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NixSijx (0 < x < 0.5, Ax = 0.05) alloys were prepared by ball milling and studied as anode materials for lithium ion batteries.
Nanocrystalline Si/NiSi, phases were formed for x < 0.25. The NiSi phase was observed for samples with higher Ni content.
Increasing the Ni content was found to gradually lower the lithiation voltage, while delithiation voltage was not affected for x < 0.25.
As aresult, Lij5Sis did not form during cycling for x > 0.15. The capacity trend of Nix Sij_x alloys with composition suggested that
the nanocrystalline NiSiy phase had some activity toward Li, while the NiSi phase had no capacity toward Li. In situ XRD studies
confirmed the activity of nanocrystalline NiSi,. The best cycling performance of NixSij_x alloys was obtained for x = 0.20 with 94%

capacity retention after 50 cycles.
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Si-based anode materials for lithium-ion batteries have received
considerable research effort because of their low cost and high vol-
umetric capacity (2194 Ah/L for Si, compared to 764 Ah/L for
graphite).! Taking the delithiation voltage into consideration, Si
can theoretically provide ~34% energy density improvement over
graphite in a full cell model.> However, the volume expansion of
Si during lithiation can be as high as 280%. This is detrimental to
cycling performance because it can result in disruption of the solid
electrolyte interphase and the loss of electrical contact among the
active particles in an electrode.** Incorporating Li-inactive elements
with Si to form active/inactive alloys is one promising approach to
mitigate these problems. A specific design strategy for such alloys
has been proposed which can achieve maximum volumetric energy
density on the basis of the fact that their molar volume of lithium is
independent of lithium content and that their average voltage is lower
than that of pure Si for a given volume expansion.'

For pure Si, Li;sSi4 can suddenly crystallize at ~50 mV.? It is
suspected that the formation of Li;sSi, is related to poor cycle perfor-
mance due to particle fracture caused by high stresses at a two-phase
conversion front.® While the inactive phase in a Si alloy functions
as a “bystander” with the function of diluting volume expansion, it
has actually been found to modify voltage characteristics and thus the
structural variation of Si during lithiation/delithiation.>” In a recently
published article, it was shown that the formation of Li;5Si, is avoided
during cycling of 3 M V6 active/inactive Si alloy, even at lower cutoff
voltages as low as a 5 mV.%° The absence of Li;5Si; formation has
been shown to result in improved cycling performance in alloys.?

Si-TM alloys (TM = a transition metal) have been extensively stud-
ied as negative electrodes. When made by sputtering or ball milling,
such alloys typically form active Si / inactive matrix nanostructured
composites, where the inactive matrix comprises a transition metal
silicide.>”12!" Although transition metal silicides are theoretically
active with lithium from a thermodynamic basis,'® most have been
found to be completely inactive or have very limited capacity at room
temperature.>'>"'7 For instance, Fleischauer et al. used a model based
on effective heats of formation to explain the capacity behavior of
(Fe, Mn, Cr+Ni, Co)-Si alloys. Using this model, they predicted that
these alloys were composed of an active Si phase co-existing with the
inactive FeSi, MnSi, CrSi, NiSi or CoSi, phases. This well predicted
the observed alloy capacities.'®!” In contrast to the above studies,
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researchers have reported some silicides may have considerable lithi-
ation capacity, especially Ni-Si intermetallic compounds in which
either NiSi or NiSi, have been reported to be active with Si.!!18-21

Recently we have proposed a different model to explain the elec-
trochemical behavior of Ni-Si thin films in terms of internal stresses
between active and inactive phases.” It has been shown that applied
stress can significantly affect the potential of the Si voltage curve
during cycling.?? In Si thin films, the presence of a fixed substrate
results in compressive stress when the Si expands during lithiation.
This results in lowering the Si lithiation voltage curve by as much
as 200 mV, resulting in a reduction in capacity. We studied Ni-Si
nanocrystalline/amorphous thin films prepared by combinatorial sput-
tering over a large composition range.” These alloys show that similar
behavior as Si thin films, where the presence of the fixed volume inac-
tive phase results in applied stress to the active Si phase as it expands
during lithiation. However, an inactive phase in an alloy can apply
considerably more stress to an active Si phase than a fixed substrate.
This results in the lowering of the lithiation voltage. However, the
delithiation voltage remained unaffected. We speculated that particle
fracture can reduce tensile stress during delithiation, as has been sug-
gested during the delithiation of thin films.?? These results suggested
that all Si in sputtered Ni-Si thin films were active and that the capacity
decreases with increasing Ni content only because of the suppression
of the Si lithiation voltage via stress-potential coupling between the
active Si phase and inactive Ni phase. For Ni contents larger than 50
atomic percent, the Si voltage curve in Ni-Si films was lowered by
such a large amount that it resided below zero volts and the alloy
became inactive.

The different preparation methods used to make Ni-Si alloys in
previous studies result in different microstructures, and are likely the
cause of the disparate reaction mechanisms reported. Since powders
are used in conventional electrode coatings, capacity-composition re-
lationships obtained from nanocrystalline/amorphous thin films might
not be applicable to powder-based conventional coatings in Li-ion
batteries. In addition, TM-Si binary systems or Li-TM-Si ternary sys-
tems vary in their phase behavior, which can result in rather different
electrochemical performance. Therefore, careful study of each alloy
system made by different synthesis methods is necessary to fully un-
derstand Si-TM alloy behavior.

In the present paper, Ni,Si; (0 < x <0.5, at Ax = 0.05 intervals)
alloys were prepared by mechanical milling and were evaluated as
anode materials for lithium ion batteries. The effect of structure and
composition on the electrochemical performance of these alloys was
determined.
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Experimental

Ni,Sij (0 < x < 0.5, Ax = 0.05) alloys were prepared by ball
milling as described in Reference 23. The starting materials were
Ni powder (Alfa Aesar, —325 mesh, typically 99.8%) and silicon
powder (Sigma-Aldrich, —325 mesh, 99%). A total of 5 mL of Ni and
Si powders together with 2.3 Kg 0.25 inch stainless steel balls were
loaded into the ball milling vessels and sealed under argon atmosphere.
The samples were ball milled for 4 weeks at a milling speed of about
100 rpm.

X-ray diffraction patterns were collected using a JD2000 diffrac-
tometer equipped with a Cu K, X-ray source and a diffracted beam
monochromator. Each XRD scan was collected from 10° to 80° 2-theta
in 0.05° increments for 2 seconds per step. True sample densities were
measured using a Micromeritics AccuPyc II 1340 gas pycnometer. Fe
content was obtained using inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES) (Teledyne Leeman Labs Prodigy high
dispersion ICP-OES).

Electrode slurries were made by mixing Ni-Si alloys, graphite
(SFG6L, Timcal), carbon black (from Super P, Erachem Europe) and
a 10 weight % aqueous solution of lithium polyacrylate (LiPAA) with
a volumetric ratio of 45/35/3/19 or 80/0/5/15 in distilled water. The
mixing was conducted in a PM200 Planetary Ball Mill with 4 WC
balls (the ball/sample weight ratio was 15:1) at 100 rpm for a period
of 1 h. The slurries were coated on electrolytic Cu foil (Furukawa
Electric, Japan) using a 0.004 inch gap coating bar and dried at 120°C
in air for 1 h. Typical active material loadings were about 4.0 mg/cm?.
Electrodes containing graphite were then passed through an adjustable
gap calender with 6” diameter rolls (DPM Solutions, Nova Scotia,
Canada) to lower the porosity to ~25%.

Electrodes were assembled in 2325-type coin cells with a lithium
foil counter/reference electrode. Two layers of Celgard 2300 separator
were used in each coin cell. 1 M LiPFq (BASF) in a solution of ethy-
lene carbonate, diethyl carbonate and monofluoroethylene carbonate
(volume ratio 3:6:1, all from Novolyte Technologies) was used as
electrolyte. Cell assembly was carried out in an Ar-filled glove box.
Cells were cycled galvanostatically at 30.0 £ 0.1°C between 5 mV
and 0.9 V using a Maccor Series 4000 Automated Test System at a
C/10 rate for the 1st cycle and a C/5 rate for the following cycles with
a C/20 trickle discharge (lithiation).

For the in-situ XRD study of a Nij,5Sip75 sample, the electrode
slurry was coated onto one side of a beryllium disc and dried in air
at 120°C for 1 hour. This electrode / Be window was then used to
prepare a coin cell in an Ar-filled glove box using specialized coin
cell hardware, as described in Reference 24. The cell was discharged
or charged to desired voltage, as described above, and then XRD
measurements were performed, also as described above.

Results and Discussion

The composition of the Si-Ni samples as measured by ICP-OES
revealed a minor iron impurity of about 0.4 atomic percent. This small
iron impurity is likely from the milling process and was considered to
have little effect on structure or electrochemistry of the Ni-Si alloys.
Figure 1a shows XRD patterns of the Ni,Si;x samples for 0 < x <
0.25 with peak locations and intensities indicated for Si (PDF No. 00-
080-0018>) and NiSi, (PDF No. 96-900-9025%). The reference XRD
patterns for Si and NiSi, have nearly identical peak positions. This
makes it difficult to differentiate the two phases. However, the relative
peak intensities differ for these phases, which can aid in their disam-
biguation. The X-ray pattern for pure Si after 4 weeks ball milling
shows features of amorphous Si, with two broad peaks of approxi-
mately equal area near the three major Si peaks. With increasing Ni
content, the broad peaks from amorphous Si reduce in intensity and
are replaced with peaks from a new phase having more narrow peaks
than the broad peaks of pure amorphous Si. This new phase has rel-
ative peak intensities that are the same as NiSi,, with the Nig5Sig 75
sample having a (111):(220):(311) peak ratio of 40:49:11, which is
close to the theoretical value of 40:48:12. Based on this evidence, we
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Figure 1. XRD patterns of ball milled NixSij_x alloys: (a) 0 < x < 0.25; (b)
0.30 < x < 0.50. Vertical lines in the figure indicate known peak positions for
Si, NiSi and NiSi.

believe that NiSi, is progressively being formed as the Ni content is
increased. As a result, the amount of elemental silicon phase present
in the sample also decreases. The NiSi, phase thus formed has a grain
size of about 3.5 nm, according to the Scherrer equation, and based
on the (200) peak at 47.6° 2-theta.

Figure 1b shows XRD patterns of Ni,Si; alloys for 0.3 < x <
0.5 with the peak positions and intensities of NiSi, and NiSi (PDF
No. 00-085-0901%°) indicated. Small NiSi peaks can be observed in
Nig 30Si0.70 sample. With further increase of Ni in the starting materi-
als, the compositions enter the NiSi,-NiSi two-phase region, as pre-
dicted by the equilibrium Ni-Si phase diagram, and, accordingly, the
NiSi, phase gradually disappears with the evolution of the NiSi phase
in the XRD patterns. Pure NiSi phase was formed for the composition
with x = 0.5, also as predicted by the equilibrium Ni-Si phase diagram.

Figure 2 shows the voltage curves of selected Ni,Si; alloy elec-
trodes. As the Ni content is increased, the alloy capacity decreases.
Differential capacity curves of these electrodes are shown in Figure 3.
The differential capacity curves are typical of amorphous Si, with two
broad peaks during lithiation and delithiation. We have labeled these
peaks A and B (during delithiation) and A" and B’ (during lithiation),
as indicated in Figure 3. It can be clearly seen that peak A and B shift
to lower voltages with increasing x. This is a similar trend as observed
with sputtered Ni-Si electrodes.” For x > 0.35, peak B is truncated
at 0 V, resulting in capacity reduction. This makes the determination
of the amount of active Si present difficult to determine from the cell
capacity alone. As discussed in Ref. 6, the amount of active Si can be
determined from the differential capacity by a peak fitting procedure.
Therefore, peak-fitting was done in this study, as discussed below.

Si alloys have superior cycling characteristics when blended with
graphite and calendered to about 25% porosity, as we suggest they
would be used in practical lithium ion batteries.” Such coatings are
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Figure 2. Voltage curves OfNi()‘loSiolg(), Ni()_25 Si()_75, Ni()_35$i()_55 s Ni0.4osi()‘60
alloy electrodes.
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Figure 3. Differential capacity curves of Nig10Sig90, Nig25Si0.75,
Nig.35Sip.65, Nip.40Sipeo alloy electrodes, with peaks labeled as defined in
the text.

ideal for the evaluation of new alloy anode powders. Figure 4 shows
voltage curves of calendered Ni—Si alloy—graphite electrodes. All the
electrodes display sloping plateaus showing single-phase behavior,
similar to that of amorphous silicon, and no Li;sSi; was formed dur-
ing lithiation/delithiation for the first three cycles. Small plateaus at
around 0.2 V during delithiation are ascribed to graphite. The capac-
ity of the electrodes decreases with increasing x. The voltage curve
for Nig 50Sig s0-graphite composite electrodes only shows voltage fea-
tures of graphite, indicating that the Nij 50Sig 50 sample is completely
inactive toward Li.

In a previous study of sputtered Ni-Si thin films, we showed that
the lithiation voltage is depressed with increasing Ni content, while the
delithiation voltage remains unchanged.” Figure 5 shows the average
second lithiation/delithiation voltage of Ni,Si;  alloys as a function of
composition, calculated for the cells shown in Figure 4 by subtracting
the contribution of graphite. Itis clearly seen that the average lithiation
voltage is continuously depressed by increasing x. Meanwhile, the
delithiation voltage shows little change for x < 0.25 and starts to
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Figure 4. Voltage curves of Ni-Si alloy—graphite composite electrodes, the
compositions of the NixSijx alloys is indicated in each panel.
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Figure 5. Average second lithiation and delithiation voltage of NixSij_x alloys
versus X, as calculated by subtracting the graphite contribution from the voltage
curves in Figure 4.

increase afterwards. This trend for the ball milled Ni-Si alloys is very
similar to that observed for sputtered Ni-Si thin films.” The voltage
depression during lithiation avoids Li;sSi4 crystalline phase formation
(as discussed below), while the unchanged delithiation voltage would
not impair the discharge potential of a full Li-ion battery.

Figure 6 shows differential capacity curves for the 1st (black line),
2nd (black line), 10th (blue line) and 20th (red line) cycles of Ni—Si
alloy—graphite composite electrodes described in Figure 4. For the 1st
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Figure 6. Differential capacity curves of Ni—Si alloy—graphite composite elec-
trodes derived from Figure 4 for the 1st, 2nd (both black), 10th (blue) and 20th
(red) cycles.
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Figure 7. Pseudo-Voigt fits of the differential capacity curve peaks during the
first delithiation.

and 2nd cycles, all electrodes show the features of broad peaks from
amorphous Si alloys and sharp peaks from graphite. The enclosed
area of the differential capacity curves gradually decreases with in-
creasing Ni, corresponding to the decreasing capacity in Figure 4.
With increasing cycle number, electrodes containing amorphous Si
(a-Si), Nig 05Siges and Nig 19Siggp alloys form a sharp peak at around
0.42 V during charge, indicating the occurrence of a two-phase tran-
sition between crystalline Li;5Si, and Si. This peak is broader for the
Nig.05S10.95 and Nig 19Sip g0 samples than that for pure Si sample. We
speculate that this may be caused by the presence of Ni, either by the
modification of the Li;5Sis chemistry or by intra-particle stress due to
the presence of an inactive phase.

For electrodes with x > 0.15, the differential capacity curves re-
main unchanged during cycling, indicating that no Li;sSiy phase is
formed in these cells. Obrovac et al. reported that the crystalline
Li;sSiy phase can be avoided in pure Si by limiting lithiation voltage
to above 50 mV.? In the present study, since the lithiation voltage
is already depressed by increasing Ni, Li;sSis phase is avoided even
though electrodes are discharged to 5 mV. This behavior is the same as
we have previously reported for the suppression of Li;sSi, formation
in sputtered Ni-Si films.”

As discussed in Reference 6, to accurately determine the amount
of active Si, the shift in the voltage curve must be taken into account.
Since peaks A/A’ remain above 0 V, despite the voltage shift, they
may be used to estimate the amount of active Si present. Peak fitting
of the differential capacity curves during the first delithiation half-
cycle is shown in Figure 7 and capacity corresponding to peak A’ is
plotted in Figure 8 versus composition. Peak A’ was found to have
a capacity of 2267 mAh/g for sputtered Nig4Si 96 thin film and this
was used as the maximum capacity when x = 0 on which to base the
calculations.” Three calculated models are shown in Figure 8: the the-
oretical capacity assuming all the Si is active, the theoretical capacity
assuming inactive NiSi, is formed and the remaining elemental Si is
active or the theoretical capacity assuming inactive NiSi is formed
and the remaining elemental Si is active.

According to the XRD results in Figure 1, which indicate Si-NiSi,
two-phase coexistence, the capacity of peak A’ should follow the
black line, if NiSi, is inactive for x < 0.30. The peak A’ capacities
of Ni,Si; alloys do gradually decrease with increasing x. However,
the experimental data is not consistent with the presence of inactive
NiSi,. Instead, the data follows the line corresponding to the presence
of inactive NiSi quite closely. This suggests that the NiSi, phase in
ball milled Si/NiSi, alloys, as formed here for x < 0.3, is active
during lithiation/delithiation and that during lithiation inactive NiSi is
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Figure 8. Delithiation capacity as measured from the differential capacity
peak A’ of NiySij x alloys calculated from the fits in Figure 7.

formed, according to the formula:

Si/NiSi,+yLi — 2Liy/»Si + NiSi [1]

According to previous reports,'"'82¢ a capacity of about 200

mAh/g was observed for NiSi, and the value can be as high as ~600
mAMh/g for nanocrystalline NiSi,. We have confirmed that nanocrys-
talline NiSi, phase made by ball milling is indeed active. These results
will be presented in another study.?’ This behavior of ball milled Ni-
Si alloys differs from the results of Ni-Si thin films, in which Ni was
found to be the inactive phase.’

In situ XRD was used to further clarify the mechanism that oc-
curs during the cycling of ball milled Ni-Si alloy powders. Figure 9
shows the in-situ XRD patterns of the Nig,5Sip7s sample at differ-
ent discharge/charge states. The patterns are offset from each other
by 200 counts for clarity. A high intensity sharp peak between 45°
and 46° from cell parts was removed from all the XRD patterns in
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Figure 9. In situ XRD patterns of Nig25Sig 75 during lithiation and delithia-
tion. The state of charge is indicated in the figure. Diffraction peaks from NiSi;
are indicated with black vertical lines at 28.6° and 47.6°. All other sharp peaks
originate from cell parts and are marked with asterisks.
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Figure 10. Volumetric capacity and volume expansion of ball milled Niy Sijx
alloys versus x.

the figure for clarity. Diffraction peaks from NiSi, are indicated with
black vertical lines at 28.6° and 47.6° 2-theta. All other sharp peaks
originate from cell parts and are marked with asterisks. During the
first lithiation, the intensity of the NiSi, peaks gradually decreases,
indicating that NiSi, and Li react to make an amorphous product.
This provides further confirmation of the activity of NiSi,, suggested
in Equation 1, where the inactive NiSi formed is amorphous. During
the subsequent delithiation the NiSi, peaks do not reappear. Either
NiSi, is not reformed during delithiation or it is amorphous.

Figure 10 shows the volumetric capacities and volume expansions
of Ni,Si;« alloys based on a calculation of 9 mL/mol of Li in Si-
based materials.! Both volumetric capacity and volume expansion are
reduced with increasing x, as expected. The improvement in energy
density from utilizing alloy electrodes can be estimated by using a
cell stack model.” In this study, no appreciable improvement in stack
energy density can be obtained for x > (.30 because the volumetric
capacity is low. For x < 0.15, the volume expansion is over 200% and
these alloys also suffer from Li;sSis formation during cycling. Thus,
a reasonable composition range for Ni-Si alloys may be 0.15 < x <
0.3 in Ni,Si; x. Such alloys can have volumetric capacities between
1370 Ah/L and 1823 Ah/L and are calculated to improve the energy
density of a cell stack by up to 23% - 30% over graphite electrodes
according to a cell stack model.
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Figure 11. The lithiation (closed symbols) and delithiation (open symbols)
capacities of ball milled NixSij.x alloys versus cycle number.

Figure 11 shows the specific capacity of Ni,Si; 4 alloys versus cycle
number obtained from Ni—Si alloy—graphite composite electrodes. For
x < 0.2, cycling performance is improved with increasing x, with the
best cycling performance obtained for the Nig0Sigso sample. This is
attributed to the reduced volume expansion, as shown in Figure 10, and
the absence of Li;5Sis phase formation, as indicated in Figure 6. With
the further increases in X, the capacity retention is not improved and
all of the samples show a similar linear fade. The capacity retention
for the Nig,Sig go-graphite composite electrode is 94% of the initial
delithiation capacity after 50 cycles. This electrode would provide
about 14% improvement over graphite when incorporated in a Li-ion
cell, according to the cell stack model in Reference 2. However, cycle
life needs to be improved further for use in practical applications.

Conclusions

Ni, Si; alloys over a large region of compositions (0 < x < 0.5)
were prepared by ball milling. XRD patterns showed that nanostruc-
tured Si/NiSi, alloys were formed for x < 0.25 and NiSi was formed
with further increase of x. All the alloys have voltage curves typical for
that of amorphous Si for the first several cycles, however the lithiation
voltage was gradually depressed with increasing x, while delithiation
showed little change for x < 0.25. This is similar to the behavior of
Ni-Si thin film and is indicative of internal particle stress during lithi-
ation. The lithiation voltage depression resulted in the elimination of
Li;sSiy formation during cycling for x > 0.15, which coincided with
improved cycling performance.

It was found that the voltage/capacity behavior of the Ni-Si al-
loys corresponds to the presence of inactive NiSi in the cycled alloy.
This is different than what is observed in Ni-Si sputtered films, in
which Ni was found to be the inactive phase. It is concluded that the
nanocrystalline NiSi, phase in ball milled Ni-Si alloys is active during
lithiation/delithiation, while the NiSi phase was completely inactive.
Good cycling retention was obtained for Si contents up to 80%, with a
capacity retention of 94% was obtained for the Nig,(Siggo alloy after
50 cycles. This composition has a volumetric capacity of about 1350
Ah/L. Cycle life must be improved further for use in practical cells.
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