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Porous NiSi-Si composite particles having homogeneously distributed intraparticle pores with the size distribution peaked at
200 nm and a porosity of ~40% have been synthesized by a novel method, which comprises steps of ballmilling induced reaction
to form Ni/NiSi/Si preform particles and subsequent dissolution of unreacted Ni. Upon lithiation/delithiation cycling, the com-
posite particle electrode exhibits much reduced thickness expansion and capacity fading rate, as compared with the pure Si particle
electrode. The improvements have been attributed to the success in introducing the preset voids to partially accommodate volume
expansion arising from Si lithiation. In situ synchrotron XRD further indicates that NiSi of the composite is active toward Li
alloying, and it undergoes reversible transformation to/from Ni,Si and Li,Si. The reversible transformation between the silicides
involves volume change in opposite to lithiation of Si, and is beneficial to stabilizing the composite electrode upon charge/

discharge cycling.
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Graphite is widely used as an anode material for commercial
lithium-ion batteries due to the advantages of low cost, low and flat
working voltage, and excellent reversibility. However, the disadvan-
tage is relatively low theoretical capacity, ~370 mAh/g (or
830 Ah/L). The recently announced Sony Nexelion battery adopts
tin-based amorphous anode material consisting of multiple elements,
such as tin, cobalt, and carbon, which are mixed on a nanometer
level. Compared with graphite anode, the lithium ion storage volu-
metric capacity in Nexelion is increased by 50%, which increases
the overall battery capacity by 30%.

Seeking anode materials of even higher capacities, much effort
has been carried out and elaborated worldwide on silicon-based ma-
terial. As an anode material for Li rechargeable batteries, Si has a
theoretical capacity greater than 3000 mAh/g.] However, dramatic
volumetric variations, >300%, upon discharge/charge and poor
electronic conductivity hindered its application. A thin-film type of
Si anode, prepared mainly by vacuum sputtering”~ has been dem-
onstrated to exhibit up to 200 cycles at more than 3000 mAh/g, by
either tailoring the microstructures of the film and film-substrate
interfaces or using films of amorphous Si-containing alloys. Less
success has, however, so far been achieved with the conventional
thick-film particulate electrode configuration.

One approach to enhancing the cycle life of the Si-based thick-
film electrode is to combine Si with a highly conductive secondary
material to form a composite.c"14 This secondary material, which can
be either electrochemically inactive or active toward Li alloying, is
thought to “buffer” between Si particles for enhancing the stability
of the electrode structure during cycling, and concurrently to en-
hance the overall conductivity of the electrode. The extent of im-
provement, nevertheless, varies widely, apparently depending
heavily on the microstructure and composition of the Si-containing
composite.

Previous research had suggested the importance of a porous
structure on the dimensional stability of the electrode. The structural
design of a loosely packed small particle matrix, for example, was
shown to result in significant improvement on cycle stability of a
Sn/SnSb anode.'* In this work, a systematic and viable approach
that is capable of introducing homogeneously distributed “preset”
voids into the Si anode matrix is introduced. Specifically, NiSi-Si
composite powder was synthesized in a way that it contains a sig-
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nificant fraction of intraparticle voids with dimensions in the na-
nometer range and a porosity of ~40%. The electrochemical prop-
erties of the composite electrode were characterized by cyclic
voltammetry (CV) and charge/discharge (C/D) cycling test, while
the electrode expansion effect was also studied by means of electro-
chemical dilatometry. In addition, the electrochemical Li alloying/
dealloying processes were studied by in situ X-ray diffraction
(XRD), and the resolved lithiation mechanism of NiSi turns out to
be completely different from what previously susg,gested.6’7

Experimental

Alloy powders were synthesized by mechanically alloying mix-
tures of appropriate amounts of high purity elemental powders of Si
(99%, —325 mesh, Aldrich) and Ni (5 pwm, CERAC). The mechani-
cal alloying was performed with a planetary mill (Fritsch Pulveri-
sette P7) under Ar atmosphere using stainless steel vials and balls.
The weight ratio of ball:powder is 14:1, and 0.5 wt % of stearic acid
[CH;(CH,),COOH] was added as a lubricating agent. After milling
at 400 rpm for 16 h, an intermediate phase of Ni/Si/NiSi composite
was formed. The resulting powder was put in 0.5 M HNOj(,, for
1 h to etch off Ni. The amount of Ni dissolved in the etching solu-
tion was determined by inductively coupled plasma (ICP) spectros-
copy (Optima 3000XL). The powder was finally washed and dried
in a vacuum oven at 50°C for 6 h.

The composite electrode consists of, on a dry basis, 62 wt %
NiSi-Si composite, 30 wt % conductive additives, and 8 wt %
binder. The binder was a mixture of styrene-butadiene-rubber (SBR;
L1571, Asahi Chemicals) and sodium-carboxyl-methyl-cellulose
(SCMC; WS-C, Cellogen, DKS International, Inc.) with 1:1 weight
ratio."> The conductive additives included graphitic flakes (KS6,
3 wm, TIMCAL) and nanosized carbon black (Super P, 40 nm,
TIMCAL) with a weight ratio of 5:1. The mixed-slurry was coated
on Cu-foil with a final film thickness of ~50 wm. CR2032 coin
cells were fabricated from the electrode for electrochemical charac-
terizations. The pure Si electrode has been prepared the same way.
The counter electrode was lithium foil. The electrolyte was 1 M
LiPFg in ethylene carbonate (EC): ethyl methyl carbonate (EMC)
(1:2 vol %) from Mitsubishi. In the adopted two-electrode setup,
the voltage referred to herein is measured against the Li counter
electrode.

CV analysis was performed between 0.05 to 3.0V at
10 mV/min. The charge/discharge (C/D) tests were carried out with
a constant current-constant voltage (CC-CV) mode within the volt-
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Figure 1. Particle size distributions for (a) as-received Si powder, and (b)
NiSi-Si composite.

age range from 0.001 to 1.2 V. The CC process employed a current
of 0.1 mA/mg, while the CP process was fixed to 0.001 V with a
cutoff current of 0.03 mA/mg. The morphologies of the synthesized
NiSi-Si material and the fabricated electrodes were examined by
scanning electron microscopy (SEM, LEO1530). The preparation of
electrode samples for cross-sectional imaging after cycling was
carefully carried out in an argon-filled glove box. The cycled elec-
trodes were rinsed by diethyl carbonate (DEC) and dried in a glove
box before analysis. XRD was carried out on a MacScience/MXP
diffractometer with Cu Ko radiation. Particle size distribution was
determined by light scattering analysis (LS-230, Coulter). The mea-
surements of porosity and pore size distribution were carried out by
Mercury porosimetry (AutoPore 9500 IV).

The in situ synchrotron XRD was conducted in the National
Synchrotron Radiation Research Center (NSRRC) in Taiwan. The
operating energy is 13 keV (X = 0.9537 A). The measurement of in
situ dilatometry was carried out during lithium uptake/extraction to
monitor the thickness changes of the electrode. The principle of
dilatometric measurement has been described in Ref. 16.

Results and Discussion

Synthesis and micro-structural characterization.— The as-
received Si powder has a size distribution that peaks at ~20 pm
(curve a, Fig. 1) and contains ~77 vol % of particles with a size
between 10 and 40 pm. Figure 2 shows the XRD patterns acquired
after different periods of milling. Note that the peaks representing

» s
- n 4 A Ni
1 l_ . * NiSi
- L}
= LA ¥ on = f
! 1 lu_a&___._}\_
b i 4h
- S S VN T
=
gt L AN 16h
=0 | ) 22h
A A 28N
F A A 34D
L [
o )\ %e0 oo 041 e e
n . 1 n 1 T T
20 30 40 50 60 70 80

Figure 2. XRD patterns of the milled powder as a function of milling time.

] m S

Intensity (a.u.)

20 30 40 50 60 70 80
20

Figure 3. XRD patterns of the porous NiSi-Si composite (a) before and (b)
after etching-off of Ni.

the NiSi alloy started to appear after a milling time of 10 h, while
the peaks of Ni were no longer detected after a milling time of 48 h
(Fig. 2). Throughout the milling process, NiSi was the sole product
detected. Thus, the formation of NiSi by the ballmilling process
basically follows a one-step reaction mechanism

Ni + Si — NiSi [1]

For preparing the electrode, the powder after 16 h of milling was
etched in diluted HNOj; solution to remove the unreacted Ni. The
purpose of the etching step is to increase the overall intraparticle
porosity of the composite powder. The XRD patterns of power be-
fore and after the etching treatment are shown in Fig. 3. The etch
powder was found to consist of only NiSi and Si (line b, Fig. 3).
Based on the dissolved amount of Ni, the weight ratio of NiSi to Si
is determined to be ~76/24 (molar ratio ~1.0/1.0). By using the
Scherrer’s equation, the crystallite size of NiSi was determined to be
~2 nm. The XRD peaks of Si were also found to be considerably
broadened after milling, giving an estimated reduction in crystallite
size from micrometer size to ~40 nm. Intragrain stress induced by
the milling process could also contribute partly to the peak broad-
ening. The particle size distribution of the etched alloy powder
showed a broad particle size distribution with ~90 vol % of the
particles smaller than <10 pm (Fig. 1). SEM analysis showed that
the Si particles (Fig. 4a) are nonporous. On the other hand, the
composite particles are constituted of numerous submicronmeter
particles (Fig. 4b) forming a porous matrix (Fig. 4c). EDX mapping
analysis indicates intimate mixing between the Si and NiSi compo-
nents (Fig. 4d).

Figure 5 shows the pore size distribution of the NiSi-Si compos-
ite. The distribution shows two peaks located at 200 and 600 nm,
respectively. The bimodal distribution is typical for a compacted
porous powder sample with a large-pore peak (600 nm) arising
mainly from interparticle pores and a small-pore peak (200 nm)
from intraparticle pores. The interparticle porosity forms from com-
paction. The intra-particle size range is consistent with that shown in
the micrograph (Fig. 4c). These two peaks were deconvoluted by
assuming Gaussian-type profile, and the total pore volume of the
intraparticle pores was determined to be ~0.151 mL/g. For com-
parison, the pore distribution of Si powder is also shown in Fig. 5.
As the Si particles completely lack intraparticle pores (Fig. 4a), only
interparticle pores within the particulate powder exist, and its pore
size distribution is indeed located above the range of the intrapar-
ticle pores of the composite. Taking into account the theoretical
densities of both Si and NiSi, the composite has a solid volume of
0.238 ml/g, and the porosity is then 38.9%.
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Electrochemical characterization— The CVs for the first five
cycles of the NiSi-Si electrode are shown in Fig. 6a, while those of
the fifth cycle for Si and the composite electrode are compared in
Fig. 6b. For the composite, the response current increases with cycle
number. A similar phenomenon has also been observed for the pure
Si electrode,'” and the increase is believed to largely arise from a
break-up of particles to provide a larger surface area and thus better
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Figure 5. Pore size distributions: (solid-line) NiSi-Si composite powder:
(dashed-line) de-convolution of the solid-line by two Gaussian peaks: and
(dotted-line) Si powder.

Figure 4. SEM images of (a) bare silicon,
(b) NiSi-Si composite particle, (c) NiSi
-Si composite particle at higher magnifi-
cation, showing the porous nature of the
composite particle, and (d) EDS mapping
of Ni, where the gray dots indicate the dis-
tribution of Ni.

kinetics for material utilization. The trace profile, nevertheless, be-
came unchanged after the fifth cycle. For the composite electrode,
the reductive (alloying) reaction onsets at 0.8 V and the current
continues to increase exhibiting a peak at ~0.15 V. On the other
hand, the Si electrode shows a reductive reaction commencing be-
low ~0.3 V. During the oxidative (dealloying) process, the compos-
ite electrode shows a broad hump extending up to 1.0 V, while the
Si electrode shows distinct peaks below 0.6 V. The data indicates
that the alloying/dealloying processes of the composite electrode,
which contains both NiSi and Si, involves additional redox reactions
taking place within higher potential regions to those associated with
pure Si.

The cycling capacity data of the Si and NiSi-Si composite elec-
trodes are displayed in Fig. 7, while the charge/discharge voltage
curves of the composite electrode are shown in Fig. 8. For the elec-
trode containing pure Si, the first discharge capacity reached
~3300 mAh/g (the capacity data referred to herein are based on
unit weight of active material, which is either Si or the NiSi-Si
composite), but suffers from 62% loss upon charge. The discharge-
able capacity quickly dropped to ~200 mAh/g in 5 cycles. At the
same current density (0.1 A/g or 0.33 mA/cm?), the NiSi-Si com-
posite electrode showed much improved cycling stability. It exhib-
ited an initial discharge capacity of 1250 mAh/g and ~13% loss
upon charge. The coulombic efficiency quickly reached >99% at
the second cycle.

Figures 9a-c show SEM images of the cross-section of the Si and
composite electrodes before and after cycling. Before cycling, the Si
and composite electrodes have thicknesses of 55 and 45 wm, respec-
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Figure 6. (a) CV of NiSi-Si composite electrode for the first five cycles. (b)
Comparison in CV between pure Si and NiSi-Si composite electrode at the
fifth cycle. (Scan rate: 10 mV/min.)

tively (e.g., Fig. 9a for Si). After 10 cycles, the thickness of the pure
Si electrode (Fig. 9b) expanded to 200 wm, while the composite
electrode expanded to 96 pwm (Fig. 9¢). In situ dilatometric analysis
(Fig. 10) further showed that, for both cases, the electrode expansion
took place mainly during the first cycle, and the thickness variations
during the subsequent cycles were much milder than that during the
first cycle. This may explain, at least in part, why the irreversible
capacity loss is most dramatic during the first cycle and died down
rapidly upon further cycling, as shown in Fig. 7.
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Figure 7. Capacity data of charge/discharge cycling tests of pure Si and
NiSi-Si. The capacity data are based on unit weight of active material, which
is either Si or the NiSi-Si composite. (Open symbols: discharge; solid sym-
bols: charge.)
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Figure 8. Charge/discharge voltage curves for the NiSi-Si composite elec-
trode at different cycles.

In situ synchrotron XRD study.— The XRD patterns acquired in
situ during discharge and charge are shown in Fig. 11a, while the
corresponding discharging and charging voltage curves marked with
the locations where spectra were acquired are shown in Fig. 11b for
reference. As typically occurs during the first discharge, the voltage
rapidly dropped to below 0.1 V. Several events were found to occur
concurrently then. First, the reflection peaks of graphite [e.g.,
C(004) in Fig. 11a] shifted to lower angles, suggesting lattice ex-
pansion due to Li intercalation. Second, the intensities of Si peaks
[e.g., Si(111) in Fig. 11a] decreased with discharge depth, and peaks
completely disappear at the depth of ~890 mAh/g. The intensity
reduction is apparently due to the alloying with Li to form amor-
phous Li,Si, and the same process has been reported in the literature
for the pure Si electrode.” Third, the intensities of NiSi le.g.,
NiSi(210)] followed the same trend as Si, decreasing gradually with
increasing discharge. Finally, a new nickel silicide phase, 8-Ni,Si,
emerged and its peak intensities increased with increasing discharge.

Upon charge, the events described above were reversed except
that the Si peaks remain amorphous and hence undetectable. NiSi
reappeared after charging. This is contradictory to the previous sug-
gestion by Wang et al., " that the silicide phase irreversibly sepa-
rated into Si and Ni upon the first discharge. No analysis, however,
has been given in their study.

Taking into account both the electrochemical characterization
and in situ XRD data, the following two sets of alloying reactions
are proposed for the NiSi-Si composite system. For the NiSi com-
ponent

xLi* + xe” + NiSi = LiNiSi 0.3 ~ 1.0 V [2]

2Li,NiSi + (y = 2x)Li* + (y — 2x)e” < Li,Si + NipSi < 0.3 V
[3]

and for the Si component
yLi* + ye” + Si S Li,Si < 03V [4]

Equation 2 accounts for the redox reactions taking place within
the high voltage region (between 0.3 and 1.0 V) as observed in the
voltammograms of the composite electrode (Fig. 6). In addition, the
XRD data upon discharge (Fig. 11a) showed that the Ni,Si peaks
were detected only during the very later stage of the diminishing of
NiSi peaks, suggesting that Ni,Si may not form in one step from
NiSi. Thus, two sequential alloying reaction steps, Eq. 2 and 3, are
proposed. The alloyed Li,NiSi species is likely to be amorphous,
similar to the alloyed Si, and hence no intermediate was detected.

Assuming the y value in Reaction 3 corresponding to LilSSiﬁ
gives the theoretical gravimetric capacity of 579 mAh/g for NiSi
and 1298 mAh/g for the present NiSi-Si composite powder. Taking
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Figure 10. Dilatometric curves of (a) silicon electrode and (b) NiSi-Si com-
posite electrode.

5646 mAh/cm® for 100% dense powder or 3389 mAh/cm?® for the
powder with 40% porosity. For comparison, the gravimetric and
volumetric capacities for the graphite are ~370 and 833 mAh/cm?,
respectively. For either gravimetric or volumetric capacity consider-
ation, the present porous powder shows apparent advantage.
Furthermore, the amount of Si that participates in charging/
discharging in the composite electrode is 2/3 of that in the pure Si
electrode, yet the extent of electrode expansion for the composite
electrode is merely ~ 1/3 that of the pure Si electrode. The differ-
ence indicates that the preset void has indeed served the purpose to
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. . ) 3 ) Figure 11. (a) In situ synchrotron XRD patterns of NiSi-Si composite during
into account of the theoretical density, 4.35 g/cm”, of the composite charge/discharge cycling. (b) The charge/discharge voltage curves are taken
(molar ratio NiSi:Si = 1:1) gives the volumetric capacity of during the XRD measurements. The numbers index the XRD patterns.
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partially accommodate the volume expansion arising from the Si
component, and that the reduced thickness expansion in the compos-
ite electrode is more than a “dilution” effect, i.e., reduction in Si
content per unit volume. It is also worth mentioning that Ni,Si has a
density (7.315 g/cm?) higher than that of NiSi (5.928 g/cm?). Thus,
the volume shrinkage of the silicide phase could also compensate
the volume expansion of the Si component.

Many new anode materials have been proposed in the literature
and only a few of them will finally find application after all optimi-
zation work has been done. The structural design of our nanoporous
NiSi-Si composite in this study has yet to be optimized. The char-
acteristics of final structures, including surface morphology, poros-
ity, and pore size distribution, depend on several synthesis param-
eters, such as the experimental condition of milling process, etching
time, the ratio of Si/Ni, and so on. It is believed that refinement of
these parameters can further improve the cycling stability.

Conclusions

In this study, porous NiSi-Si particles having a pore size distri-
bution peaked at 200 nm and an intraparticle porosity of nearly 40%
have been synthesized by high-energy ballmilling of a mixture of Ni
and Si and subsequent dissolution of unreacted Ni. When used as an
anode for Li ion battery application, the preset intraparticle voids
have been shown to help to accommodate volume expansion arising
from alloying of the Si component. As a result, the composite elec-
trode exhibits much reduced thickness expansion, as compared with
pure Si electrode, and hence significantly reduced capacity fading
rate upon cycling. Synchrotron XRD further indicates that the NiSi
component of the composite undergoes reversible transformation to
Ni,Si and Li,Si during cycling, which is previously not considered
mechanism of this material.
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