary, the failure modes
have been reported by various work§ts15]. In previous of Si composite anodes are deeply associated with three fea-
work [15], we found that Si particles are expanded upon tures: (i) a severe volume change in Si particles upon cycling;

charging as a result of the alloying reaction with libns (ii) a lack of elasticity of the electrode layer,; (iii) poor con-
ductivity of the Si and lithiated Si particles.
* Corresponding author. Tel.: +82 2 880 7074; fax: +82 2 888 1604. One way to solve the above problems is enhancement of
E-mail addressseungoh@plaza.snu.ac.kr (S.M. Oh). the electrical conductivity of Si particles by coating with con-
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ductive materials. Thisis because, itis expected that the inter-and homogenized for 2 h. The resulting slurry was spread on
nal resistance will not be very high since the conductive sur- a piece of copper foil (current collector, thickness .26
face layer reduces the contact and charge-transfer resistanceand apparent age= 1 cnf) and dried in vacuum at 12@
even if the conductive network is broken. With this expecta- for 12 h. The electrode was roll-pressed in order to enhance
tion in mind, we have deposited Cu on the surface of Si par- the inter-particle contact and to ensure better adhesion to the
ticles by electroless deposition. To achieve a uniform/strong current-collector.
Cu deposition, etching of the Si powder and annealing of the  Half-cell characteristics were analyzed in a beaker-type
Cu-deposited Si have been performed. The material characthree-electrode cell, in which lithium foil (Cyprus Co.)
teristics and anodic performance of Cu-deposited Si powderwas used for both the counter and reference electrodes.
anodes have been examined and are reported in this commuThe electrolyte was 1.0M LiCIQin ethylene carbonate
nication. (EC)/diethyl carbonate (DEC) (1:1 volume ratio). Galvanos-
tatic charge—discharge cycling was performed with a gravi-
metric current density of 100 mAg over the voltage range

2. Experimental of 0.0to 2.0V (versus Li/Lf). The galvanostatic intermittent
titration technique (GITT)21] was employed to monitor the
2.1. Materials evolution of internal resistance during cycling, where a cur-

rent pulse of 100 mA gt was applied for 10 min to measure
The Cu-deposited Si powders were prepared via the fol- the close-circuit voltage (CCV) and turned off for 20 min to
lowing three steps: (i) etching Si powder to enhance the sur- obtain the quasi-open-circuit voltage (QOCV). The sequen-
face roughnes§l6,17] (ii) electroless depositiofil8,19]; tial current pulse was applied for both the charging and the
(iii) annealing the Cu-deposited Si powder to improve the discharging periods inthe range of 0.0—2.0 V. The internal re-
interfacial stability. In order to etch the Si powder, commer- sistance was calculated from the difference between the CCV
cially available Si powder (Aldrich Chem. Co., 325 mesh, and QOCYV in each voltage transient. All the electrochemical
99%) was dispersed in an etching solution that consisted of measurements were made with a WBCS-3000 battery cycler
49 wt.% hydrofluoric acid, 60 wt.% nitric acid and de-ionized (Xeno Co.) at ambient temperature in a glove-box that was
water (1:5:10 in volume ratio). After mild stirring for 4min,  filled with argon.
the solution was poured into a large amount of de-ionized wa-
ter to stop the etching reaction. After a filtration, the etched
Si powder was dispersed in a hydrofluoric acid solution that 3. Results and discussion
contained copper sulfate (Kanto Chem. Co., 99%) to per-
form the electroless deposition. The resulting Cu-deposited 3.1. Material characterization
Si powder was filtered and rinsed with de-ionized water to
remove the residual solution, and then dried inavacuumoven The properties of the Cu-deposited Si powder samples pre-
at 80°C for 12h. The amount of Cu deposit was controlled pared in this work, are listed ifiable 1lin terms of the Cu/Si
by the C#* concentration (4-10 mM) and deposition time  weight ratio, annealing temperature and electrical conductiv-
(15min-3 h). The Cu-deposited Si powder was annealed atity. The first two samples were made from the bare Si powder,
400-800°C for 9 h under an argon atmosphere. whereas the other eight samples were produced from etched
Field-emission scanning electron microscope (FE-SEM) powder.
images were obtained with a JEOL JSM-6700F. X-ray pow-
der diffraction (XRD) analysis and Auger electron spec- .1

troscopy (AES) depth-profiling were performed with a MAC  Ejectrical conductivity of Cu-deposited Si powders according to Cu:Si ratio
Science Co. M18XHF-SRA with Cu & radiation and a and annealing temperature

Perkin-Elmer model 660, respectively. In the depth-profiling Cu'Si Annealing Electrical
experiment, the penetration depth was estimated by assuming (weight ratio) temperature9C)  conductivity (S cnt?l)
that the sputter rate (40 nm mif) obtained for a Si@refer- Bare Si
ence sample at the same accelerating voltage is similar tothat Sample1 0 - 0.02
for the present samples. The electrical conductivity of powder Sample2  0.05 - 0.15
samples was measured by means of the four-probe Van dekched Si
Pauw method under a constant pressure (0.5 torffao]. Sample 3 - 190
Sample4  0.19 400 18.1
: P Sample 5 600 5.7
2.2. Electrochemical characterization Samgle 5 800 13
; ; ; ; Sample 7 0.47 - 247
To prepare the Si composite anodes, a mixture of Si pow- Samgle 8 200 540

der, Super P (carbon additive for conductivity enhancement)
and poly(vinylidene fluoride) (PVdF as a binder) (5:2:1.5in  Sample9 110 - 280
weight ratio) was dispersed M-methyl pyrrolidone (NMP) Sample 10 400 276
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Fig. 1. Field-emission scanning electron microscope (FE-SEM) images of: (a) bare Si (sample 1); (b) Cu-deposited bare Si (sample 2); (c) etched Si; (d
Cu-deposited etched Si (sample 3).

Typical FE-SEM images of Si powder and Cu-deposited Cu deposit is very smallFig. 1(b)) and is easily detached
samples are shown Fig. 1L The average particle size of bare even during the washing period. The surface morphology of
Si powder is about 1@m (Fig. 1(a)). Cu electroless depo- etched Si particles, presented Fid. 1(c)). The roughened
sition on to bare Si is not satisfactory in that the amount of Si surface with a high population of thorn-like tips is read-

Fig. 2. Field-emission scanning electron microscope (FE-SEM) images of Cu-deposited Si powders (Cu:Si=0.19): (a) as-deposited (samplkeaBd(b) ann
at 400°C (sample 4); (c) annealed at 600 (sample 5); (d) annealed at 80D (sample 6).
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ily discernible[17,22] Electroless deposition on the etched

Si surface is greatly facilitated due to the large surface area
and sharp tips, and thereby gives rise to a larger amount of

Cu deposit with a uniform surface coveragég 1(d)). The
size of the Cu deposit is about 100 nm, as seen in the mag
nified view given in Fig. 2(a)). Annealing at 400C does
not affect the morphology of the Cu deposkid. 2(b)).

The particle size of the Cu deposit remains the same and

the porous Cu layer for ion penetration is still maintained.
Annealing at higher temperature (600 and 8G), how-

ever, leads to extensive Cu aggregation, so that the result-

ing lump-shaped Cu deposit does not cover the whole Si
surface Fig. 2(c) and (d)). Based on this observation, the
annealing temperature is fixed at 4@ in further experi-
ments.

The X-ray diffraction patterns of samples 3-6 are given
in Fig. 3. The samples differ in the annealing temperature,
while the Cu:Si ratio (0.19) is the same. The Cu-deposited
Si powders display diffraction peaks that belong to the
Cw0 phase, as well as peaks for Cu and Si. The former
is seemingly formed during the electroless deposition period
[18]. With annealing, however, additional peaks at 4i&-
velop with an intensity that becomes higher with increase
in annealing temperature. The“4peaks can be indexed as
those for CySi alloy phasd23,24] Auger electron spec-
troscopy (AES) depth-profiling data taken before and after
annealing at 400C are displayed ifrig. 4 The oxygen at
the outermost surface region comes from the@yphase,
whereas the additional oxygen population results from the
SiO, layer on the Si surfaceF{g. 4a)). Annealing leads
to intensive Cu diffusion into the Si particle&ig. 4(b))
[23]. Based on the point where the Cu concentration is
10wt.%, the thickness of Cu diffusion layer is estimated to

be 140 and 340 nm before and after the annealing, respec- (?)

tively.
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Fig. 3. X-ray diffraction (XRD) patterns of Cu-deposited Si powders
(Cu:Si=0.19): (a) as-deposited (sample 3); (b) annealed at@@am-
ple 4); (c) annealed at 60C (sample 5); (d) annealed at 800D (sample
6).
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Fig. 4. Auger electron spectroscopy (AES) depth profiles of Cu-deposited Si
powders (Cu:Si=0.19): (a) as deposited (sample 3); (b) annealed a€400
(sample 4).

3.2. Electrochemical measurements

Galvanostatic charge—discharge voltage profiles for sam-
ples 1 and 10 are shown iRig. 5. The bare Si powder
(sample 1) electrode delivers a specific discharge capacity
of 880 mAh g1 on the first cycle even if the charging capac-
ity is as high as 3700 mAhd. This anode degrades within
a few cycles and has been reported in our previous investi-
gation[15]. Sample 10, which was annealed at 4Q0af-
ter Cu deposition, exhibits improved cycleability. The first
charging capacity of this anode is, however, smaller than
that of bare Si because Cu is not active for the Li alloy-
ing reaction. One apparent feature in both profiles is that
the irreversible capacity results from electrolyte decompo-
sition and concomitant formation of a solid electrolyte in-
terface (SEI) during the first charging (alloying) period is
negligible. This is somewhat unusual given that graphite an-
odes always exhibit a voltage plateau near 0.8-1.0V (versus



J.W. Kim et al. / Journal of Power Sources 147 (2005) 227-233 231

204 5,12 1 i .
discharging (de-alloying)
1.5 1
1.0 1
0.5 -
charging (alloying)
"5 ™2

0.0

2500

—a— Sample 1
—v— Sample 2
—e— Sample 3
—a&— Sample 4
—C— Sample 7
—o— Sample 8

n
o
o
o
L

1500 4

1000 4

Voltage / V (vs. Li/Li")

500

Discharge capacity / mAhg™

0 1000 2000 3000 4000 0 3 6 9 12 15

(a) Specific capacity / mAhg'1 Cycle number

Fig. 6. Specific discharge capacity of samples 1-4 and 7-10 according to
cycle number.

2.0 51

1.5 electron transfer channel. As a result, the contact resistance
and the charge-transfer resistance for the de-alloying reaction

. are lowered and the de-alloying reaction can be continued.

' This feature has been confirmed by galvanostatic intermit-

tent titration experiments. A typical transient voltage profile

0.5 1 is presented irig. 7(a) along with the voltage transient ob-
served during one current pulse cycle (see inset). The voltage

0.0 . ] transient comprises a rapid fall in voltage in the initial period

due to the ohmic resistance, but a rather slow decay in the
later stage due to the charge-transfer resistance. When the
(b) Specific capacity / mAhg’ current pulse is turned off, however, voltage is restored to the

initial quasi-equilibrium value. The uppermost trace in the
Fig. 5. Galvanostatic charge—discharge voltage profiles of: (a) sample 1; (b)

g : ; _ charging profile inFig. 7(a) thus corresponds to the QOCV
sample 10. A gravimetric current density of 100 mAlgs applied over the d the bott to the CCV. C V. th tt
voltage range of 0.0-2.0V (vs. Lilt). an e pottom to the . conversely, the uppermost trace

in the discharging period represents the CCV. The internal re-

sistance was calculated from the difference between QOCV
Li/Li*) as a result of SEI formatiof25]. The absence of and CCV in each voltage transient; the results are presented
SEI formation in Si anodes has been repof&@6] and at- in Fig. 7(b). One apparent feature kig. 7(b) is that all the
tributed to the fact that electrolyte decomposition is greatly samples exhibit a steady decrease ininternal resistance during
reduced due to the presence of an oxide layer on the Si surfacehe charging period, which has been ascribed in our previous
[9,26]. report[27] to either a better contact between Si and carbon

The discharge capacity profiles of all the samples are particles due to a volume expansion in the Si particles them-

given in Fig. 6. Two decisive factors appear to control the selves, or a slightly higher electrical conductivity of lithiated
cycleability of Si powder anodes. One is the electrical con- Si. In the discharging period, however, the samples show a
ductivity of Si powders. A comparison of the cycleability different behaviour according to the method of their prepara-
data for samples 1-3, which have different electrical conduc- tion. The bare Si anode (sample 1) shows an abrupt increase
tivities, reveals that the first discharge capacity is larger and in internal resistance near 0.4V, whereas the increase in in-
that the capacity retention over a few cycles becomes betterternal resistance is much slower for Cu-deposited Si elec-
with increase in the conductivity of Si powders. In particu- trodes.
lar, it is noticeable that the first specific discharge capacity = Careful inspection of the conductivity datéaple 3 and
of Cu-deposited Si (sample 3) is much higher than that of the cycleability inFig. 6 reveals that the conductivity en-
bare Si (sample 1), even if the former contains inactive Cu. hancement induced by Cu deposition cannot explain fully
This improvement can be attributed to the presence of a con-the improvement in cycleability. For instance, the annealed
ductive surface layer on the Si particles. That is, even when Cu-deposited Si anode (sample 4) exhibits better capacity
the Si particles contract during the discharging period after retention than the un-annealed counterpart (sample 3), even
swelling of the electrode layer during the preceding charg- through its conductivity is one order of magnitude smaller. A
ing period, the conductive Cu deposit can still provide an similar disagreement between conductivity and cycleabilty
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0 1000 2000 3000 4000
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(b) Quasi-open-circuit voltage / V (vs. Li/Li*) Fig. 8. Field-emission scanning electron microscope (FE-SEM) images of

Cu-deposited Si powder anodes (Cu:Si=0.19) taken after three cycles: (a)
Fig. 7. (a) Transient voltage profiles of sample 1 obtained with the galvano- sample 3 (un-annealed); (b) sample 4 (annealed at@dor 9 h).
static intermittent titration technique (GITT). A typical voltage transient for
one current pulse cycle is represented in the inset; (b) evolution of internal

resistance traced with sample 1, 3, 4, and 10 electrodes. deposit is still adheres well to the Si surface and provides an

electronic channel. This feature is further ascertained from
can be identified between samples 7 and 8, and between 3he data shown ifrig. 7(b), where it is seen that the increase
and 10. The poorer conductivity observed with the annealed in internal resistance is slower with annealed samples (sam-
powder samples may be ascribed to the formation @gfSCu  ples 4 and 10).
alloy phase on the Si surface. Note that, thg&lalloy phase The electrical conductivity of heavily deposited samples
has a lower conductivity than pure (28]. (7-10) is listed inTable 1, and their cycleability and varia-

The increased-performance of annealed samples over untion of internal resistance is presentedHigs. 6 and {b),

annealed ones can be explained by comparing scanning elecrespectively. As shown iffable 1, the conductivity of the
tron micrographs of samples 3 and 4 that were taken after Cu-deposited Si powders increases with increase in the Cu:Si
three cyclesKig. 8). The annealed Si powder still has the ratio. The fall in conductivity caused by annealing becomes
Cu deposit on its surface even after three cyckeg.(8(b)), less significant in the heavily deposited ones. This can be
whereas severe detachment of Cu from the Si surface, whichexplained by the fact that the outermost surface region of
is seemingly caused by the volume change in the Si particlesSi powder is still covered by the Cu deposit even if some
themselves, takes place in the un-annealed poigrg(a)). fraction of Cu is converted to the @8i alloy during the
This result strongly suggests that annealing imparts greaterannealing period. In two sets of heavily deposited Si pow-
stability to the Cu deposit and that the interfacial stability ders (Cu:Si=0.47 for samples 7 and 8, and=1.10 for sam-
plays a key role in controlling the cycleability. Because the ples 9 and 10), better cycleability is observed with the
Cu deposit is detached upon cycling, the Cu deposit in the more conductive powders and the annealing effect prevails
un-annealed powder cannot provide an electronic pathwayby delivering an improved cycle performance. Electron mi-
between the Si and carbon patrticles. In the case of the an-crographs taken after three cycles reveal that the detach-
nealed powders, however, even if their conductivity is lower ment of Cu is was insignificant in the heavily deposited
than that of the un-annealed one in the powder state, the Cusamples.
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