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ABSTRACT: For the practical use of silicon nanowires (Si NWs) as anodes
for Li-ion batteries, understanding their lithiation and delithiation mechanisms
at the atomic level is of critical importance. Here, we report the mechanisms
for the lithiation and delithiation of Si NWs determined using a large-scale
molecular dynamics (MD) simulation with a reactive force field (ReaxFF).
The ReaxFF is developed in this work using first-principles calculations. Our
ReaxFF-MD simulation shows that an anisotropic volume expansion behavior
of Si NWs during lithiation is dependent on the surface structures of the Si
NWs; however, the volumes of the fully lithiated Si NWs are almost identical
irrespective of the surface structures. During the lithiation process, Li atoms
penetrate into the lattices of the crystalline Si (c-Si) NWs preferentially along
the ⟨110⟩ or ⟨112⟩ direction, and then the c-Si changes into amorphous LixSi
(a-LixSi) phases due to the simultaneous breaking of Si−Si bonds as a result of
the tensile stresses between Si atoms. Before the complete amorphization of the Si NWs, we observe the formation of silicene-
like structures in the NWs that are eventually broken into low-coordinated components, such as dumbbells and isolated atoms.
However, during delithiation of the LixSi NWs, we observe the formation of a small amount of c-Si nuclei in the a-LixSi matrix
below a composition of Li1.4Si ≈ Li1.5Si, in which the volume fraction of formed c-Si phases relies on the delithiation rate. We also
demonstrate that the two-phase structure can be thermodynamically more favorable than the single-phase a-LixSi. We expect that
our comprehensive understanding of the lithiation and delithiation mechanisms along with the developed ReaxFF for Li−Si
systems will provide helpful guidelines in designing Si anodes to obtain better performing Li-ion batteries.

1. INTRODUCTION

Silicon (Si) has recently attracted considerable interest as a
promising anode material for lithium (Li)-ion batteries due to
its extremely high capacity of 4200 mAh/g (for Li4.2Si), which
is much higher than the value of 372 mAh/g (for LiC6) for
graphite.1−4 However, Si seriously suffers from a large volume
change (even up to 300%) of the electrode upon lithiation,
leading to its destruction or mechanical failure during
lithiation/delithiation processes followed by rapid capacity
fading.5−9 To overcome this problem, Si nanostructures, such
as nanowires (NWs),10,11 nanotubes,12,13 nanoparticles,14,15

and carbon-Si composites,16,17 have been considered.
The lithiation mechanism for crystalline Si (c-Si) differs from

that for graphite. In graphite, the Li atoms intercalate into the
interlayer spaces between carbon sheets,18 whereas in Si they
occupy the interstitial sites (e.g., tetrahedral sites)19−21 in the
structure. During the lithiation process, c-Si undergoes a phase
transformation to amorphous structures4,15,22,23 even though
the LixSi possesses several thermodynamically stable crystalline
phases,24 which indicates that the lithiation of Si is a
nonequilibrium process. Additionally, the insertion of Li
atoms into c-Si is faster along the ⟨110⟩ orientation than
along other low-index orientations, which leads to a highly

anisotropic volume expansion of the Si electrode.23,25,26 Upon
lithiation, the initially circular cross sections of nanopillars with
⟨100⟩, ⟨110⟩, and ⟨111⟩ axial orientations expand into cross,
ellipse, and hexagonal shapes, respectively.25,26 As indicated by
these results, the lithiation mechanism for Si is very complex.
To design better Si electrodes, elucidating the atomic-scale

mechanisms that include the volume expansion and the phase
transformation that occur upon lithiation is critical. Several
experimental and theoretical efforts to clarify the mechanism
have been reported.27−33 In particular, Liu et al.27 found using
in situ TEM that a sharp interface with a thickness of 1 nm
exists between the c-Si and amorphous LixSi (a-LixSi) alloy.
These authors suggested a dynamic ledge mechanism of
lithiation-induced solid-state amorphization. Additionally,
nuclear magnetic resonance (NMR) studies28−30 revealed that
the lithiation of Si leads to the breaking of Si−Si bonds to form
small Si clusters and eventually isolated Si anions, and this
result was supported by a first-principles molecular dynamics
(MD) simulation.31 However, using first-principles calculations,
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Wang et al.32 found that local electron-rich conditions govern
the electrochemically driven solid-state amorphization in LixSi
alloys; however, Chan et al.33 reported a solid-state
amorphization in a LixSi alloy with no help from electrons
using similar first-principles calculations. Moreover, using first-
principles calculations, Zhao et al.34 found that the insertion of
Li into c-Si leads to continuous breaking of Si−Si bonds and to
the formation of weaker bonds between neighboring Si and Li
atoms, which accommodates the large plastic deformation of
lithiated Si and then induces a phase transformation to
amorphous Si structures.
Several theoretical works have been conducted to clarify the

anisotropic volume expansion behavior of c-Si during lithiation.
Jung et al.35 calculated the equilibrium interfacial energies at the
phase boundaries between a-LixSi and c-Si using first-principles
calculations and reported that for the Li3.4Si/Si interface, the
(110) interfacial energy is smaller than that for other interfaces,
such as (100) and (111), leading to a preferential volume
expansion along the ⟨110⟩ direction. However, because the
lithiation of Si is a nonequilibrium process, dynamic behaviors
should be considered along with thermodynamics to obtain an
accurate lithiation mechanism for Si. For this purpose, Cubuk
et al.36 used a multiscale method based on first-principles and
kinetic Monte Carlo simulations to investigate the lithiation
mechanism in Si NWs and reproduced the experimentally
observed morphological changes of the Si NWs. In addition,
using the finite element method, Yang et al.37 showed that the
anisotropic swelling of Si NWs during lithiation is critically
controlled by the orientation-dependent mobility of interfaces
between the c-Si core and the a-LixSi shell.
Compared to other simulation methods, MD simulations are

very useful for studying atomic diffusion and phase trans-
formations as functions of time at the atomic scale. Thus, this
simulation method could provide detailed atomistic observa-
tions of lithiation in Si NWs, which have not yet been reported.
However, for accurate predictions using MD simulations, it is

critical to obtain a force field to appropriately describe the
chemical reactions between Si and Li.
In this work, we develop a reactive force field (ReaxFF) for

the Li−Si system based on quantum mechanical results and
then perform large-scale MD simulations (approximately
100,000 atoms) to atomistically investigate the lithiation
mechanism for Si NWs, including the anomalous shape change
of the NWs during the lithiation process. Indeed, our
simulations well reproduce the experimental phenomena and
reveal a transient formation of silicene-like structures during the
lithiation process, which has not yet been reported. Also,
delithiation behaviors of Si NWs are discussed. Here, we note
for nonexperts on batteries that lithiation of a Si anode occurs
during the battery discharge and delithiation occurs during the
battery charge.

2. COMPUTATIONAL DETAILS
To simulate the lithiation process in Si NWs, we employed
molecular dynamics (MD) simulations with the ReaxFF,38,39

which have successfully simulated chemical reactions in several
systems, such as metals, ceramics, and organic compounds.40−43

In this work, we independently developed the ReaxFF for Li−Si
systems based on first-principles calculations, although another
research group44 recently reported the ReaxFF for this system
to study the mechanical properties of a-LixSi alloys. Addition-
ally, another research group45 used the ReaxFF developed in ref
44 to investigate atomistic mechanisms of phase boundary
evolution during the initial lithiation of c-Si. Details regarding
the development of the ReaxFF can be found in the Supporting
Information.
With the developed Li−Si ReaxFF, we performed MD

simulations to investigate the lithiation/delithiation behaviors
in Si NWs at the atomic level, using the LAMMPS46 software
with a Verlet47 integration time step of 0.5 fs (femtosecond).
The simulations were run in a canonical NVT ensemble at 300
K, in which the temperature was maintained by a Nose−́
Hoover thermostat48 with a damping parameter of 0.01 fs−1.

Figure 1. ReaxFF-MD snapshots for lithiation reactions of Si NWs. The top Si NW (a−d) has four (110) and four (100) surfaces, whereas the
bottom Si NW (e−h) has six (110) surfaces. Color codes are yellow = Si and pink = Li. Additionally, the LixSi compositions and degrees of volume
expansion are shown below each figure.
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To clarify the anomalous volume expansion of Si NWs
during lithiation, we considered two Si NWs with different
surface structures, as previously investigated in experi-
ments:25,26 one has four (110) and four (100) surfaces, and
the other has six (110) surfaces. The Si NWs, which had a
diameter of ∼5 nm and a length of ∼10 nm, were immersed in
a simulation cell with dimensions of 105.2 Å × 105.2 Å × 97.8
Å that was filled with Li atoms, and the Li atoms overlapping in
the Si NWs were removed. The total number of atoms in the
system was approximately 100,000. For modeling the Si NWs,
we used the lattice parameter (5.47 Å) of bulk Si obtained from
a DFT calculation and the 1 × 1 reconstruction for the surfaces
of modeled Si NWs because surface Si dimers transform to a 1
× 1 reconstruction as the Li coverage increases.49 Furthermore,
a periodic boundary condition was applied along the x, y, and z
directions during the MD simulations in which the axis of the
NW is the z direction, leading to lithiation of the Si NWs along
the x and y directions. Functionalization (−H, −O, and −OH
and so on) of the dangling atoms on the Si surfaces could affect
the lithiation reactions. This remains as our future work along
with a development of ReaxFF for Si/O/H/Li systems.

3. RESULTS AND DISCUSSION

3.1. Anisotropic Volume Expansion of Si NWs during
Lithiation. To investigate the anisotropic volume expansion
behavior of Si NWs during lithiation, we considered two
different structures of Si NWs: one that has four (110) and four
(100) surfaces and another that has six (110) surfaces. Figure 1
shows the lithiation behaviors of the Si NWs. It is clear that Li
atoms penetrate into the lattices of Si NWs, and then a-LixSi
phases are formed in which core−shell structures of c-Si and a-
LixSi are observed during the early stage of lithiation. As the
lithiation proceeds, the c-Si phases continuously decrease. After
1000 ps, the volume of the Si NWs is significantly expanded by
240% for both structures of the Si NWs. Additionally, it is
clearly observed that the two Si NWs exhibit different volume
expansion behaviors. The Si NW that has four (110) and four
(100) surfaces shows a 4-fold symmetrical volume expansion,
and the Si NW that has six (110) surfaces shows a uniform
volume expansion, which is consistent with previous exper-
imental observations.25,26 This anomalous volume expansion
occurs because Li diffusion along the ⟨110⟩ direction of the Si
NWs is faster than that along other directions. From these
results, we can hypothesize that MD simulations using the
ReaxFF for Li−Si developed in this work would reasonably
predict the lithiation behaviors of Si materials.

The faster penetration of Li atoms along the ⟨110⟩ direction
than along the ⟨100⟩ and ⟨111⟩ directions can be explained by
the entrance area on the Si surfaces, through which Li diffuses
into subsurfaces. The diffusion barrier for the surface
penetration of Li primarily depends on the entrance area,49

where a wider entrance provides easier penetration. As shown
in Figure S5, Supporting Information, the (110) surface has the
largest entrance area (20.9 Å2/Si), whereas the (100) and (111)
surfaces have entrance areas of 14.8 and 3.7 Å2/Si, respectively.
Figure 2 shows the dependency of the lithiation rate on the

Si surfaces. The Si NW with six (110) surfaces leads to faster
lithiation than that with (110) and (100) surfaces, although
both of the NWs eventually experience similar degrees of
volume expansion. In other words, the volumes of the fully
lithiated Si NWs are almost identical irrespective of the types of
Si surfaces. Additionally, the Li concentration in LixSi formed
during the lithiation process shows a similar behavior to the
volume expansion. Thus, one can observe an almost linear
relationship between the Li concentration and the degree of
volume expansion, which was also previously demonstrated
using the DFT calculations.31,33,50

The phase transformation of c-Si into a-LixSi during lithiation
was further investigated using radial distribution function
(RDF) analyses for Si−Si and Li−Si pairs (Figure 3), where
the RDF is defined as the number of neighbors of a given
species per unit volume as a function of distance. For the Si−Si

Figure 2. (a) Volume changes and (b) Li concentration profiles of Si NWs during lithiation, obtained from the ReaxFF-MD simulations presented in
Figure 1. (c) Plot of the volume change versus Li concentration. Color codes are black = Si NW with six (110) surfaces and red = Si NW with four
(110) and four (100) surfaces.

Figure 3. RDF g(r) analyses for (a) Si−Si and (b) Li−Si pairs in the Si
NW with (110) and (100) surfaces during lithiation, which are
obtained from the ReaxFF−MD simulations presented in Figure 1.
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pair, the initial structure of the Si NWs (0 ps) shows sharp
peaks at 2.4, 3.9, and 4.6 Å, which correspond to the distances
of the first, second, and third nearest neighbors between two Si
atoms in the c-Si phase, respectively. As the number of MD
steps increases and the lithiation thus proceeds further, the
intensities of the peaks significantly decrease and the peaks shift
to higher values, which clearly indicate a decrease in the
crystallinity of the Si NWs and the evolution of amorphous
phases. The first peak of the Si−Si pair located at 2.4 Å shifts to
2.8 Å after 1000 ps, which indicates that the amorphous phase
has longer Si−Si bond distances than the crystalline phase.
In the RDF for Li−Si, there is no noticeable peak at 0 ps;

however, as the MD time increases, several peaks are created. In
particular, the intensity of the peak located at 2.6 Å increases
with the MD time step, which clearly shows that the interaction
between Si and Li atoms increases as the lithiation proceeds.
During lithiation, the c-Si phase transforms into the a-LixSi

phase, in which interfaces between c-Si and a-LixSi exist.
According to a high-resolution TEM study,27 the width of the
interface is approximately 1 nm. We analyzed the Li
concentration distributions in the Si NWs along the ⟨110⟩
direction with the MD time step in Figure S6, Supporting
Information, and a gradient interface with a thickness of
approximately 1 nm was observed between the c-Si and a-LixSi
in Figure 4. This result supports the reliability of our simulation
using the ReaxFF developed in this work.

Figure 5 shows the residual stress distributions of the Si
atoms in the radial direction (σr) during a lithiation process.
The residual stress was obtained by averaging the atomic stress
in the concentric shell between r and r + δr, where r is the radial
distance from the center of the NW. At 0 ps, the Si atoms in the
c-Si NW have almost zero stresses, although tension (positive
value) and compression (negative value) regions exist near the
surfaces of the NWs because the stress near the surface is
relaxed by the atomic rearrangement. As the lithiation of the Si
NWs proceeds, an a-LixSi phase evolves and then a c-Si/a-LixSi
core−shell structure is formed (Figure 1). At 75 ps (the core−
shell structure can be observed), the c-Si and a-LixSi phases
have tensile stresses. Additionally, we can observe a
compressive stress region with a width of 1 nm between the
c-Si and a-LixSi phases, which can be regarded as an interface of
the c-Si/a-LixSi. To form the a-LixSi phase, Si−Si bonds must
be broken, which means that Si atoms have tensile stresses. The
remaining c-Si phase in the core−shell structure has a longer
Si−Si bond distance than that in the initial c-Si NWs, which can
be found in the RDF presented in Figure 3, in which the first
Si−Si peak shifts to a longer distance after a 75 ps MD

simulation. Thus, the remaining c-Si phase in the core−shell
structure also has a tensile stress. The interface of 1 nm with a
compressive stress plays a role as a buffer layer to maintain two
tension regions in c-Si and a-LixSi. However, at 1000 ps, the c-Si
phase almost disappears, and instead, only the a-LixSi phase is
found, which indicates that a tensile stress is dominant in the a-
LixSi NWs. Figures 4 and 5 definitely show that a reactive MD
simulation can be useful in assisting relevant experimental
researches.

3.2. Atomistic Investigation on the Lithiation Mech-
anism for Si NWs. Using ReaxFF-MD simulations, we further
investigated the lithiation behaviors in Si NWs to clarify the
lithiation mechanism. Figure 6 shows an atomistic lithiation
process of a Si NW taken during MD simulations. Li atoms
preferentially penetrate Si surfaces along the ⟨110⟩ or ⟨112⟩
directions, where the penetration of Li atoms leads to the
breaking of Si−Si bonds. It is clear that more lithiation in a Si
NW breaks more Si−Si bonds. As the lithiation proceeds, the 6-
membered rings of Si atoms in the initial Si NWs (Figure 6a)
become low-coordinated components such as isolated atoms
and small clusters (Figure 6e), where the lithiated Si NWs
obtained after MD simulations of 1000 ps have the Li3.2−3.3Si
composition as shown in Figure 1. More lithiation into the
lithiated Si NWs would lead to further breaking of the small Si
clusters. According to the NMR experiments,28−30 lithiation of
c-Si progresses with bond breakage of the Si matrix from the
surface by forming both lithiated isolated Si atoms and small
clusters (of 2−5 Si atoms). This is followed by breakage of the
remaining Si clusters to form predominantly fully lithiated
isolated Si environments, indicating that the fully lithiated
phase with the Li3.75Si composition has only isolated Si atoms.
Here, we can definitely confirm that our MD simulation results
are similar to the NMR experiments.
Interestingly, we found that during the lithiation of Si NWs

silicene (the Si counterpart of graphene)-like structures are
formed, as shown in Figure 7. The formation of silicene-like
structures was observed in the MD time range of 150−450 ps.
This result provides a key for understanding the lithiation
mechanism for Si NWs. As Li atoms penetrate into the Si NWs
along the A direction in Figure 8a, the chemical bonds between
two Si atoms (e.g., 1 and 2) break. The penetration of
additional Li atoms along the B direction in Figure 8a leads to
the breaking of bonds between Si atoms (e.g., 3 and 4). Further

Figure 4. Concentration profiles (a) of Li and Si atoms in the Si NW
along lines A and B in panel b. Here, the interfaces between c-Si and a-
LixSi phases are shown in gray, indicating that their width is
approximately 1 nm.

Figure 5. Residual stress distributions of Si atoms in the radial
direction during lithiation. For 75 ps, one can observe a region of 1 nm
with compressive stress (gray), which is an interface between the c-Si
and a-LixSi core−shell structure.
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Li penetration along the A or B direction leads to additional
breaking of Si−Si bonds, subsequently leading to the formation
of silicene-like structures, which are highlighted with a yellow
color in Figure 8a. The formation of silicene-like structures is
transient. Eventually, the structures are broken and become
low-coordinated components, such as dumbbells and isolated
atoms. The lithiation mechanism for Si NWs determined in this
work is similar to the ledge mechanism proposed in an in situ
TEM study;27 however, the experiment did not directly observe
the formation of silicene-like structures because their formation
might be very transient. This indicates that the ReaxFF-MD
simulation can be effectively used to clarify the lithiation
mechanism of Si NWs along with experiments.
3.3. Delithiation Process of the Lithiated Si NWs. In

addition to the lithiation process of Si NWs, the delithiation
behavior is also very critical for their battery performances.
However, most previous theoretical works on the properties of
Si NWs for lithium-ion batteries focused on the lithiation
process. It is technically challenging to investigate the
delithiation process using a theoretical method at the atomic
level. However, with the reactive molecular dynamics

simulation employed in this work, one can investigate the
delithiation process of lithiated LixSi NWs.
To simulate the delithiation process (Figure S7, Supporting

Information), we have an assumption that Li atoms near Si
surfaces first escape out the Si electrode during an experimental
delithiation process. We considered the “thin” shell of the LixSi
NW with a thickness of 5 Å and removed all of the Li atoms
inside the shell. We also removed all Li atoms in the
surrounding fluid. Then, we obtained the core−shell structure
of the LixSi NW where Li atoms exist only in the core, leading
to a gradient of Li concentrations between the core and shell.
To relax the core−shell structure, we performed a MD
simulation, which provides the redistribution of Li concen-
tration. This process is defined as the first step. Then, we
considered the shell of the LixSi NW obtained after the first
step and repeat the processes such as Li removal and MD
simulation explained in the first step, which is the second step.
If one repeats this process 10 times, the volume and Li
concentration of LixSi approaches to almost constant values.
Here, one can describe different delithiation rates by
considering a different shell thickness or a MD simulation time.
The detail algorithm is explained below:

Figure 6. Lithiation mechanism for a Si NW. Li atoms penetrate into the lattices of c-Si preferentially along the ⟨110⟩ or ⟨112⟩ direction. Top and
bottom figures present side and top views, respectively. Arrows in panels c and d show the directions of Li penetration. Here, Li atoms are excluded
to improve the clarity.

Figure 7. Formation of silicene-like structures (cyan, green, blue, and red sheets) in Si NWs during lithiation, where Li atoms are excluded to
improve the clarity. (a,b) Side and top views of lithiated Si NWs, respectively, and (c) enlarged view of panle a for clarifying formation of silicene-like
structures.
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(1) As an initial model for the delithiation of a LixSi NW, the
LixSi NW obtained after a 1000 ps MD for the lithiation
was considered (e.g., the first figure in Figure 9a). The Si
NW with both (110) and (100) surfaces had a Li3.20Si
composition with a volume expansion of 237%.

(2) In the Li3.20Si NW, the Li atoms inside the shell with a
thickness of 5 Å were removed, which led to the Li2.75Si
NW with a volume expansion of 237% (the second figure
in Figure 9a). Here, Li atoms remaining in the sea of Li

(Li atoms located outside of the LixSi NW) were also
removed.

(3) The Si NW with a reduced Li concentration (Li2.75Si)
was equilibrated for 500 ps. From the MD equilibration,
the volume of the NW was decreased from 237% to
186%, which can be called the first step of the
delithiation process (the second figure in Figure 9a).
For a comparison, we also considered a MD equilibration
time of 250 ps.

Figure 8. ReaxFF-MD snapshots of lithiation of Si NWs obtained after MD simulations of (a) 0, (b) 310, and (c) 500 ps. The yellow in panel a
indicates a silicene structure.

Figure 9. (a) ReaxFF-MD snapshots for the delithiation process of a lithiated Si NW; (b) volume change of the lithiated Si NW during delithiation,
which is relative to the initial c-Si NW shown in Figure 1; and (c) Li concentration change in the lithiated Si NW during delithiation. Black and red
colors in panels b amd c indicate results obtained with MD equilibrations of 500 and 250 ps for each delithiation step, respectively.
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(4) Processes 2 and 3 were repeated, which is the second
step of the delithiation process (the third figure in Figure
9a).

(5) The process was repeated ten times.

Figure 9 shows the delithiation process of the LixSi NW
obtained using the above algorithm. During the delithiation
process, the volume of the LixSi is decreased from 240% relative
to the c-Si NW to 25%. Simultaneously, the composition of the
LixSi is decreased from Li3.2Si to Li0.5Si.
Note that during the delithiation process a small number of

crystalline Si nuclei are formed (Figures 10 and S8, Supporting

Information), although most of the delithiated Si NWs show an
amorphous structure, which was previously observed in several
experiments.51−54 A RDF analysis for the Si−Si pair in Figure
10 shows that the peaks for c-Si (e.g., 2.4 Å) are created during
delithiation and that the peak intensity continuously increases
as the delithiation proceeds. During our simulation, the
recrystallization of a Si NW was observed after the third
delithiation step (1000−1500 ps), indicating that the
phenomenon could be observed below a composition of
approximately Li1.4Si ≈ Li1.5Si.
The recrystallization of Si NWs can be thermodynamically

possible. In other words, the two-phase structure with c-Si and
a-LixSi could be more stable than a single-phase structure of a-
LixSi with an overall uniform Li content. The energy for the
formation of the a-LixSi structure relative to bulk c-Si and bcc Li
negatively increases (thermodynamically more favorable) with
the Li content up to approximately x = 4.0, where the energies
for the pure c-Si and bcc Li are zero (see Figure S9, Supporting
Information).24,50,54 Assume that the formation energy for the
single-phase a-LixSi with x = x1 is E1 and that the volume
fractions of c-Si and a-LixSi in the two-phase structure are Vc
and Va (Vc = 1 − Va), respectively. Here, a-LixSi in the two-
phase structure has a Li content of x = x2 (x2 > x1), because
both of the single- and two-phase structures have the same
average Li concentration (i.e., x1 = Vax2). The formation energy
for the two-phase structure can be expressed as VaE2 because
the energy for pure c-Si is zero. For the two-phase structure to
be themodynamically more stable than the single-phase
structure, the following condition must be satisfied:
VaE2 < E1, where E2 < E1 and both E1 and E2 are negative

values.
Then, Va > E1/E2, where E1/E2 < 1.
Therefore, Vc = 1 − Va < 1 − E1/E2.
Here, Vc must have a positive value in the range from 0 to 1.

This is physically correct, which clearly indicates that the

formation of c-Si in the two-phase structure is thermodynami-
cally possible.
We additionally performed DFT calculations for a single-

phase structure of a-LixSi and a two-phase structure with c-Si
and a-LixSi, where the two cases have the same Li
concentration of Li1.4Si with 90 Li atoms and 64 Si atoms.
Indeed, the DFT calculation shown in Figure S10, Supporting
Information, shows that the two-phase structure is more stable
by 14 meV/Si than the single-phase structure, which supports
our ReaxFF result and relevant argument.
In order to investigate effects of a delithiation rate on the

stability of the two-phase structure with c-Si and a-LixSi, we also
considered a MD equilibration time of 250 ps for each
delithiation step (red in Figure 9b,c) to simulate a faster
delithiation rate. A simulation using the equilibration of 250 ps
also shows formation of two-phase structures; however, the
volume fraction (Vc) of c-Si phases formed in the two-phase
structure is lower than that obtained with a slower rate because
a faster delithiation rate allows a shorter time to form the c-Si
phase. Indeed, our simulations using MD equilibration times of
500 and 250 ps show the Vc of 13% and 7%, respectively, after
the 10th step of delithiation. This clearly indicates that the
evolution of the two-phase structure relies on the delithiation
rate.

4. CONCLUSION
Using MD simulations with the ReaxFF developed in this work,
we find that an anisotropic volume expansion behavior of Si
NWs during lithiation is dependent on the surface structures of
the Si NWs; however, the volumes of the fully lithiated Si NWs
are almost identical irrespective of the surface structures.
During the lithiation process, Li atoms penetrate into the
lattices of the c-Si NWs preferentially along the ⟨110⟩ or ⟨112⟩
direction, and then the c-Si transforms to a-LixSi phases due to
the simultaneous breaking of Si−Si bonds. We also observed
the formation of silicene-like structures in Si NWs during
lithiation, which provides a new approach for the silicene
synthesis. In other words, silicene can be readily obtained by
the electrochemical lithiation process of Si NWs.
During the delithiation of the LixSi NWs, a small amount of

c-Si nuclei can be formed in the a-LixSi matrix, where the slower
delithiation rate leads to the more formation of the c-Si. This
also indicates that the Si structures smaller in size are more
favorable for the recrystallization of c-Si phase because Si atoms
in the smaller structures can move more freely to form their
crystalline phases. Thus, if one synthesizes Si nanostructures as
small as possible (e.g., very thin nanosheet), the Si material
could show an improved cyclic property due to more
recrystallization of c-Si during the delithiation process.
We expect that our comprehensive understanding of the

lithiation and delithiation mechanisms for Si NWs will provide
insight for the future design of improved Si-based anodes for
Li-ion battery applications. Furthermore, the ReaxFF developed
in this work can be widely used in predicting battery
performances for newly designed Si-based electrodes. In
particular, after additional ReaxFF development for carbon
and oxygen, one can study the lithiation and delithiation
behaviors of various Si/C composites (e.g., core−shell
heterostructures, depositing Si−C multilayer films, and C
coating on Si nanowires and nanotubes) and SiOx materials, at
the atomic scale. For example, one future work is to design
structures of optimum carbon coating of Si or SiOx active
materials.

Figure 10. RDF g(r) for the Si−Si pair in the lithiated Si NW during
the delithiation process, obtained from the MD simulations presented
in Figure 9. The inset shows the formation of c-Si nuclei in the LixSi
NW after the 3rd step of delithiation, where Li atoms are excluded to
improve the clarity.
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