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ABSTRACT

Pure silicide electrodes have attracted attention as a promising
anode material in lithium-ion batteries using certain ionic liquid
electrolytes. However, the reaction mechanisms of silicide elec-
trodes, particularly the lithiation sites in the crystal lattice and the
reaction sites (bulk versus surface), remain unclear. Here, we
investigated the electrochemical lithiation mechanism of a nickel
silicide (NiSi,) electrode. X-ray diffraction, transmission electron
microscopy, and other techniques revealed that NiSi, phase did not
separate and no lithiation of Si generated from NiSi, occurred. In
contrast, ‘Li magic angle spinning nuclear magnetic resonance
demonstrated that stable deposition—dissolution of Li metal did not
occur on the NiSi, electrode, and electrochemical lithiation of NiSi,
proceeded. Additionally, we investigated the lithiation sites using
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computational chemistry. The peak positions in the nuclear magnetic resonance spectra differed from those predicted using the calculated
valence electron numbers. This resulted from an increase in conduction electrons near the Fermi energy associated with the amount of Li

stored in the NiSi, crystal lattice, followed by a Knight shift.
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1. Introduction

Silicon (Si) has attracted attention as a promising anode material
in lithium-ion batteries (LIBs) with gravimetric high-energy density
because of its high theoretical capacity of 3600mAhg~! in the
crystalline Lis 75Si phase at room temperature.'~* The development
of high-performance LIBs is essential to realize a decarbonized
society, and the practical application of Si anodes is gaining
momentum.>~® However, the poor cycling stability caused by large
volume changes in Si during alloying (charge) and dealloying
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(discharge) with lithium (Li) prevents its practical application. We
previously investigated how to improve the anode properties of pure
Si electrodes by doping impurities into Si,>!° fabricating composites
with materials that compensate for the Si defects,''~® and
prelithiation.!”'® Additionally, we have developed Si-specific inter-
face observation methods.!?2!

In contrast, we investigated the feasibility of pure silicide (M Si,,
M: transition metal) electrodes, which are Si compounds with
metals. MSi, electrodes have not received much attention because
they have not shown good cycling performance in conventional
organic liquid electrolytes.!! We also discovered that the MSi,
electrodes achieved very high capacity and excellent cycling
stability in a particular ionic liquid electrolyte of 1moldm™ (M)
Li bis(fluorosulfonyl)amide (LiFSA) in N-methyl-N-propylpyrroli-
dinium bis(fluorosulfonyl)amide (Py13-FSA).??> Furthermore, most
MSi, have high density, therefore, high volumetric reversible
capacity can be expected.??

The electrochemical lithiation mechanism of some MSi,
electrodes has been reported; lithiation of Si resulting from the
phase separation of MSi, occurred.>*2¢ However, the lithiation-
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delithiation of MSi, itself is expected to occur based on the
dissolution enthalpy, rather than the phase separation of M Si,. For
example, the dissolution enthalpy of Fe-Si, Ni-Si, and La-Si is —67,
—86, and —285kJmol~!, respectively.”’ Larger negative value of
the enthalpy indicates that these silicides are thermodynamically
stable. In contrast, the dissolution enthalpy of Si-Li has been
reported to be —51kJmol~!.?7 Because Si has a higher affinity for
transition metals than for Li, it is inferred that MSi, is less likely to
be decomposed during charge-discharge cycling.

We previously investigated the reaction behavior of an iron
silicide (FeSi,) electrode using X-ray diffraction (XRD), Raman
spectroscopy, transmission electron microscopy (TEM), energy-
dispersive X-ray spectroscopy (EDS), and solid-state ’Li magic
angle spinning (MAS) nuclear magnetic resonance (NMR).2® We
concluded that the FeSi, electrode alloyed with Li; nevertheless,
lithiation sites in the FeSi, crystal lattice and reaction locations (bulk
or surface) remained unclear. It is also unclear whether the reaction
behavior is identical when different M is used. In the present study,
the electrochemical lithiation mechanism of a nickel silicide (NiSi,)
electrode in 1 M LiFSA/Py13-FSA was investigated using the above
analytical methods. Additionally, we attempted to identify the
lithiation sites using density functional theory for first-principles
calculations. We predicted the NMR peak positions based on the
calculated valence electron numbers and discussed the Knight shift,
which occurs when conduction electrons near the Fermi energy
increase according to the quantity of Li stored in the NiSi, crystal
lattice.

2. Experimental

2.1 Sample preparation and electrode fabrication

NiSi, was prepared by a mechanical alloying (MA) method. A
mixture of silicon (99.9 %, FUJIFILM Wako Pure Chemical Corp.,
Ltd.) and nickel (99.9 %, Nilaco Corp.) powders was put in a ZrO,
container together with ZrO, balls. Dry Ar gas was filled the
container. The Si/Ni molar ratio was 2.0 and the weight ratio of the
mixture to the balls was approximately 1:15. High-energy
planetary ball mill apparatus (P-6, Fritch) was used for the MA
process performing with a rotary speed of 380rpm at room
temperature for 20 h. The crystal structure of prepared powder was
verified by XRD (Ultima IV, Rigaku) with Cu-Ka radiation and
obtained XRD pattern was identified using the Inorganic Crystal
Structure Database (ICSD).

An NiSi, electrode was fabricated by slurry coating method for
Li MAS NMR and XRD measurements. Acetylene black (AB),
styrene-butadiene rubber (SBR), and carboxymethyl cellulose
(CMC) were used as the conductive agent, binder, and thickener,
respectively. The ratio of NiSi,/AB/SBR/CMC was 70/15/5/
10wt%. 4 g of deionized water was used as a dispersing agent for
1 g of the mixture. The prepared slurry was coated on a copper
current collector and was dried at 120 °C. In contrast, an NiSi, gas-
deposition (GD) electrode was prepared for TEM and Raman
microscopy measurements. The GD electrode was used instead of
the slurry electrode to investigate changes in the active material
itself in TEM observation, and because of the possibility that CMC-
derived peaks might appear at 500 cm™!, where Si-derived peaks
appear in the Raman spectra.’’ The GD method requires no
conductive agent or binder. He gas (99.9999 %) was used as a carrier
gas and the deposited amount of NiSi, on the current collector was
approximately 30 pg. Other detail conditions of GD method were
described in our previous paper.'’

2.2 Cell assembly and charge—discharge testing

A 2032-type coin cell was assembled using the NiSi, electrode, a
glass fiber filter (Whatman GF/A), and a Li metal sheet (99.90 %,
thickness: 1 mm, Rare Metallic Co., Ltd.) as the working electrode,

2

the separator, and the counter electrode, respectively. We used 1 M
LiFSA/Py13-FSA as an ionic-liquid electrolyte. Cell assembly and
electrolyte preparation were conducted in an Ar-filled glovebox
(Miwa MFG, DBO-2.5LNKP-TS) with an oxygen content less than
1 ppm and a dew point below —90 °C.

Galvanostatic charge—discharge testing was performed using
an electrochemical measurement system (HJ-1001SM8A or HJ-
1001SD8, MEIDEN HOKUTO, Co., Ltd.) in the potential range
between 0.005 and 2.000 V vs. Lit/Li at 30 °C. The current density
was set at SO0mA g~!. After the testing of the cell using slurry
electrode for 4 cycles, the cell was charged to adjust the state of
charge (SOC) at the fifth cycle for each point of the 'Li MAS NMR
measurement. The potential was maintained at each point in Fig. Sla
for 12 h. The charge capacity at the first cycle was higher than that
after the second cycle due to the formation of a surface film, whereas
the charge—discharge capacity and the corresponding curve were
almost the same after the second cycle (Fig. S1b). The testing of the
cell using GD electrode was carried out for 5 cycles. The Coulombic
efficiency of the slurry electrode was higher than that of the GD
electrode, and hence, a side reaction of AB with Li* should not occur.

2.3 Li MAS NMR measurement and TEM observation

The coin cell was disassembled in the Ar-filled glovebox after the
above-mentioned charge—discharge testing. The slurry electrode
was washed thoroughly with diethyl carbonate (DEC, Kishida
Chemical Co., Ltd.) and was dried. The active material layer
including NiSi;, AB, SBR, and CMC was exfoliated from Cu
substrate using a spatula. The resulting powder was packed in a
3.2mmg¢ sample tube for the NMR measurement. 'Li MAS NMR
spectra of NiSi, at each SOC were obtained using an NMR system
(11.7T magnet, DD2 Agilent Technologies Inc.) at a MAS
frequency of 14kHz. The chemical shifts were referenced to a
1M aqueous LiCl solution. The peak fitting of NMR spectra was
performed by Origin Pro 8.5.0J (LightStone) software.

Removed NiSi, GD electrode from the coin cell was washed with
propylene carbonate and DEC before drying. The electrode was
sliced into thin sections using focused ion beam scanning electron
microscopy (FIB-SEM, SMF2000, Hitach High-Tech Science
Corp.). The electrode surface was coated with carbon to protect it
from damage by the Ga ion beam. The sliced electrode was not
exposed to the atmosphere until it was introduced into the chamber
of the TEM instrument (JEM-ARM200F, JEOL, Co., Ltd.) using a
transfer vessel. TEM observation was performed with acceleration
voltage of 200 KV and energy-dispersive X-ray spectroscopy (EDS)
was carried out with 10 scans.

2.4 First-principles calculation

We used a commercially available Advance/PHASE software
package (Advance Soft Corp.) using plane wave expansion and
pseudopotentials based on density functional theory for first-
principles calculation. Projector augmented wave (PAW) and
generalized gradient approximation (GGA) were utilized as
calculation method and exchange—correlation energy function. We
used the k-space integrations of 5 x 5 x 5 k-point mesh. We also
used a cut-off energy of 340eV for wave function (total density of
state: total DOS) and 3060 eV for charge density (Bader analysis),
which corresponds to 12.5 and 112.5 Hartree, respectively
(1 Hartree equals to 27.2114eV). The valence electron number of
Li was estimated by the Bader analysis.

3. Results and Discussion

3.1 Possible electrochemical lithiation mechanisms of the
NiSi, electrode
Figure 1 shows a schematic diagram of the possible electrochem-
ical lithiation mechanisms for NiSi, electrodes. In the first mechan-
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(a) XRD patterns of the pristine NiSi, and lithiated NiSi, electrode after the fifth charge—discharge cycle and (b) Raman spectra of

the NiSi, electrode before and after the fifth cycle with those of a-Si and ¢-Si.

ism, the NiSi, phase separates into Si and Ni and/or Si-poor nickel
silicides (NiSi, Ni,Si, and Ni3Si) phases, generating Si alloys with Li
(Fig. 1a). The following reactions are expected to occur:

NiSi, + xLi" 4+ xe~ — Ni + 2Li,Si (1)
NiSi; 4+ xLi*™ 4+ xe~ — NiSi 4 Li,Si )
2NiSi, + xLit + xe~ — Ni,Si + 3Li,Si 3)
3NiSiy + xLi" + xe™ — Ni3Si 4+ 5Li,Si )

In the second possible mechanism, deposition and dissolution of Li
metal occur on the NiSij electrode (Fig. 1b). Because the charge—
discharge cycle stability of the electrode in 1 M Py13-FSA is good,
Li dendrites should not be produced. The NiSi, electrode may act as
a foothold for stable Li deposition—dissolution. In the third possible
mechanism, the NiSi, itself alloys and dealloys with Li as follows
(Fig. lc):

NiSiy + aLi* )

In the fourth possible mechanism, the bulk of the NiSi, particle is
not lithiated and only the surface alloys with Li (Fig. 1d). This is

+ xe~ — LiNiSi,

a new hypothesis that arose while investigating the above three
possibilities. Herein, each of these four mechanisms was examined.

3.2 Lithiation of Si generated from NiSi, phase separation
The active material of NiSi, was successfully synthesized using a
mechanical alloying method and characterized using XRD, Raman
spectroscopy, field-emission scanning electron microscopy (FE—
SEM), and a particle size distribution analyzer (Figs. S2 and S3). To
verify whether the NiSi, phase separates into Si and Ni and/or Si-
poor nickel silicides (Fig. 1a), we investigated the change in the
NiSi, crystal structure during charge—discharge cycling. Figure 2a
displays the XRD pattern of the fully lithiated NiSi, electrode during
the fifth cycle. For comparison, the result of the pristine NiSi,
electrode is also shown. All peaks except those derived from the
copper substrate and the protective film were attributed to NiSi,. No
new peaks derived from Si, Ni, Si-poor nickel silicides (NiSi, Ni,Si,
and Ni3Si), or lithium silicides (Li,Si) appeared. The crystallinity of
Si decreases after charge—discharge cycling, i.e., crystalline Si (c-Si)
changes to amorphous Si (a-Si).!3° Because XRD can not detect a-
Si, Raman spectroscopy, which can detect Si of any crystallinity,

3
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was used to investigate whether elemental Si was generated from
NiSi, (Fig. 2b). No Si of any crystallinity was detected, indicating
that phase separation of NiSi, did not occur during charge—discharge
cycling. However, if the NiSi, phase separates into Si and Ni and/or
Si-poor NiSi, (x =1, 1/2, and 1/3) phases at the extreme surface
and ultrafine Si particles (diameter < 100nm) are formed, Raman
spectroscopy cannot detect the particles because of the definite
resolution. Hence, we used TEM to observe a cross-section of the
NiSi;, electrode after the charge—discharge cycling.

Figure 3a shows a TEM image of the delithiated NiSi, electrode
after the fifth charge—discharge cycle. The corresponding EDS maps
of Ni and Si, the selective area electron diffraction (SAED) pattern,
and the obtained d-spacing values are also shown (Figs. 3b-3d,
respectively). Ni and Si elements were uniformly distributed, and no
ultrafine Si particles appeared. The SAED and d-spacing results
showed that a Si phase was not formed, and the active material layer
remained NiSi, after cycling. Figures 2 and 3 show that no phase
separation of NiSi, occurred and a pure Si phase was not generated;
thus, the electrochemical lithiation mechanism of the NiSi, electrode
could not be explained by the first hypothesis (Fig. 1a).

3.3 Li Deposition on NiSi,

Figure 4 provides the 7Li MAS NMR spectrum of the fully
lithiated NiSi, electrode during the fifth cycle. Peaks with asterisks
were assigned to spinning sidebands, which is outside the scope of
this discussion. Li metal peak, including Li dendrites, appeared at
approximately 260 ppm,*'3? such peak was not detected. The same
phenomenon was previously confirmed on a FeSi, electrode.”® In
contrast, main peaks at approximately 0ppm were confirmed, as
discussed below. Therefore, the NiSi, electrode did not serve as a
foundation for stable Li deposition—dissolution; thus, the elec-
trochemical lithiation mechanism of the NiSi, electrode could not be
explained by the second hypothesis (Fig. 1b).

3.4 Lithiation and delithiation of NiSi, itself

Figure 5a provides the ’Li MAS NMR spectra of the
NiSi, electrodes at each state of charge (SOC) during the fifth
cycle. At an SOC of 0%, a peak defined as Peak A appeared at
approximately 0 ppm. Peak A at 0 % SOC could not be attributed to
Li stored in the NiSi, because the electrode potential was too high
(Fig. S1). Therefore, Peak A was attributed to either Li salt (LiFSA)

4
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(a) TEM image of delithiated NiSi, after the fifth cycle and the corresponding EDS maps of (b) Ni and (c) Si. (d) SAED pattern
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Figure 4. "Li MAS NMR spectrum of NiSi, at an SOC of 100 %
during the fifth cycle. Magnified views at approximately 0 ppm and
approximately 260 ppm are also shown.

in the electrolyte (LiFSA shows extremely clear NMR peak at
approximately —1 ppm) or Li contained in the surface film formed
on the NiSi, electrode by reductive decomposition of the electrolyte.
Because the NiSi, electrode had been carefully cleaned with DEC,
no LiFSA was expected to remain on the surface. Additionally, Li-
containing compounds (i.e., lithium hydroxide and lithium fluoride),
which were components of the surface film, show NMR peaks at
approximately 0 ppm.>*~3° Hence, Peak A at 0 % SOC was assigned
to Li in the surface film.

At SOCs from 20 % to 40 %, the intensity of Peak A increased
(Figs. 5a and 5b), although the peak position did not change
(Fig. 5¢). The Coulombic efficiency was as high as 97.7 % during
the fifth cycle (Fig. S4); thus the increase in Peak A at SOCs
between 20 % and 40 % was not attributed to the growth of the
surface film. Grey et al. reported that various Li-Si alloy phases
(Li,Si, x =1.71, 2.33, 3.25, and 3.75) generate 'Li NMR peaks
between 18.0ppm and 6.0 ppm, which were assigned to Li near
small Si clusters and isolated Si.®37 The peak centered at 18.0 ppm
shifted toward a lower chemical shift (higher magnetic field) as x
increased. The peak position of Peak A did not correspond to the
above Li-Si alloys; hence, Peak A between 20 % and 40 % SOC
was assigned to Li stored in NiSi,.
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(c) chemical shift. Peak fitting data are shown as red and blue lines
in part (a).

At a high SOC of 60 %, a shoulder appeared at approximately
15 ppm, which was defined as Peak B. Peak B increased with the
increase in SOC and shifted toward a lower chemical shift. The
appearance of both peaks denoted two possibilities: (i) Li was stored
in two different forms (i.e., Si and NiSi), or (ii) Li existed in two
different chemical environments within the same material (NiSi,).
Because the Li, 33Si phase produces an NMR peak at approximately
16.5ppm,*® Peak B could arise from this phase. However, Figs. 2
and 3 revealed the absence of Si before and after charge—discharge
cycling. Thus, the occurrence of Peaks A and B indicated that
Li existed in two different chemical environments within NiSi,.
Consequently, the increase in the peak area between SOCs of 20 %
and 100 % can be attributed to the lithiation of the NiSi, electrode
according to Eq. 5; thus, the electrochemical lithiation mechanism
of the NiSi, electrode can be explained by the third hypothesis
(Fig. 1c). The details of the lithiation sites are described in the next
section.

When Li,NiSi, forms after cycling, the XRD peaks of NiSi, shift
toward a lower angle because of NiSi, lattice expansion caused by
Li storage. It was also confirmed that the NiSi, lattice volume
expanded with an increase in the amount of Li stored in the NiSi,
crystal lattice by first-principles calculations (Table S1, the crystal
structure was optimized); however, such a peak shift was not
observed (Fig. 2a inset). It is possible that the bulk of NiSi, did not
store Li and only the surface was alloyed with Li, but we did not
have a method to distinguish the reaction point (bulk or surface) of
the metal silicide. Thus, the fourth hypothesis (Fig. 1d) remains a
possibility. Although the y value in Li,NiSi, was estimated to be 2.1
for the capacity of 500mAhg™!, the y value becomes extremely
large when only the surface is alloyed with Li.

3.5 Lithiation site of NiSi,

We investigated the lithiation site of NiSi, using first-principles
calculations. Figure 6 shows the optimized crystal structure of
Li,NiSi, for y = 0.5 (SOC: 20 %), 1.0 (SOC: 40 %), and 2.25 (SOC:
90 %). All the Li sites at SOCs of 20 % and 40 % were equivalent to
the position of (x, y, z) = (0.5, 0.5, 0.5) and denoted by purple balls
in Fig. 6, whereas those at an SOC of 90 % were classified into two
inequivalent sites denoted by purple and blue balls in Fig. 6. The
sites of the blue balls were equivalent to the position of (x, y,
z) =(0.28, 0.5, 0.5). Although we also attempted to optimize the
structures of y=1.5 (SOC: 60%) and 2.0 (SOC: 80 %), the

Lig sNiSi, (Li,Ni,Sis)
SOC 20%

LiNiSi,, (Li,Ni,Sis)
SOC 40%

Ly »sNiSi, (LigNi,Sig)
SOC 90%

@ %w Yo,

| ‘i‘ﬁfgq
Ty Tyt
T ‘L.‘ - T
@Ni @S @@L
Figure 6. Crystal structure of Li,NiSi, (y = 0.5, 1.0, and 2.25).

Table 1. Number of valence electrons and Li atoms in Li,NiSi,
(y=0.5, 1.0, and 2.25).
R, Valence electron ~ Number  Ball color
yin LyNiSi,  SOC numbers of Li  of Li atoms in Fig. 6
0.5 20 0.20 2 Purple
1.0 40 0.20 4 Purple
0.16 3 Purple
2.25 90
0.28 6 Blue

calculation did not converge. The valence electron numbers of the Li
sites were calculated using Bader analysis (Table 1). The NMR
spectra at SOCs of 20 % and 40 % exhibited only one peak (Peak A
in Fig. 5), whereas those at SOCs of 60 %—100 % showed two peaks
(Peak A and B in Fig. 5). These results indicate that all of the Li
sites at SOCs of 20 % and 40 % were equivalent, whereas those at
SOCs of 60 %—-100 % were divided into two equivalent sites, which
corresponded to the optimized structures in Fig. 6.

The valence electron number of Li atom at SOCs of 20 % and
40 % was 0.20 (Table 1). In contrast, the valence electron number of
Li atom at 90 % SOC was 0.16 and 0.29. The number 0.16, which is
close to the original value of 0.20, was expected to belong to
Peak A, and the number 0.29 was expected to belong to Peak B.
Figure 5b shows that the peak area ratio at 100 % SOC was almost
identical to the ratio of Li atoms. However, when the valence
electron number was larger, the peak appeared at a higher magnetic
field (lower chemical shift) in the NMR spectra, contradicting the
result in Fig. 5a (Peak B with a larger valence electron number must
appear on the right side of Peak A).

It has been reported that Li,Si phases with low lithiation (x =
1.71, 2.33, 3.25, and 3.75) are semiconductors, whereas Lig;0Si
only occurs as a metallic phase. With an increase in conduction
electrons near the Fermi level, the NMR peak of Liy 5(Si appears at a
lower magnetic field (higher chemical shift) than other Li,Si phases,
which is influenced by large Knight shifts.>® Although NiSi, is
metallic, Peak B could appear at a lower magnetic field than Peak A
because of an increase in the conduction electrons. To estimate the
change in the number of conduction electrons as y increases in
LiyNiSi, we investigated the charge transfer resistance using
electrochemical impedance spectroscopy. However, there was no
change in resistance as the SOC increased. Therefore, we calculated
the total density of states (total DOS) and attempted to determine the
number of conduction electrons near the Fermi level.

3.6 DOS analysis of Li,NiSi,

Figure S5 shows the total DOS of Li,NiSi, (y =0, 0.5, 1.0, 2.25,
and 2.5) at 298 K. When the absolute temperature (7) of the system
is sufficiently >0K, the thermal energy excites electrons at levels
below the Fermi energy (Ef), resulting in electrons above the Ef. In
such cases, the energy distribution function of electrons (f(E)) is
determined according to the Fermi—Dirac distribution function given
by
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Figure 7. Change in number of conduction electrons near the
Fermi level with an increase in x or y in LiSi or Li,NiSi,,
respectively.

Q)

FE) = (

where kg is the Boltzmann constant.?® The electronic states in the
energy range of Ep —0.25eV < E < Er + 0.25eV were used to
estimate the number of conduction electrons (Fig. S5). The results
were 1.81, 2.40, 2.96, 4.84, and 5.49 for y =0, 0.5, 1.0, 2.25, and
2.5 in Li,NiSi,, respectively (Fig. 7), confirming that the number of
conduction electrons was an increasing function of y.

Knight shifts in the "Li NMR of Liy »,Si have only been reported
among different Li,Si phases. We confirmed the total DOS of
different Li,Si phases and compared them with that of Li,NiSi,.
Figure S6 provides the DOS of Li,Si (x =0, 2.33, 3.25, 3.75, and
4.20) at 298 K, which was consistent with the trend found in the
previous report.>® The numbers of conduction electrons were
estimated to be 0.20, 1.59, 3.47, 6.17, and 9.76 for x =0, 2.33,
3.25, 3.75, and 4.20, respectively (Fig. 7). As in Li,NiSi,, the
number of conduction electrons increased with an increase in the x
value. Although Knight shifts have not previously been confirmed in
Li; 75Si phase,*®*7 the number of conduction electrons was relatively
high and the Li;75Si seemed to be a metallic phase (Fig. S6d).
However, the various Li,Si (x = 0-3.75) phases have been reported
to be semiconductors.’®***2 In contrast, because NiSi, was
originally a metallic phase, it was assumed that a Knight shift
occurred at an SOC of >60 %.

Although Peak B must appear at a higher magnetic field (lower
chemical shift) than Peak A based on the valence electron numbers,
it appeared at a lower magnetic field (higher chemical shift). This
was caused by an increase in the number of conduction electrons
near the Fermi level and the occurrence of Knight shifts. Therefore,
Peaks A and B were assigned valence electron numbers of 0.16 and
0.29, respectively. Additionally, the Li storage sites of Peaks A and
B corresponded to the purple and blue atomic positions in Fig. 6. As
previously reported, the FeSi, electrode at 20 % SOC produced a
shoulder derived from Peak B at approximately 11 ppm during the
fifth cycle, and the intensity of Peak B increased with an increase in
SOC.%® For the NiSi, electrode, the lithiation site arising from
Peak B is expected to be slightly different because the positions of
Peak B and the SOCs at which Peak B appeared differed between
NiSi, and FeSi,.

4. Conclusions

We clarified the electrochemical lithiation mechanism of an NiSi,
electrode. Four possible mechanisms were suggested, and each
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possibility was investigated in detail using XRD, Raman spec-
troscopy, TEM, EDS, and NMR. The results showed that there was
no NiSi, phase separation and a pure Si phase was not generated,
thus, lithiation of Si generated from NiSi, did not occur. Addition-
ally, stable Li metal deposition—dissolution did not occur on the
NiSi, electrode. Although the reaction point (bulk or surface) of the
metal silicide remains unclear, electrochemical lithiation of the NiSi,
itself proceeded. Furthermore, we determined the lithiation site in
NiSi; using NMR analysis and first-principles calculations. At a
lower SOC, there was only one lithiation site equivalent to (x, y, z) =
(0.5, 0.5, 0.5). At a higher SOC, Li atoms were stored at another site
in the NiSi; crystal lattice, which was equivalent to (x, y, z) = (0.28,
0.5, 0.5). The position of Peak B in the NMR spectra could not be
explained by the valence electron numbers. However, the number of
conduction electrons was examined based on the total DOS results
and it was found that Knight shifts occurred. Therefore, the lithiation
sites of Peaks A and B were elucidated.
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