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ABSTRACT Silicon has been widely explored as an anode material for
lithium ion battery. Upon lithiation, silicon transforms to amorphous Li,Si
(a-Li,Si) via electrochemical-driven solid-state amorphization. With in-
creasing lithium concentration, a-Li,Si transforms to crystalline Li;sSis
(c-Liq5Si). The mechanism of this arystallization process is not known. In
this paper, we report the fundamental characteristics of the phase
transition of a-Li,Si to c-Li;sSi4 using in situ scanning transmission electron
microscopy, electron energy loss spectroscopy, and density function theory

(DFT) calculation. We find that when the lithium concentration in a-Li,Si reaches a critical value of x = 3.75, the a-Li; 75Si spontaneously and congruently transforms to

¢-Li;sSiz by a process that is solely controlled by the lithium concentration in the a-Li,Si, involving neither large-scale atomic migration nor phase separation. DFT

calculations indicate that c-Li;sSi; formation is favored over other possible crystalline phases due to the similarity in electronic structure with a-Lis 755i.
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ilicon, as a candidate anode material

for rechargeable lithium ion batteries,

shows several unique characteristics.
It has a theoretical gravimetric capacity of
~4200 mAh g~ and a volumetric capacity
of ~8500 mAh cm 2. Upon lithiation, both
crystalline and amorphous silicon transform
to amorphous Li,Si (a-Li,Si), a process termed
electrochemical-driven solid-state amorphi-
zation.! With continued Li enrichment, the
a-Li,Si subsequently crystallizes to a crystal-
line (Li, Si) compound. Accompanying the
electrochemical-driven solid-state amorphi-
zation of silicon is a volume expansion of
more than 300%, with dramatic anisotropic
elongation along the [110] direction for the
case of crystalline silicon.>”> The large vol-
ume change normally leads to the pulveriza-
tion of the material. Both the large volume
change and the phase transformation criti-
cally affect performance of the battery when
silicon is used as an anode. The extent of
volume change can be minimized by the
design and synthesis of nanostructures to
limit. A range of nanostructures have been
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investigated, including Si nanowires, nano-
tubes, nanoparticles of both crystalline and
amorphous structures,®~ "> and silicon and
carbon composite.®'%16-26

Numerous experimental and theoretical
studies have explored the phase and phase
transformation characteristics of the Si—Li
system.?’ 32 Thermodynamically, crystal-
line intermetallics of Li and Si have much
lower Gibbs energy than the amorphous
alloys. As shown in a Li—Si phase diagram
generated by heat treatment of a mixture
of Li and Si (Figure 1),**3** a range of solid
crystalline compounds can be formed in-
cluding LiSi, Li;,Sis, Li3Sis, and LiyySis.>®
However, these crystalline (Li, Si) compounds
do not form directly during the electroche-
mical-driven alloying of Si with Li,' despite
the fact that the formation energies of crys-
talline (Li, Si) compounds are lower than
those of the corresponding amorphous
phases, as illustrated in Figure 2, based on
density functional theory (DFT) calculation.?
The phase transitions of a-Li,Si alloys during Li
insertion have been investigated by scanning
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Figure 1. Phase diagram of the Li—Si system. Redrawn
based on the figure published in ref 34.
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Figure 2. Calculated formation energy of Li,Si in crystalline
and amorphous forms.

electron microscopy,® in situ X-ray diffraction (XRD),*’
ex situ XRD,*® in situ transmission electron microscopy
(TEM),">?>3° and real-time nuclear magnetic resonance.*’
It is widely accepted that highly lithiated a-Li,Si crystallizes
“quickly” and exclusively to either Li;sSis or Lix,Sis.'>3%4142
However, the detailed atomistic mechanism is not fully
understood. If the phase transformation happens accord-
ing to the classic nucleation and growth model, one might
expect composition fluctuations and phase separation in
the amorphous phase that could adversely impact
the stability of the material during charge/discharge.*'*?
In situ S/TEM observation provides a unique opportunity
to reveal the fine details of such complex phase transfor-
mations. In this paper, we use in situ S/TEM and electron
energy loss spectroscopy (EELS) to probe the structural
and chemical evolution and phase transformation mech-
anisms of the electrochemically driven lithiation of silicon.
In addition, DFT calculations establish that amorphous
Li,Si crystallizes to Li;sSis through a spontaneous, con-
gruent process without long distance displacement and
diffusion of the atoms. This mechanism is drastically
different from what is expected from the classic nucleation
and growth process, which necessitates the involvement
of long-range atomic diffusion or phase separation.

RESULTS AND DISCUSSION

The lithiation behavior and microstructural features
of a single crystalline silicon nanowire are illustrated in
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Figure 3. General microstructual features of the lithiated
core—shell nanowire. (a) TEM image of Si core cladded with
an a-Li,Si shell. (b) Atomically resolved TEM image of the
atomically abrupt and faceted a-Li,Si/Si interface. (c) STEM
image showing the Si core and a-Li,Si shell. (d) Li distribu-
tion by EELS mapping. (e) Si distribution by EELS maping.
(f) Superposed Li and Si distribution.

Figure 3.1t has been very well documented in literature
that the lithiation of silicon nanowire occurs through
the formation of a-Li,Si shell and Si core structure. This
is clearly illustrated by the TEM image of Figure 3a,
where the silicon core is revealed by the diffraction
contrast. The lithiated shell is amorphous Li,Si. The
core—shell structure is demonstrated by the scanning
transmission electron microscopy (STEM) high-angle an-
nular dark-field (HAADF) image and the corresponding
STEM-EELS elemental mapping shown in Figure 3c—f. As
illustrated in Figure 3b, HRTEM image reveals that the
interface between a-Li,Si and Si is atomically abrupt.
Recent literature indicates that the lithiation speed of
silicon is controlled by the reaction rate of the lithium ion
across the interface between the a-Li,Si and Si** the
core—shell structure arises because the diffusion of Li at
the surface of the nanowire is fast compared to the
interfacial reaction.

Upon lithiation, the microstructure evolution of the
silicon nanowire can be summarized with the following
five features. (1) The lithium ion diffuses along the
surface of the silicon nanowire, leading to a high
concentration of lithium at the surface layer of the
silicon nanowire. (2) The lithiation initiates from the
surface of the nanowire and proceeds toward the core
of the silicon nanowire, featuring the propagation of a
boundary between the a-Li,Si and Si crystalline as
previously reported.” (3) Accompanying the conver-
sion of Si to a-Li,Si is a significant volume increase,
which is accommodated by expansion along the radial
direction. (4) As lithiation progresses, the lithiation rate
decreases, as the silicon nanowire always retains a
residual core even following a prolonged period of
lithiation. This feature is similar to the lithiation behav-
ior of crystalline silicon nanoparticles.”*** Detailed
experimental and theoretical analyses have indicated
that the lithation of Si is an interface reaction-con-
trolled process, which normally yields to a constant
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Figure 4. STEM bright-field image sequence revealing the
spontaneous crystallization of a-Li,Si to c-Li;sSi; when x
reaches the critical value of 3.75. (a) STEM bright-field image
of a-Li,Si nanowire with residual silicon core in some sec-
tions. (b) Atomic arrangement in a-Liz;sSi. (c) Electron
diffraction pattern of a-Li,Si. (d) STEM bright-field image
showing the polycrystalline c-Li;sSis. (€) Atomic arrange-
ment in ¢-Li;5Siy. (f) Electron diffraction pattern of c-Li;5Si,.

lithiation rate.****> However, the stress field due to
the large volume expansion reduces the lithation rate
of crystalline silicon nanoparticles.>>3%44~% One may
expect a similar effect in silicon nanowires. (5) Con-
tinued lithiation leads to an increase in the Li concen-
tration in the a-Li,Si. With a continuous increase in x,
a-Li,Si reaches a composition that could lead to a
stoichiometric crystalline phase as illustrated in the
phase diagram of Figure 1. However, it remains amor-
phous until x reaches a critical value of 3.75, at which
point the a-Li,Si crystallizes to Li;sSi,, as clearly identi-
fied by the STEM bright-field image and electron
diffraction analysis shown in Figure 4. The Li;sSis is
polycrystalline with a typical grain size of several tens
of nanometers as visible by the dark contrast of the
STEM bright-field image in Figure 4d. The transforma-
tion of a-Li,Si to c-Li;5Si, has also been observed in
other forms of silicon.3**'*? Therefore, in terms of
lithiation-induced formation of a-Li,Si and subsequent
crystallization of a-Li,Si to c-Li;sSis, there are no sig-
nificant differences between amorphous and crystal-
line silicon as a starting material. One important
difference is that the volume expansion for crystalline
Si to a-Li,Si is strongly anisotropic while the volume
expansion for amorphous Si to a-Li,Si is isotropic.

The crystallization of c-Li;sSi, from a-Li,Si does not
lead to phase segregation nor residual phase formation,
indicating that the critical composition for this phase
transformation is x = 3.75, as illustrated by the STEM
images and STEM-EELS elemental mapping in Figure 5.
Figure 5a—d reveals that the lithiated a-Li,Si shell
(for x < 3.75) on the unlithiated silicon core is compo-
sitionally uniform and contains no crystalline phases.
This remains true as x approaches 3.75 (Figure 5e—h).
With further lithiation (Figure 5i—I), the whole nano-
wire spontaneously transforms to crystalline Li;sSis
and shows no chemical composition fluctuations. The
crystallization occurs through the fast propagation of
the interface between the crystallized region and the
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Amorphous Li,Si
with x < 3.76

amorphous Li,Si
with x ~ 3.75

U]
Li

Figure 5. STEM annular dark-field image and EELS elemen-
tal distribution maps showing the congruent phase transi-
tion characteristics of the a-Liz7sSi to c-LijsSis. (a—d)
Progression of the lithiation from bottom to top. (e—h) As
x approaches 3.75 in a-Li,Si. (i—I) Following the crystal-
lization of a-Li,Si to c-Li;5Sis.

Crystalline Li,5Si,

amorphous region (crystallization front sweeping) along
the Li* diffusion direction, indicating that the Li enrich-
ment is achieved through the electrochemically driven
Li* diffusion.

As is clear from the analysis above, the crystallization
of Li;5Si4 from a-Lis 75Si is a congruent process in which
the chemical composition is constant. As such, the
transformation does not require long-range diffusion
of the chemical species, but simply local rearrangement
of atomic configurations.*”*® The crystallization is in-
itiated by electrochemically driven directional Li diffu-
sion rather than random composition fluctuations
resulting from the random walk of Li atoms. This crystal-
lization process is termed “electrochemically driven
congruent crystallization”, which is the reverse process
of electrochemically driven solid-state amorphization'
and is drastically different from the classic nucleation
and growth process for which local chemical composi-
tion fluctuations lead to phase separation. Though the
formation of c-Li;sSis from a-Li,Si has been reported,**?
the congruent of this phase transformation has not
been previously recognized. No significant volume
change has been observed accompanying the crystal-
lization of a-Li,Si to crystalline c-Li; 5Si,.

A critical question that needs to be answered is why
the formation of Li;sSi; (x = 3.75 in a-Li,Si) is not
preceded by the formation of other stable compounds,
because some compounds have a lower value of x,
such as LiSi (x= 1), Li;5Si; (x=1.71), Li,Si5 (x = 2.33),and
Li;3Si; (x = 3.25), as shown in Figure 1. Our DFT
simulation provides insight into this question. First,
the formation energy of Li,Si in both amorphous and
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Figure 6. Density of states (DOS) projected on Si atoms in various crystalline and amorphous Li—Si alloys with the Fermi

energy level set to zero.
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Figure 7. Schematic of the silicon nanowire lithiation pro-
cess and the spontaneous congruent phase transition of
a-Li,Si to c-Li;5Si; when x reaches the critical value of 3.75 in
the amorphous phase.

crystalline forms is given by Egormation(X) = Eij si — XEij —
Es;, where x is the number of Li atoms per Si atom and
Etormation is the formation energy. E ;g is the total
energy of the Li,Si,, (such as Li;5Sis) structure divided
by the number of Si atoms; E; and E; are the energies
of a Li atom in body-centered cubic Li and a Si atom
in a diamond structure, respectively. The values of
Etormations ELi sin ELis and Eg; are shown in Table S1 in the
Supporting Information. The formation energies of
amorphous Li,Si alloys are higher than those of the
crystalline ones (Figure 2), and it is evident that crystal-
line Li;5Si, and LiySis have the lowest formation
energies, which means that, thermodynamically, crys-
talline intermetallics of Li,Si have much lower Gibbs
energy than the amorphous alloys. This result demon-
strates well that a range of solid crystalline compounds
can be formed, including LiSi, Li;,Si, Li;3Sis, and Lix,Sis,
through thermal treatment of a mixture of Li and Si.
Second, we also calculated the density of states (DOS)
projected on Si atoms in the crystalline and amorphous
Li—Si alloys as shown in Figure 6. The Fermi energy level
(Ep) is set to zero, which is used as a reference. For
crystalline Li—Si alloys, the splitting between the 3s and
3p states grows larger as the Li concentration increases to
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(b) o —

LilLi,O

400 nm

Figure 8. Nanobattery configuration used for in situ
S/TEM study of the lithiation behavior of silicon nanowire.
(a) Schematic drawing. (b) TEM image showing the con-
nection of silicon nanowire and the Li/Li,O under TEM
observation.

4.4 (LiSis) per Si. This is because, with increasing Li
concentration, Si frameworks show a decrease in con-
nectivity with typically three-fold-coordinated Si ions
forming interconnected chains and puckered with
eight-membered rings in LiSi; 5-Si-rings and 4-Si-Y'
(three-pointed planar Si4 stars) in Li;,Si;; Si; dumbbells
in Liz»sSi; and isolated Si in both Liz;sSi and Liy 4Si. With
the decrease of the Si connectivity, the Si—Si interaction
decreases, thus weakening the s—p hybridization. For
both crystalline and amorphous alloys, the distribution of
the 3s and 3p states becomes narrower with increasing Li,
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which is attributed to the decrease in the Si—Si bond
interactions and the weakened s—p hybridization. The
salient feature of the system is the increasing similarity of
the electronic structure's amorphous and crystalline
phases as x approaches the critical value of 3.75. This result
is consistent with prior results that, at sufficiently high x,
a-Li,M (M = Si and Ge) shows chemical properties similar to
those of crystalline Li;sM,>*729%249731 Qverall, the lithia-
tion, microstructural evolution, and the congruent phase
transition characteristics of lithiated silicon are schemati-
cally illustrated in Figure 7.

The congruent phase transformation of a-Lis 75Si to
c-Li;5Siy does not involve large-scale atomic motion.
However, it does involve local bonding configuration
changes. The grain size of the crystalline phase provides
a characteristic length scale at which the atomic bond-
ing configuration has been changed within a short time

METHODS

The in situ TEM testing was carried out using a nanobattery
configuration with a single silicon chemical vapor deposition grown
nanowire as the anode, Li as cathode, and Li,O as a solid electrolyte
as reported previously and illustrated in Figure 82 All the in situ
electrochemical tests were conducted on a Titan 80-300 kV S/TEM
operated at 300 kV. Assembly of the nanobattery was conducted in
an Ar-filled glovebox, and the entire assembly was transferred to
the microscope column within a sealed plastic bag. The lithium
metal was only exposed to air during the insertion of the TEM holder
into the microscope column, which is typically about 2 s. During
this short period of air exposure, the surface of the lithium metal was
oxidized to Li,O, which acts as the solid electrolyte for the function
of the nanobattery. During the lithiation of the silicon, zero potential
was applied. The spatial distribution of chemical composition
during the lithiation was mapped in situ using S/TEM EELS. The
STEM EELS was carried out using a Gatan Image Filter (Quantum
965) that is post-column-attached to the Titan S/TEM. The energy
resolution of the EELS spectrometer is ~0.9 eV as measured by the
full width at half-magnitude of the zero loss peak. The typical dwell
time for each pixel is ~1—5 ms. To minimize artifacts related to
sample drift during the STEM EELS mapping, the mapping is drift
corrected every 30 pixels. The integration window is 55—85 eV for
the Li K edge and 99—170 eV for the Si L edge. In the processing
of the EELS maps, the variation of the thickness across the radial
direction of the nanowire is not quantitatively considered. Due
to the small diameter of the Si nanowire, the thickness variation of
the nanowire doesn't seem to impact the EELS signal dramatically.
Therefore, the contrast in the EELS maps is dominated by the
elemental concentrations.

All the calculations were performed using density functional
theory, within the local density approximation®> using the Ceperly—
Alder parametrization as implemented in the SIESTA code,>* which
adopts a linear combination of numerical localized atomic orbital
basis sets for the description of valence electrons and norm-
conserving nonlocal pseudopotentials for the atomic core.>® The
valence electron wave functions were expanded by using double-¢
basis set. The charge density was projected on a real space grid with
a cutoff of 120 Ry to calculate the self-consistent Hamiltonian matrix
elements. The crystalline alloys were constructed from the crystal-
line structure database and experimental results. The amorphous
structures were prepared by using the melt quenching method
with density functional theory molecular dynamics simulations.
We equilibrated the system at a temperature of 4000 K at least
for 5 ps (5000 MD steps with a time step of 1 fs), which is above the
melting point. We then quickly quenched the systems to ~0 K, and
the lattices were further relaxed together with the atomic coordi-
nates using the conjugate gradient minimization. Large systems
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period. More work involving microscopy and spectroscopy
with high spatial and fast temporal resolution is needed to
capture the local atomic rearrangement process during
the congruent phase transition.

CONCLUSIONS

The present observation correlates microstructure,
phase, chemical composition, and phase transition char-
acteristics during the lithiation of crystalline silicon. With
increasing lithium concentration in the a-Li,Si, the a-Li,Si
transforms to crystalline Li;sSis. Crystallization of Li;sSiy
from a-Li,Si is a congruent process that does not require
long-range atomic diffusion nor any phase separation. As x
increases, the electronic structure of a-Li,Si approaches
that of the crystalline phase of the same chemical compo-
sition. This accounts for the formation of Li;5Si4 rather than
other crystalline compounds.

were used to model the amorphous structures. The numbers
of atoms used for the E;g; alloys are as follows: LiSi (192/192),
Li,Siz (192/112), LiysSiy (208/64), LiysSis (240/64), Liy;Sis (336/80),
and Liy,Sis (352/80).
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