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ABSTRACT: Lithium silicide (LixSi) is the lithiated form of
silicon, one of the most promising anode materials for the next
generation of lithium-ion batteries (LIBs). In contrast to
silicon, LixSi has not been well studied. Herein we report a
facile high-energy ball-milling-based synthesis of four phase-
pure LixSi (x = 4.4, 3.75, 3.25, and 2.33), using hexane as the
lubricant. Surprisingly, the obtained Li3.75Si phase shows
significant downward shifts in all X-ray diffraction peak
positions, compared with the standard. Our interpretation is
that the high-energy ball-mill-synthesized Li3.75Si presents
smaller internal pressures and larger lattice constants. The
chemical-stability study reveals that only surface reactions
occur after Li4.4Si and Li3.75Si are immersed in several battery-
assembly-related chemicals. The thermal-stability study shows that Li4.4Si is stable up to 350 °C and Li3.75Si is stable up to 200
°C. This remarkable thermal stability of Li3.75Si is in stark contrast to the long-observed metastability for electrochemically
synthesized Li3.75Si. The carbon encapsulation of Li4.4Si has also been studied for its potential applications in LIBs.

■ INTRODUCTION

Silicon (Si) has been considered to be one of the most
promising anode materials for lithium-ion batteries (LIBs)
among all explored candidates because of its ultrahigh
theoretical charge capacity of 4200 mAh/g (more than 10
times higher than that of graphite, the current anode in
commercial LIBs), earth-abundance, cost-effectiveness, and
well-established commercial history.1−9 However, Si experi-
ences a huge (up to 400%) volume fluctuation as a result of the
lithiation process (expansion) to produce lithium silicide alloys
(LixSi) and the delithiation process (contraction).1−4,10−13 The
volume fluctuation causes two serious issues:1,14 (1) loss of
electrical contact between Si and the current collector due to
particle pulverization; (2) repeated deposition/destruction of a
shielding layer, the solid electrolyte interphase (SEI), on the
electrode surfaces, consuming of the electrolyte solution.15

Consequently, the charge capacity degrades seriously after only
a few cycles.16,17

In the past decade, enormous efforts have been invested to
gain a deep understanding of the lithiation/delithtion
processes.18−22 It has been found that the initial lithiation
converts Si, regardless of crystalline (c-Si) or amorphous (a-Si),
to amorphous LixSi, until a sudden phase transition from
amorphous Li3.75Si to crystalline Li3.75Si occurs, when x reaches
3.75 and the potential goes below 50 mV.23−25 This
electrochemically produced Li3.75Si crystal has been called a
metastable phase because of its absence in the Li−Si phase
diagram and its instability upon removal from the electro-
chemical cell.4,26−30 When the lithiation potential is further

lowered, formation of the most Li-rich thermodynamic phase of
Li4.4Si has sometimes been reported.31,32 The resultant volume
expansion completely pulverizes the Si particles. During the
delithiation process, the volume contraction cannot recover
from the damage and may even cause further deterioration. The
volume-fluctuation-induced damage has been found to be
dependent on the particle size and crystallinity as well as
crystalline facets.4,19,22,24 In contrast to the tremendous studies
on Si,1,7,10,18−22,28,33−37 its lithiated state LixSi has barely been
investitated.38−41 The existing publications about LixSi mainly
focus on electrochemically synthesized amorphous LixSi (x <
3.75).38−42 Evidence has been emerging that the electrochemi-
cally made LixSi behaves differently from the premade LixSi by
other methods.28,43 All other thermodynamic phases of LixSi (x
= 3.25, 2.33, 1.71, and 1.0) have never been observed in
electrochemical cells. Therefore, it is of fundamental interest to
systematically study LixSi, a state that is equally important as Si
in an operating LIB.
To date, a number of strategies have been reported to

accommodate the volume fluctuation,6−9,36,44−52 among which
the Si@void@C yolk@void@shell nanostructure is very elegant
and effective.6,49 The innovation is to preset a void space
surrounding the Si core and inside the carbon (C) shell. With
this structure, during the lithiation process, the void space
allows for volume expansion inside the shell; during the
delithiation process, the void space can be recovered because of
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volume contraction. In this way, little damage is caused to the C
shell and the SEI layer. Consequently, the electrode cyclability
is remarkably improved.6 However, because the void space is
preset through a sacrificial matrix, it is very challenging to create
the exact volume needed for every particle because of the
difficulty of making monodisperse particles. We conjecture that
this stringent limitation may be eliminated by making LixSi@C
core@shell structures. In this approach, the void space is
created after the initial electrochemical delithiation with the
volume exactly needed for the subsequent lithiation of xLi,
regardless of the particle size and shape. Thus, highly cyclable
LixSi electrodes may be achievable. It is therefore of
technological importance to explore LixSi@C structures.
Because C encapsulation is usually conducted by pyrolyzing

polymer precursors at high temperatures (such as 300−600
°C),53,54 the thermal stability of pure LixSi particles needs to be
studied first. Such an understanding is also important for
mitigating the safety-threatening danger of thermal runaway
due to short circuit, possibly causing the temperature to reach
200 °C.55,56 In addition, it is well-known that an SEI layer can
form on the surface of LixSi during the process of lithiating Si.

57

For Li metal, an SEI layer can be formed immediately just in
contact with electrolyte solutions.58 The SEI layer plays a
crucial role in cyclability because, on the one hand, it slows
down the Li-ion diffusion and, on the other hand, it stabilizes
the electrode.58 Thus, it is important to systematically study the
chemical stability of LixSi with battery-assembly-related
chemicals.
This article reports the synthesis of four phase-pure LixSi (x

= 4.4, 3.75, 3.25, and 2.33) nanocrystals, which are
characterized by X-ray diffraction (XRD), solid-state 7Li
NMR, transmission electron microscopy (TEM), and energy-
dispersive X-ray (EDX) spectroscopy. The chemical and
thermal stabilities of Li4.4Si and Li3.75Si have been systematically
studied. In addition, the C encapsulation of Li4.4Si has also been
conducted.

■ RESULTS AND DISCUSSION
Synthesis. Methodology Exploration. To date, three

methods have been reported to synthesize LixSi: melt
quenching,26,59 electrochemical lithiation,34,43 and mechanical
ball milling.28,60−63 Melt quenching is the method used to
establish the Li−Si phase diagram, which identifies five
thermodynamically stable phases of LixSi (x = 4.4, 3.25, 2.33,
1.71, and 1.0).26,59 The equipment and operation in this
method are fairly sophisticated, making it undesirable for
scalable production. Electrochemical lithiation inevitably
introduces SEI layers on the surface and can only produce
Li4.4Si and Li3.75Si.

34,43 Mechanical ball milling, classified as
planetary ball milling and high-energy ball milling, can directly
synthesize Li3.75Si; if further combined with postannealing, it
can also produce thermodynamically stable phases.28,60−63

However, the obtained products are usually not phase-
pure.28,60−63 In addition, dodecane, the lubricant typically
used to assist in uniform milling, is viscous and has a high
boiling point of 216 °C, making postpurification difficult.61

Thus, overall, ball milling is an attractive method for laboratory
research; however, it is critical to improving the phase purity
and search for an alternative lubricant.
Considering the high activity of Li and LixSi, which react with

most polar solvents, our limited choices of alternative lubricants
were two hydrocarbons, toluene and hexane, with dodecane as
a comparison. The molar ratio of Li/Si in the loading

precursors in this subsection was always 4.4/1, unless otherwise
stated. The XRD characterization in Figure 1 showed that none

of the directly ball-milled products out of these three lubricants
were phase-pure Li4.4Si. In the case of dodecane (black), the
strongest peak at 40.80° and the two medium peaks at 23.22°
and 24.65° indicated the major product as Li4.4Si. The small
peaks at 26.42° and 43.08° implied the coexistence of a tiny
amount of Li3.75Si. In the case of toluene (red), the relative
positions and intensities of all seven major diffraction peaks
(20.43°, 23.52°, 26.42°, 39.60°, 41.34°, 43.08°, and 55.66°)
coincided with the features of Li3.75Si, except the asterisked
ones that were assigned to unreacted Si. The slight and
systematic shifts in the absolute peak positions will be discussed
later. The hexane system (green) presented products similar to
those of the dodecane system, that is, mainly Li4.4Si and a small
amount of Li3.75Si. From these results, our conjecture was that
the reaction might need a longer milling time, postannealing, or
excess Li. After the milling time was prolonged to 800 min for
the dodecane system, pure Li4.4Si was indeed obtained (see the
Supporting Information, SI-Figure 1). However, after annealing
at 450 °C for 720 min, as reported in the literature for
synthesizing Li4.4Si from planetary ball-milled precursors,28 we
obtained Li3.25Si; when using an extra 10% of Li, the products
were still a mixture of Li4.4Si and Li3.75Si (see the Supporting
Information, SI-Figure 1). In contrast, in the case of hexane, the
addition of an extra 10% of Li produced pure Li4.4Si, regardless

Figure 1. Demonstration of the synthetic method and the condition
optimization for synthesizing LixSi. (A) Scheme illustrating the high-
energy ball-milling process using Li grains and Si powders as
precursors. (B) XRD data of the high-energy ball-milled products
using different lubricants at the molar ratio of Li/Si = 4.4/1: (black)
dodecane, 100 min; (red) toluene, 100 min; (green) hexane, 100 min;
(blue) hexane, 10% of extra Li, 100 min; (cyan) hexane, 10% of extra
Li, 200 min; and (pink) hexane, 10% of extra Li, 300 min. The
asterisked peaks are from unreacted Si. The stick patterns are for
standards of Li4.4Si (black; JCPDS 04-007-0820) and Li3.75Si (blue;
JCPDS 04-015-2208).
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of the milling time from 100 to 300 min (blue, cyan, and pink
in Figure 1). While the reason for the difference between our
findings and the literature report was unknown and beyond the
scope of this work, a possible factor was the different ball-
milling apparatuses, that is, high-energy ball mill in this work
and planetary ball mill in the literature.28

In addition to using Li and Si, another protocol attempted
was to use lithium hydride (LiH) powders instead of Li grains,
referring to a literature report for synthesizing Li1.71Si.

62 The
advantage of using LiH over Li lies in not requiring a lubricant
during the milling process. However, as shown in the
Supporting Information, SI-Figure 2, there was no reaction
between LiH and Si after 100 or 500 min of ball milling.
Further annealing of the 500 min sample at 600 °C for 1 h
produced a mixture of Li3.25Si and Li2.33Si. Similar results have
also been reported in the literature for synthesizing LixGe from
LiH and Ge.64 Therefore, we chose the hexane-based ball-
milling method to synthesize other LixSi phases.
Recently, there has been some debate about the exact

chemical composition of the most Li-rich phase. In 2013,
Zeilinger et al. employed the melt-quenching method and
prepared single crystals of the most Li-rich phase after
isothermal centrifugation.65,66 They debated that the phase
was Li4.25Si instead of the long-believed Li4.4Si, while the XRD
patterns for these two compounds are identical.65,66 To simplify
the discussion and literature citations in this article, we use the
term Li4.4Si.
Characterization. Figure 2A shows the XRD data of the

obtained phase-pure LixSi (x = 4.4, 3.75, 3.25, and 2.33). The

crystal sizes calculated for Li4.4Si, Li3.75Si, Li3.25Si, and Li2.33Si,
using the Scherrer equation, are 13, 15, 14, and 14 nm,
respectively.67 Except for Li3.75Si, all other products were
obtained by using 10% of extra Li beyond the stoichiometric
ratios in the loading precursors. The metastable phase Li3.75Si
was directly synthesized through ball milling for 100 min.
Surprisingly, as aforementioned briefly, the peak positions (but
not the relative intensities) for all diffraction peaks in our
experimental data of Li3.75Si (blue) were shifted downward
significantly, compared with the standard (JCPDS 04-015-
2208) in the XRD database.30 A zoom-in on the range of
[38.5°, 44.5°] was graphed in Figure 2B, together with the stick
patterns of crystalline Li3.75Si synthesized through four different
methods: electrochemical lithiation of c-Si (denoted as Li3.75Si-
c),30 electrochemical lithiation of a-Si (Li3.75Si-a),

29,68 planetary
ball milling of Li and c-Si (Li3.75Si-pb),

28 and high-energy ball
milling of Li and c-Si (Li3.75Si-hb).

69 Interestingly, the
downward shift of all XRD peaks in Li3.75Si-pb are even
larger.28 However, there has not been any interpretation about
this discrepancy in the literature. In 2013, Zeng et al. reported a
continuous upward shift of all XRD peaks (P1−P3) of Li3.75Si-c
with increasing externally applied pressure (see the Supporting
Information, SI-Figure 3).43 In addition, they also calculated the
fractional change of the unit cell volume [Vp/V0, where Vp is
the volume under pressure (P) and V0 is the volume under no
pressure].43 Referring to this study,43 we conclude that Li3.75Si
made by different methods possesses different lattice constants
(internal pressures), increasing (decreasing) in the order of
Li3.75Si-c, Li3.75Si-a ≈ Li3.75Si-hb, and Li3.75Si-pb. Li3.75Si-hb in
Figure 2A seems to present less internal pressure by ∼0.7 GPa
than Li3.75Si-c. The underlying reason to explain our conclusion
was that the Si particles in both milling techniques are mobile
in a large space, but the high-energy ball-mill-based lithiation
generates stronger collision forces, while the Si particles in the
electrochemical lithiation processes are immobilized in a
confined space. The correlation of the lattice constants of
Li3.75Si with the synthetic methods may clarify the puzzling
observation of different 7Li chemical shifts in NMR spectra
between Li3.75Si-pb (∼6 ppm) and Li3.75Si-c (∼10 ppm)28

because 7Li NMR is sensitive to the local environments of Li
ions.
For Li3.25Si, however, the directly milled product was a

mixture of Li3.75Si and Si (see the Supporting Information, SI-
Figure 4, blue). When 10% of extra Li was added, the product
was Li3.75Si (see the Supporting Information, SI-Figure 4,
green). After the milled product was annealed at 600 °C for 1 h
under argon, the previously obtained sample became pure
Li3.25Si (Figure 2A, green). The peak at 33.8° (■) was ascribed
to Si due to phase segregation of a trace amount of amorphous
Si during the thermal-annealing process. If this peak were from
Li2.33Si, we would expect to observe serious peak distortions
and/or shifts in the ranges of 23−25° and 40−42° because the
peaks of Li2.33Si in these ranges are much stronger than the
peak at ∼33.8°. However, we did not observe such a
phenomenon; instead, all other peaks were consistent with
the Li3.25Si standard. The Li2.33Si phase could be directly
produced via ball milling but only if 10% of extra Li was added
(Figure 2A, pink); otherwise, there was some unreacted Si (see
the Supporting Information, SI-Figure 4, red). Similarly, a
mixture of Li2.33Si and Si was also observed for the attempt of
synthesizing Li1.71Si (see the Supporting Information, SI-Figure
4, black). We did not pursue this compound further because

Figure 2. Characterization of various LixSi compounds synthesized
using the high-energy ball-milling technique. (A) XRD patterns
together with stick patterns for standards of Li4.4Si (black; JCPDS 04-
007-0820), Li3.75Si (blue; JCPDS 04-015-2208), Li3.25Si (green;
JCPDS 00-029-0830), and Li2.33Si (pink; JCPDS 01-089-000). (B)
Zoom-in on the range of [38.5°, 44.5°] for Li3.75Si with three sets of
references: Li3.75Si-c (green; JCPDS 04-015-2208), Li3.75Si-hb and
Li3.75Si-a (blue), and Li3.75Si-pb (red).28−30,68,69 (C) Solid-state 7Li
NMR spectra. (D) EDX spectrum of Li4.4Si. (E) TEM image of Li4.4Si.
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the literature showed it could only be produced by annealing
the high-energy ball-milled mixture of LiH and Si.62

All obtained phase-pure LixSi compounds were also
characterized by solid-state 7Li NMR, which showed the
expected spectra as reported in the literature (Figure 2C).28,61

The peak at ∼6 ppm was assigned to Li+ ions that are bonded
to isolated Si ions, and the peak at ∼16 ppm was assigned to Li+

ions that are bonded to small Si clusters that contain Si−Si
bonds.28,61 The peaks in between indicated the coexistence of
both structures.28

The EDX spectrum in Figure 2D confirmed the existence of
Si (Li is unfortunately not detectable by EDX), in addition to C
and copper (Cu) from the TEM grid and oxygen (O) from a
slight oxidation of Li4.4Si and surface oxide on the Cu grid. The
fact that there were no signals at 0.7 and 6.4 keV confirmed the
effective removal of iron (Fe) using a magnet. The TEM image
in Figure 2E showed the aggregated morphology of the Li4.4Si
nanocrystals.
Chemical Stability of Li4.4Si and Li3.75Si. Li4.4Si and

Li3.75Si are the only two crystalline phases that are observed in
electrochemical cells.23−25,31,32 It is not surprising that Li4.4Si
and Li3.75Si are very reactive because of their alloyed nature.
Two videos available in the Supporting Information show that
Li4.4Si can catch fire instantly when exposed to air and water.
Moreover, we also observed that these two chemicals reacted
violently (releasing smoke and sparks) with a number of
chemicals including acids, alcohols, N-methyl-2-pyrrolidone,
dimethoxyethane, nitromethane, and benzonitrile. It has also
been widely observed that an insulating SEI layer is formed
during the lithiation process of Si, that is, in the process of
forming Li4.4Si and Li3.75Si. The SEI formation has been
assigned to the (electro)chemical reduction of the electrolyte
solution on the LixSi surfaces.

14,15,70−72 Thus, it is important to
understand the chemical stability of Li4.4Si and Li3.75Si,
particularly in electrolyte environments. In addition, the
standard slurry technique for electrode fabrication and carbon
encapsulation uses a polar solvent, N,N-dimethylformamide
(DMF).35 The chemicals tested in this work were the LP40
electrolyte [1 M of LiPF6 in 1/1 (w/w) of ethylenecarbonate/
diethylcarbonate (EC/DEC)], DEC, EC/DEC, and DMF.
Both Li4.4Si and Li3.75Si were soaked in these chemicals

overnight and then characterized by XRD and Fourier
transform infrared (FTIR) spectroscopy.

XRD. The first analysis was to study whether the chemical
treatment had damaged the crystal structure. The XRD data in
Figure 3A,B showed that there was no appreciable change in
the crystal structure of Li4.4Si treated by all chemicals, based on
the analysis of both the peak positions and the relative
intensities in the wide-range (19−51°) and narrow-range (40−
42°) diffraction profiles. For Li3.75Si (Figure 3C,D), the crystal
structure did not change either as determined by analysis of
both the peak positions and the relative intensities in the wide-
range (19−51°) and narrow-range (38.5−44°) diffraction
profiles. The reason for the peak shift herein was the same as
that in the section discussing Figure 2B; that is, Li3.75Si made by
different methods possesses different lattice constants (internal
pressures), causing all XRD peaks in our experimental data to
shift downward compared to the standard (blue sticks, JCPDS
04-015-2208). Since XRD is a technique for analyzing the bulk
of the sample because of its large X-ray penetration depth, it is
unable to provide surface information. Therefore, a surface
technique, FTIR, was further employed.

FTIR. The FTIR spectra for untreated Li4.4Si and Li3.75Si did
not show any obvious features, except for a curved background,
which is a typical feature for electrical conductors.73 Referring
to the standard spectra of the four chemicals used (DMF, EC,
DEC, and pure LiPF6; see the Supporting Information, SI-
Figure 5), we concluded that there was no appreciable change
to the treated Li4.4Si (Figure 4A), except for DMF. In contrast,
for Li3.75Si (Figure 4B), both EC/DEC- and electrolyte-treated
Li3.75Si presented peak features from EC (but not DEC because
the DEC-treated Li3.75Si did not show a significant change),
such as the CO double bond at about 1780 cm−1 and the C−
O bond at 1050 cm−1. These results indicate that EC can
generate an SEI layer on the surface of Li3.75Si and not on
Li4.4Si, consistent with the inferior thermodynamic stability of
Li3.75Si compared to Li4.4Si. In contrast, in the case of DMF,
there were surface reactions for both Li3.75Si and Li4.4Si
probably because of coordination reactions between the
electron-deficient Li ions in LixSi and the electron-rich O
(and/or N) atoms in DMF.

Thermal Stability of Li4.4Si and Li3.75Si. As previously
mentioned, Li4.4Si and Li3.75Si are the two most Li-rich phases

Figure 3. XRD characterization of untreated and DMF-, DEC-, EC/DEC-, and electrolyte-treated Li4.4Si (A and B) and Li3.75Si (C and D), where
parts B and D magnify the ranges of 40−42° for Li4.4Si and 38.5−44° for Li3.75Si, respectively. The stick patterns are for standards of Li4.4Si (black;
JCPDS 040-007-0820) and Li3.75Si (blue; JCPDS 04-015-2208).
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observed at the end of the electrochemical lithiation of Si,
presenting high charge capacities of 4200 and 3579 mAh/g,
respectively.4 Their thermal stability is crucial for the operation
of practical LIBs and C encapsulation via pyrolysis.6,55,56 In this
study, XRD was employed to systematically investigate these
two samples after they were annealed at several different
temperatures and time durations.
Li4.4Si. The heating temperatures were 200−600 °C; the

heating durations were 1, 6, and 12 h. In the series of 1 h
duration (Figure 5A and Supporting Information, SI-Figure
6A), no appreciable change could be observed for 200−350 °C.
At 400 °C, a shoulder peak at 41.34° evolved out of the most
intense peak (40.80°) of Li4.4Si. This emerging peak could be
indexed to a combination of two peaks at 41.30° and 41.48° in
Li3.25Si. In addition, another small peak emerged at 33.80° (■)
that was indexed to Si. This peak also showed up at higher

temperatures. The phase transition with annealing was assigned
to the alloyed nature of LixSi and the crystal size effect.

74 The Li
in LixSi exists more like atoms rather than ions.28 At the
nanometer scale, such Li atoms (whose bulk counterpart melts
at 180 °C) can be evaporated, even if the heating temperatures
are lower than the melting point of bulk Li4.4Si at 620 °C.

26 The
decreased melting points in nanomaterials versus their bulk
counterparts have been widely observed.74 Concomitantly, the
loss of Li resulted in the less Li-rich phase of Li3.25Si, as
observed. At 500−600 °C, the most intense peak originally
centered at 40.80° shifted to 40.99°, attributed to the
coexistence of the newly formed Li3.25Si with an intense peak
at 41.09°. The change in the peak positions in the range of 20−
25° were difficult to differentiate because of an additional factor
of background correction from the mineral oil used for surface
protection.
Very similar trends were observed for the heating durations

of 6 and 12 h shown in Figure 5B,C, respectively; although the
shoulder peak at ∼41.34° began to appear at 300 °C and
became clear at 350 °C in the case of the 12 h duration. At 500
°C, in Figure 5C, a substantial amount of Li4.4Si was converted
to Li3.25Si. The most intense peak shifted to 40.95°, a broad
peak appeared at 41.34°, matching the peaks at 41.30° and
41.48° for Li3.25Si, and a peak at 42.59° could be assigned to the
peak at 42.61° for Li3.25Si. Moreover, the most intense peak for
Li3.25Si located at 23.62° could be clearly identified at 23.59°.
This peak overlapped with the one from Li4.4Si at 23.27° and
became very clear only in the case of 500 °C for 12 h. Note that
this peak is not as intense as it should be because of background
correction. Attempts at annealing Li4.4Si at 600 °C for 6 and 12
h failed; the product after 6 h was absorbed on the container
wall and could not be collected, and after 12 h, the container
could not be opened. This thermal stability study shows that
Li4.4Si is stable below 350 °C and changes to Li3.25Si at a
substantial amount upon reaching 500 °C. This implies that the

Figure 4. FTIR characterization of untreated and DMF-, DEC-, EC/
DEC-, and electrolyte-treated Li4.4Si (A) and Li3.75Si (B).

Figure 5. XRD characterization of thermally annealed Li4.4Si at various temperatures for three durations of 1 h (A) 6 h (B), and 12 h (C). The
symbol (■) is indexed to Si (JCPDS 04-002-2835). The standard stick patterns are for Li4.4Si (black; JCPDS 04-007-0820) and Li3.25Si (red; JCPDS
01-079-5587).
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typical pyrolysis process for preparing C encapsulation at
temperatures above 600 °C will destroy Li4.4Si; a lower (≤350
°C) temperature technique may be more promising. Never-
theless, this study indicates that Li4.4Si will be stable in the case
of thermal runaway.
Li3.75Si. It has long been believed that Li3.75Si is a metastable

phase because it does not exist in the Li−Si phase diagram and
loses its crystallinity upon removal from the electrochemical
cell.4,26−30 Surprisingly, as shown in Figure 6A and the
Supporting Information, SI-Figure 6B, the high-energy ball-
milled Li3.75Si in this work was actually stable even after being
heated at ≤200 °C for 1 h. At 250 and 300 °C, the majority of
Li3.75Si was transformed to Li3.25Si; at 350 °C, the trans-
formation was complete. The evidence for this phase transition
was a series of shifts in the peak positions and a change in the
relative intensities, that is, from 39.54° to 39.59° (weakened),
from 41.14° to 41.34° (intensified), and from 43.14° to 43.29°
(weakened). The center peak at 41.34° was most likely a
combination of three closely positioned peaks from Li3.25Si,
located at 41.09°, 41.29°, and 41.48°, respectively. At 250 °C,
there was a small amount of Li3.75Si remaining featured by two
small peaks at 39.59° and 43.34°. At 350 °C, these peaks shifted
to 39.90° and 43.54°, resulting from Li3.25Si. The change in the
peak positions and intensities was also observed in the range of
20−30°. The asterisked peak was assigned to an Fe
contaminant, which came from the milling jar and grew into
small particles at elevated temperatures. The Fe impurity
should be either in crystal lattices or in grain boundaries. If the
former case were true, Fe incorporation would have increased
the lattice constants and caused blue shifts of the XRD peaks in
all of the LixSi samples; however, we did not observe such
phenomena (Figure 2A). The experimental data indicated that
the latter case was true and the Fe impurity did not play a role
in stabilizing Li3.75Si-hb. When the annealing duration was
extended to 6 h (Figure 6B), the phase transition started at 200
°C and finished at 250 °C. In the case of 12 h (Figure 6C), the

phase transition occurred almost completely by 200 °C, except
for two small peaks at 39.54° and 43.14°. This study indicated
that the high-energy ball-mill-synthesized Li3.75Si is remarkably
stable, which we believe is due to the more relaxed lattices
compared with the electrochemically synthesized Li3.75Si-c.
Although some researchers have also reported that Li3.75Si-c
could be detected by ex situ techniques,43,68,75 this work has for
the first time systematically studied the thermal stability of
Li3.75Si.

C Encapsulation. The thermal-stability study has revealed
that (1) it is impossible to produce a Li3.75Si@C composite
because Li3.75Si is not stable in the temperature range of 300−
600 °C for C encapsulation, (2) it is unfeasible to synthesize a
Li4.4Si@C composite at 600 °C, and (3) it may be feasible to
make a Li4.4Si@C composite at 300−350 °C. The feasibility
was first tested by pyrolyzing the mixture of Li4.4Si powder and
polyacrylonitrile (PAN) powder. After being heated at 600 °C
for 1 h (Supporting Information, SI-Figure 7), Li4.4Si was
converted to Li3.25Si, Li2.33Si, Li2C2, and Li2O. After being
heated at 300 °C for 1 h (Supporting Information, SI-Figure 7),
Li4.4Si was converted to a mixture of Li3.25Si and Li2.33Si,
confirming the compatibility between Li4.4Si and PAN.
Subsequently, a slurry made by dispersing Li4.4Si powder in a
DMF solution of PAN was heated at 300 °C for 1 h to partially
carbonize PAN to produce a mechanically resilient C (denoted
as RC) matrix.35 Surprisingly, XRD data of the obtained
product (Figure 7A) showed that Li4.4Si was converted to
Li2.33Si. The Raman spectrum of the Li2.33Si@RC composite in
Figure 7B shows the expected characteristic D band (1378
cm−1) and G band (1584 cm−1), which are comparable to the
literature results35 and indicated the high quality of the RC
matrix. The TEM image in Figure 7C illustrated the desired c
encapsulation (the light area) of the produced Li2.33Si particles
(the dark spots). We conjecture that the “lost” Li was absorbed
by the RC matrix and not evaporated out of the system because
Li4.4Si has been proven stable at 300 °C and the melting point

Figure 6. XRD characterization of thermally annealed Li3.75Si at various temperatures for three durations of 1 h (A), 6 h (B), and 12 h (C). The
asterisks indicate peaks indexed to Fe (JCPDS 00-003-1050). The standard stick patterns are for Li3.75Si (blue; JCPDS 04-007-0820) and Li3.25Si
(red; JCPDS 04-015-2208).
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of its bulk counterpart is 620 °C.26,74 If so, the lithiated RC
matrix will not be detrimental because the RC matrix will need
to be lithiated anyway in an operating battery.35 Therefore,
while this phase degradation is unfortunate, we believe that the
resultant Li2.33Si@RC composite may still present a high
performance, considering three facts: (1) It has been widely
accepted that it is practically desirable to cycle at x < 3.75
because of the cyclability-killing involvement of Li3.75Si during
the lithiation/delithiation cycles.76−78 (2) The RC matrix has
been demonstrated to significantly enhance the cyclability of Si
particles35 because of its capability of accommodating volume
fluctuation. Thus, in the case of Li2.33Si@RC, the RC matrix is
expected to compensate for the deficient void space provided
by Li, allowing for a smaller x in LixSi at the beginning while
cycling at a larger x in reality. (3) The electrode performance
would still be remarkable, even if only 80% of the theoretical
charge capacity of Li2.33Si (2200 mAh/g) could be retained.
Our future tasks are to fabricate electrodes and evaluate their
performance.

■ CONCLUSIONS
This article has reported a systematic study on the synthesis
and characterization of a series of phase-pure, crystalline lithium
silicides LixSi (x = 4.4, 3.75, 3.25, and 2.33). The important
contributions and findings of this work are as follows.
Synthesis. The use of a low-boiling-point lubricant hexane

during the high-energy ball-milling synthesis enables an easy
purification of LixSi. Except Li3.75Si, all other phases require
10% of extra Li in molar ratio beyond the stoichiometry. A
postannealing treatment is also needed for making Li3.25Si. In
addition, Li grains cannot be replaced by LiH powders.
Crystal Structure of Li3.75Si. All XRD peaks from Li3.75Si

appear at smaller diffraction angles than those from the
electrochemically synthesized Li3.75Si. This indicates that
atomic distances in our Li3.75Si are larger than those of the
electrochemically synthesized Li3.75Si. The reason is assigned to
the smaller internal pressures (or stress) in the ball-milling
synthesis than in the electrochemical synthesis.
Chemical Stability and Thermal Stability of Li4.4Si and

Li3.75Si. Li4.4Si and Li3.75Si are subject to chemical reactions on
their surfaces in the presence of certain battery-assembly-
related chemicals. Li4.4Si is stable up to 300−350 °C and Li3.75Si
is stable up to 150−200 °C, depending on the annealing
durations. Above the threshold temperature, both phases are
converted to Li3.25Si. This study indicates that Li4.4Si and
Li3.75Si will be robust in the case of battery thermal runaway.

The remarkable thermal stability of the widely believed
metastable phase Li3.75Si may motivate more systematic studies
on the different physicochemical properties of this compound
synthesized by different methods.

C Encapsulation. The attempt to encapsulate Li4.4Si with a
C matrix causes conversion of Li4.4Si to Li2.33Si after they were
annealed in a PAN slurry. Although this degradation is
undesirable, the resultant composites still hold the promise
for being high performance electrodes, as the carbon matrix
may compensate for the deficient void space provided by Li.
The verification assessment is underway and will be published
separately.

■ EXPERIMENTAL SECTION
Chemicals. Lithium metal (Li; granular 4−10 mesh 99%), silicon

(Si; 325 mesh 99%), hexane (anhydrous, 95%), toluene (anhydrous,
99.8%), dodecane (anhydrous, ≥ 99%), N,N-dimethylformamide
(DMF; anhydrous, 99.8%), polyacrylonitrile (PAN; Mw ≈ 150K),
ethylenecarbonate (EC; anhydrous 99%, solid), and diethylcarbonate
(DEC; anhydrous 99%) were purchased from Aldrich. The LP40
electrolyte [1 M lithium hexafluorophosphate (LiPF6) in 1/1 EC/
DEC] was purchased from BASF. All chemicals were used as received
and were opened and stored in an argon-filled glovebox (H2O < 0.5
ppm and O2 < 1 ppm).

Synthesis. The synthesis of lithium silicides (LixSi) was adapted
from a literature method.28,61 All LixSi compounds, except Li3.25Si,
were produced directly from the ball mill, requiring no postannealing.
Stoichiometric amounts of Li grains and Si powders were loaded in a
stainless steel ball mill jar in an argon-filled glovebox (MBraun
LABstar MB10 compact) and then mounted in a high-energy ball mill
(SPEX, Mixer/Mill 8000M) outside of the glovebox. The milling
duration was usually 100 min. Typically, hexane was added as a
lubricant to prevent Li from sticking to the balls and jar. To obtain
pure L4.4Si, 10% of extra Li was required. A typical mass loading was as
follows: 0.2200 g of Li, 0.1839 g of Si, and 3 mL of hexane. After
milling, the jar was transferred back into the glovebox. The hexane was
evaporated away, resulting in a black powder product. The synthesis of
pure Li3.25Si required an additional annealing step; that is, the obtained
powder after ball milling was heated at 600 °C for 1 h at a 10 °C/min
ramping rate in a tube furnace under an argon flow. Typically, a
magnet was used to attract Fe debris out of as-synthesized samples
before further analysis/use.

Chemical Stability of Li4.4Si and Li3.75Si. The as-synthesized
Li4.4Si powder (or Li3.75Si) was immersed in several chemicals
overnight with mechanical stirring. These chemicals were DEC, a
mixture of EC and DEC at a weight ratio of 1/1, and the LP40
electrolyte. EC could not be directly used for this study because of its
solid nature at room temperature. The treated product was then
collected via centrifugation and washed with the respective solvent in
each system. After evaporation of the washing solvent, the obtained
sample was ready for characterization.

Thermal Stability of Li4.4Si and Li3.75Si. The as-synthesized
Li4.4Si powder (or Li3.75Si) was loaded into a closed stainless steel jar in
argon. Then, the sample jar was heated at various temperatures (200−
600 °C for Li4.4Si and 100−350 °C for Li3.75Si) for various durations
(1, 6, and 12 h) at a ramping rate of 10 °C/min in a tube furnace
under an argon flow. Afterward, the annealed sample was collected in a
glovebox for further analysis.

C Encapsulation of Li4.4Si and Li3.25Si. Using the synthesized
Li4.4Si powder, a slurry comprised of Li4.4Si and PAN at a 3.3/1 ratio
(70/30 Si/C) in DMF was made. First 26.2 mg of PAN was dissolved
into 1 mL of DMF. Then 86.5 mg of the synthesized Li4.4Si was added,
and the solution was stirred for 3 h. The slurry was spread onto Cu foil
and dried at 80 °C for 2 h. The film of Li4.4Si/PAN on Cu foil was
loaded into a stainless steel container and heated at 250 °C for 30 min,
followed by 300 °C for 60 min in a tube furnace under argon (at a 10
°C/min ramping rate). The resulting Li4.4Si/resilient C composite was
stored in an argon glovebox for characterization.

Figure 7. Characterization of the obtained product after pyrolysis of
the slurry made from Li4.4Si powder, PAN, and DMF: (A) XRD
pattern; (B) Raman spectrum; (C) TEM image, in which the inset
conceptually illustrates the C encapsulation of the produced Li2.33Si
particles.
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Analysis and Characterization. XRD profiles were acquired on a
Philips X’Pert X-ray diffractometer, for which the samples were
prepared in an argon-filled glovebox by transferring the purified
product onto a glass substrate and then covering it with a drop of
mineral oil to prevent detrimental reactions with air during the
measurement. The mineral oil contributed a smooth and broad peak
centered at 17.2° spanning from 10 to 25°; this interference was
eliminated through background subtraction. TEM images and EDX
spectra were obtained on a Philips CM200 microscope with a built-in
EDX detector (Princeton Gamma-Tech Prism). The TEM samples
were prepared by dropping the sample solutions onto 400-mesh Cu
grids (from Electron Microscopy Sciences) and dried in a glovebox. A
FTIR spectrometer (Thermo Scientific Nicolet iS50) was used to
measure the FTIR spectra using the attenuated total reflection (ATR)
accessory at a spectral resolution of 2 cm−1. Solid-state 7Li NMR
experiments were performed on a Bruker 400 MHz spectrometer with
a 7Li operating frequency of 155.3 MHz. Spectra were obtained by
transforming the resulting free-induction decay of a single π/2 (5 μs)
pulse sequence. All spectra were acquired by loading the sample in a 4
mm rotor and using the magic-angle-spinning technique at 12 kHz.
LiCl solid powder was used as the reference to set the chemical shift of
its Li+ as 0 ppm.
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