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Atomistics of the lithiation of oxidized silicon
(SiOx) nanowires in reactive molecular dynamics
simulations†

Hyun Jung,ab Byung Chul Yeo,a Kwang-Ryeol Leea and Sang Soo Han*a

Although silicon oxide (SiOx) nanowires (NWs) are recognized as a promising anode material for lithium-ion

batteries (LIBs), a clear understanding of their lithiation mechanism has not been reported yet. We elucidate

the lithiation mechanism of SiOx NWs at the atomic scale based on molecular dynamics (MD) simulations

employing the ReaxFF reactive force field developed through first-principles calculations. SiOx NWs with

crystalline Si (c-Si) core and amorphous SiO2 (a-SiO2) shell structures of B1 nm in thickness show smaller

volume expansion than pristine Si NWs, as found in previous experiments. Lithiation into SiOx NWs creates

two interfaces: c-Si/a-LixSi and a-LixSi/a-LiySiO2. The mobility of the latter, which is located farther toward

the outside of the NW, is slower than that of the former, which is one of the reasons why the thin SiO2 layer

can suppress the volume expansion of SiOx NWs during lithiation. Another reason can be found from the

stress distribution, as the SiOx NWs show stress distribution different from the pristine case. Moreover, the

lithiation of SiOx NWs leads to the formation of Li2O and Li4SiO4 compounds in the oxide layer, where

several Li atoms (not a majority) in Li4SiO4 can escape from the compound and diffuse into the c-Si,

in contrast to the Li2O case. However, Li atoms that pass through the SiO2 layer penetrate into the c-Si

preferentially along the h110i or h112i direction, similar to the mechanism observed in pristine Si NWs. We

expect that our comprehensive understanding of the lithiation mechanism of SiOx NWs will provide helpful

guidance for the design of SiOx anodes to obtain better performing LIBs.

1. Introduction

As a promising anode material for lithium (Li)-ion batteries
(LIB), silicon (Si) has received much interest because it has a
much higher specific capacity than graphite, which is widely
used in current LIBs.1–4 However, it also exhibits significant
volume fluctuations during the insertion/extraction of Li ions,
which leads to fracturing of the material followed by rapid
capacity fading owing to the loss of electrical continuity.1,5,6

To overcome this disadvantage of Si, several approaches
have been considered thus far. In particular, nano-sized pillar
structures such as nanowires and nanotubes can markedly
reduce the fracturing of Si during cycles of the insertion/
extraction of Li ions.7–13 A conductive coating such as carbon

is also a promising possibility because it can increase electrical
continuity.14,15 For example, encapsulation in crumpled graphene
shells has been found to greatly improve several aspects of the
performance of Si, such as Coulombic efficiency, cycling stability,
and rate capability.16

Silicon suboxides, SiOx (x o 2), have also been considered as
potential LIB anodes.17–22 It has been suggested that SiOx may
form Si nanocrystallites dispersed in an amorphous SiO2

(a-SiO2) matrix.23–27 Surface passivation using SiO2 improves
the cyclic properties of Si anodes. Indeed, Si anodes coated
with native SiOx layers can withstand more than 6000 cycles
with little capacity fading.28 Surface passivation can effectively
alleviate the stress and manage the deformation of Si anodes
induced during Li insertion/extraction.29,30 Moreover, it can
prevent the continual shedding and reforming of the solid
electrolyte interface (SEI), thus having a beneficial effect on
the battery performance.31–33 SiO2 shows a reversible Li capacity of
up to 2/3Li per Si,34 although it is typically thought that metal
oxides act as insulators for electrons and usually have low ion
permittivity.35 Moreover, in situ transmission electron microscopy
shows that lithiation into a sub-10 nm SiO2 thin film leads to a
volumetric strain of B200%.36 Metal oxides are typically brittle,
meaning that they fracture at a small deformation upon loading.
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Thus, the question of how the SiO2 thin layer can sustain such a
large deformation during lithiation is very intriguing.

Based on a first-principles calculation, the lithiation behaviors
of silicon-rich oxides (e.g., SiO1/3) have been reported.37 In this
case, silicon oxide was considered as a homogenous phase, rather
than a composite phase, such as Si nanocrystallites dispersed in
a-SiO2. Similarly, the lithiation of a hydroxylated surface of a-SiO2

has been investigated.38 However, the atomistic understanding of
the lithiation behaviors of composite-phase SiOx materials is still
limited.

In this work, we report the atomistic lithiation behaviors of
SiOx nanowires (NWs) with composite structures of the c-Si/a-SiO2

core/shell type based on molecular dynamics (MD) simulation
employing the ReaxFF reactive force field at the atomic level.
We present the structural evolution of SiOx NWs during lithiation
and clarify how the SiO2 surface film can reduce the volume
expansion of a Si anode during lithiation.

2. Computational details

To simulate the lithiation behavior of SiOx NWs at the atomic
level, we used MD simulation employing ReaxFF39,40 which
can describe chemical reactions between atoms (e.g., bond
formation/breaking). Recently, we successfully clarified the
lithiation behavior of a pristine Si NW by means of such
ReaxFF-MD simulation, in which the ReaxFF parameters for
the Li–Si system were developed through first-principles
calculations.41 Because ReaxFF for the Li–Si–O ternary system
is required to investigate the lithiation of SiOx, we extended
the previous Li–Si ReaxFF and developed additional ReaxFF
parameters (e.g., Li–O bond parameters) in this work. These
additional parameters were developed based on data calculated
from first-principles. The ReaxFF was optimized using a suc-
cessive one-parameter search technique.42,43 Details regarding
the development of the ReaxFF are provided in the ESI.†

The MD simulations were performed using the LAMMPS44

software on the iBat simulation platform (http://battery.vfab.org)
for LIBs, which was recently developed by our research group.
To integrate Newton’s equations of motion during the MD
simulations, a Verlet45 algorithm was used with a time step of
0.5 femtoseconds (fs). All calculations were performed in a
canonical NVT ensemble at 300 K, in which the temperature
was maintained using a Nosé–Hoover thermostat46 with a damping
parameter of 0.01 fs�1.

Prior to the simulation of the lithiation of SiOx NWs, we
obtained the NWs through chemical reactions between O2

molecules and pristine Si NWs (B5 nm in diameter and
B10 nm in length), which were also simulated by the ReaxFF-MD
simulations. Three SiOx NWs with different oxide thicknesses
(i.e. 4, 8, and 10 Å) were considered, where the composition of each
NW corresponded to SiO0.14, SiO0.29, and SiO0.32, respectively.
The detailed procedure for obtaining the SiOx NWs can be
found in Fig. S5 of the ESI.† By analyzing the concentrations
of atoms in the obtained SiOx NWs, it was found that the
compositions of the silicon oxides in the three SiOx types

corresponded to SiO2. In other words, the three NWs obtained
in the ReaxFF-MD simulations had the Si/SiO2 core/shell
structures.

For the simulation of the lithiation of the SiOx NWs, a
method similar to that used in our previous work41 to investigate
the lithiation of pristine Si NWs was applied. The SiOx NWs
(Si/SiO2 core/shell structures) 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 any Li atoms that overlapped the SiOx NWs
were removed. The total number of atoms in the system was
approximately 100,000. Additionally, periodic boundary condi-
tions in the x, y, and z directions were applied during the MD
simulations, in which the NW axis lies in the z direction, leading
to lithiation of the SiOx NWs along the x and y directions.

3. Results and discussion

The lithiation behaviors of the SiOx NWs that were obtained
from the ReaxFF-MD simulations are shown in Fig. 1, in which
the behavior of a pristine Si NW is also presented for comparison.
The pristine Si NW shows a volume expansion of 278%, with a
concentration of Li3.64Si after 2000 picoseconds (ps) of lithiation.
By contrast, the SiOx NWs show smaller volume expansions than
pristine Si NWs. For example, the SiO0.14 and SiO0.29 NWs show a
volume expansion of 281% and 229% after 2000 ps of lithiation,
respectively, although they have higher Li concentrations
(Li4.48SiO0.14 and Li3.93SiO0.29) than Li3.64Si in the pristine case.

We additionally analyzed the volume expansion and Li
capacity of the SiOx NWs as functions of MD time and obtained
the relationships for volume expansion versus Li capacity,
which are shown in Fig. 2. The SiOx NWs show similar trends
of volume expansion versus Li capacity, regardless of their
surface oxide (SiO2) thickness. It is also apparent that the SiOx

NWs exhibit smaller volume expansions than the pristine Si
NWs at a given Li capacity. Indeed, a previous experiment29 has
indicated that for Si NWs with native SiO2 the surface oxide
suppresses the volume expansion during lithiation, which is
well consistent with our simulation.

To investigate the structural evolution of SiOx NWs during
lithiation, we analyzed the radial distribution functions (RDFs)
for Si–Si, Si–O, Si–Li, and Li–O pairs (Fig. 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 pair, the initial
structure of the pristine Si NW (0 ps) shows sharp peaks at 2.4,
3.9, and 4.6 Å, which correspond to the first, second, and third
nearest-neighbor distances, respectively, between two Si atoms
in the crystalline Si (c-Si) phase. Likewise, the initial structures
of the SiOx NWs also show such sharp peaks, although the peak
intensities are lower than those for the pristine Si NW. The
peak intensities for the SiOx NWs decrease with increasing
thickness of the surface oxide. These findings indicate that the
initial structures of the SiOx NWs still contain crystalline Si
phases, although surface oxide (SiO2) has formed. Of course,
the crystallinity decreases with increasing oxide thickness.
During lithiation, the first nearest-neighbor peak for the Si–Si
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pair in all NWs (pristine Si and SiOx) shifts to 2.9 Å from the
original 2.4 Å, accompanied by a decrease in the peak intensity.
For not only the pristine Si NW but also the SiOx NWs,
lithiation leads to amorphization of the NWs, induced by the
increase in the Si–Si bond distance and subsequent bond
breaking.

For the Si–O pair, lithiation causes the intensity of the first
nearest-neighbor peak to decrease, but the peak position (1.7 Å)
remains nearly unchanged. By contrast, the peak intensities of
Si–Li and O–Li pairs increase during lithiation, indicating
increased interaction of Li atoms with Si and O atoms.

According to the coordination numbers (CNs) (Fig. S6, ESI†)
calculated by integrating the first peak in the RDF in Fig. 3,
CNSi–Si and CNSi–O drop from 4.0 and 2.2 to 2.2 and 0.9,
respectively, as MD time increases (as lithiation proceeds). This
is because of the disintegration of the SiOx NWs during lithiation.
These low-connectivity Si and isolated O atoms are surrounded by
Li atoms, as evidenced by increases in CNSi–Li and CNO–Li. For
example, CNSi–Li gradually increases from 3.0 at 250 ps to 6.0 at
2000 ps, while CNO–Li increases to 2.0 at 2000 ps.

The lithiation of a pristine crystalline Si NW creates an
interface between a c-Si phase and an a-LixSi phase.41 Likewise,

Fig. 2 (a) Volume changes and (b) Li concentration profiles of pristine Si and SiOx NWs during lithiation, as obtained from the ReaxFF-MD simulations
presented in Fig. 1. (c) Plot of the volume change versus Li concentration. The black, gray, orange and red colors represent SiO0.00 (pristine Si), SiO0.14,
SiO0.29 and SiO0.32 NWs, respectively.

Fig. 1 ReaxFF-MD snapshots of the lithiation processes of SiOx NWs (b–d). For comparison, the MD results for a pristine Si NW are also included (a).
Here, the top, middle, and bottom figures represent the MD results at 0, 400, and 2000 ps, respectively. The color codes for the atoms are as follows:
yellow = Si, red = O, and pink = Li. The LixSi compositions and degrees of volume expansion are also shown in each figure.
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the lithiation of SiOx NWs with a core/shell structure of c-Si and
a-SiO2 leads to the formation of two interfaces, an a-LiySiO2/
a-LixSi interface and an a-LixSi/c-Si interface, which are presented
in Fig. 4 as blue and green interfaces, respectively, whereas the
initial structure of the SiOx NWs contains an interface between
the c-Si core and the a-SiO2 shell. To investigate the movement of
the interfaces (blue and green interfaces) in SiOx NWs that are
generated during lithiation, we detected the positions of these
interfaces as functions of MD time. From a comparison of the
interface positions at 1000 and 2000 ps, it is clear that the LiySiO2/
a-LixSi interface is more strongly anchored than the a-LixSi/c-Si
interface during lithiation, where the former is located nearer the
NW surface than the latter. In other words, the mobility of the
interface between the c-Si and a-LixSi phases is 2.5 times higher
than that of the interface between the LiySiO2 and a-LixSi phases,
which is shown in Fig. S7 (ESI†).

While further investigating the LiySiO2 phase, we observed
the formation of Li2O and Li4SiO4 compounds (Fig. 5), which
has also been found in several experiments36 and theories.47

Most Li4SiO4 compounds reach saturation within 200 ps,
whereas the formation of Li2O gradually increases up through
1000 ps and then saturates. According to our simulation,
the number of Li2O compounds is much higher than that of
Li4SiO4. At 2000 ps, Li2O compounds are approximately 25 times
more abundant than Li4SiO4 compounds. The diffusivities of
such Li2O and Li4SiO4 compounds are lower than that of Li
‘‘atoms’’. Thus, the formation of these Li2O and Li4SiO4

compounds can hinder the movement of the LixSiO2/a-LixSi
interface, as seen in Fig. 4.

A previous experiment has also reported the formation
of Li2SiO5 after the lithiation of a SiO2 thin film,48 although
this was not observed in our simulation. However, in an
experiment36 on the lithiation of a sub-10 nm SiO2 thin film
similar to our case, the presence of Li2SiO5 was not observed,
although Li2O and Li4SiO4 were found, which supports our
simulation results.

To further explore the constraining effect of the SiO2 layer,
we calculated the residual stress distributions of the SiOx NWs

Fig. 3 RDF g(r) analyses for (a–c) Si–Si, (d–f) Si–O, (g–i) Si–Li, and (j–l) O–Li pairs in the pristine and SiOx NWs during lithiation, as obtained from the
ReaxFF-MD simulations presented in Fig. 1. The color codes are as follows: black = pristine Si, green = SiO0.14, red = SiO0.29, and blue = SiO0.32.
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Fig. 4 (a) A schematic figure showing the formation of interfaces in a SiOx NW during the lithiation process, where the black interface indicates that
between c-Si and a-SiO2 phases in the initial SiOx NW and the blue and green interfaces indicate those between the a-LixSiO2 and a-LixSi phases and
between the a-LixSi and c-Si phases, respectively. (b–d) Concentration profiles.

Fig. 5 Formation of Li2O and Li4SiO4 compounds in the SiO0.14 NW during lithiation. In (a), the core region is removed to focus on lithiation behaviors in
the oxide layer. A yellow region in (a) is enlarged in (b). And numbers of the Li4SiO4 and Li2O formed in oxide layers with MD times are shown in (c) and (d),
respectively.
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with c-Si/a-SiO2 core/shell structures in the radial direction (sr)
and then compared the results with those for the pristine Si
NW, as shown in Fig. 6. The residual stress was obtained by
averaging the atomic stresses of all atoms in the concentric
shell between r and r + dr, where r is the radial distance from
the center of the NW. The radial stress (sr) is calculated using
eqn (1).49

sr = sxx cos2 y + 2sxy sin y cos y + syy sin2 y (1)

where sxx and sxy are the normal and shear stresses in a x–y–z
coordinate system, respectively, and y is an angle.

As explained in Fig. 4, the lithiation of a pristine c-Si NW
creates an interface between the c-Si and a-LixSi phases. This
interface has compressive (negative) stresses and plays the role
of a stress buffer between the c-Si and a-LixSi phases, as seen in
Fig. 6a. In other words, the a-LixSi phase has tensile (positive)
stresses, which serve as a driving force for the volume expansion
of the NW.

In the initial SiOx NWs (0 ps), the c-Si core is subjected to
compressive stresses that are induced by the tensile stresses of
the a-SiO2 shell. As discussed in Fig. 4, the lithiation of a SiOx

NW with a core/shell structure of c-Si and a-SiO2 leads to the
formation of two interfaces, a c-Si/a-LixSi interface (interface I)
and an a-LixSi/a-LiySiO2 interface (interface II). These interfaces
also act as buffer layers alleviating abrupt changes in stresses.
Here, the a-LiySiO2 phase possesses tensile stresses, which lead
to stress distributions in the a-LixSi phase and at interface I that
are different from those observed in the pristine Si NW case.
In a SiOx NW, both the a-LixSi phase and interface II are subjected

to compressive stresses, unlike the pristine Si NW case, in which
the a-LixSi phase has tensile stresses. Such compressive stresses
exerted on the a-LixSi phase induce a retardation effect on the
volume expansion of the NW during lithiation. a-SiO2 has a
stronger stiffness (37 GPa)50 than highly lithiated LixSi (e.g.,
Li15Si4 = 28 GPa),51 where a stronger stiffness indicates that a
higher energy is required for the constant volume change. Due
to the stronger stiffness of the SiO2 layer, the SiOx NWs show
significantly different stress distributions in comparison to the
pristine Si NWs.

The tensile stress is a driving force for the volume expansion
of the Si and SiOx NWs. And a distribution of the tensile stress
exerted in a shell region of the NWs can be an indicator to
evaluate a degree of volume expansion. In Fig. 6, the pristine Si
NW after lithiation of 500 ps has the tensile stress distribution
of 45 Å, which is wider than that (15 Å) observed in the SiOx

NW. In addition, the volume expansion is also determined by
the net values of integrated tensile and compressive stresses.
After lithiation of 500 ps, the pristine Si NW has the net value of
276.9 � 104 GPa Å, while the SiOx NW has the smaller value of
254.7 � 104 GPa Å because of high compressive stresses exerted
in the a-LixSi phase and at interface II.

The atomistic lithiation mechanism of oxidized Si NWs has
not been clearly understood previously. Recently, we proposed
a lithiation mechanism for pristine Si NWs.41 During the
lithiation process, Li atoms penetrate into the lattices of c-Si
NWs preferentially along the h110i or h112i direction, and the
c-Si then transforms into the a-LixSi phase as a result of the
simultaneous breaking of Si–Si bonds; here, the formation of
silicene-like structures in the NWs is observed before the full
amorphization of the Si NWs.41 Likewise, this phenomenon is
also observed in SiOx NWs, as shown in Fig. 7. However, in SiOx

NWs, the Li atoms first interact with the SiO2 shell layer, and
then, lithium oxides and lithium silicates such as Li2O and
Li4SiO4 are generated in the oxide layer. Simultaneously, Li
atoms passing through the SiO2 layer without the formation of
Li2O and Li4SiO4 can also diffuse into the c-Si phase, where they
penetrate into the c-Si with a preference for the h110i or h112i
direction, as confirmed by the formation of silicene-like structures
(Fig. 7h and i). Further lithiation leads to the disappearance of
these silicene-like structures through Si–Si bond breaking. This
process of penetration into the c-Si is similar to that observed in
the case of pristine Si NWs. Moreover, the diffusion rate in the
a-SiO2 phase is slower than that in the c-Si phase, which can be
supported by a previous DFT calculation.47 Thus, the amount of
c-Si in a SiOx NW is larger than that in a pristine NW at a given
MD time, as can be seen from a comparison of Fig. 7e and j.

Interestingly, although most of the Li4SiO4 compounds are
stable, we find several unstable Li4SiO4 compounds (not a
majority) that show dissociation and recombination phenomena.
Li atoms from Li4SiO4 can diffuse into the Si core region of a Si
NW (dissociation behavior: Li4SiO4 - 4Li+ + SiO4

4�); then, other
Li atoms bind to the generated SiO4

4�, and thus Li4SiO4 quickly
reforms (recombination behavior: 4Li+ + SiO4

4� - Li4SiO4). As
shown in Fig. 8, one Li atom in the Li4SiO4 compound formed
at 500 ps can diffuse into the Si core of the NW at 1000 ps;

Fig. 6 Residual stress distributions of the (a) pristine Si and (b) SiOx NWs
during lithiation. Here, positive (+) and negative (�) values correspond to
tensile and compressive stresses, respectively. Red bars in each figures
indicate schematic structures of the NWs at 500 ps.
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subsequently, all Li atoms in the original Li4SiO4 are substituted
by others at 2000 ps. No such dissociation and recombination

processes are observed in the Li2O compounds. The main reason
for such behaviors is the difference in Li binding energies.

Fig. 7 Comparison of the lithiation mechanisms for (a–e) pristine Si and (f–j) SiO0.14 NWs. (k–m) Top views showing the lithiation mechanism in the
SiO0.14 NW, where three processes of Li atoms, such as the formation of Li2O (purple Li atom) and Li4SiO4 (green Li atom) in the silicon oxide layer and
diffusion (black Li atom) into the c-Si region after passing through the SiO2 layer without such formation of Li2O and Li4SiO4 compounds, are observed.
Here, most Li atoms are removed for clarity.

Fig. 8 Dissociation and recombination of Li4SiO4 during lithiation. The color codes for the atoms are as follows: yellow = Si, red = O, and purple/blue/
green = Li.
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According to our DFT calculation, Li binding energy in the Li2O
compound is 108 kcal mol�1, which is higher than 76 kcal mol�1

in Li4SiO4.
In this work, we focus on the lithiation process of SiOx NWs;

however, for the practical anode material of LIBs, the delithiation
process should also be investigated. Using the ReaxFF-MD simu-
lation, one can simulate the delithiation process, where a force
F = qE is added to each charged atom due to the application of an
external electric field to the system. The relevant result is also
found in Fig. S8 (ESI†). A detailed study on the cyclability of SiOx

NWs will be additionally reported in the near future.

4. Summary and conclusion

By means of MD simulations employing ReaxFF, we elucidated
the atomistic lithiation mechanism of SiOx NWs with c-Si/a-SiO2

core/shell structures. Li atoms interact with the a-SiO2 layer,
generating Li2O and Li4SiO4 compounds. Subsequently, other
Li atoms that do not bind to the a-SiO2 layer diffuse into the c-Si
core, where they penetrate the c-Si preferentially along the h110i
or h112i direction. Interestingly, several Li atoms in Li4SiO4

compounds can also penetrate into the c-Si core, although not
the majority. We find that an a-SiO2 layer with a thickness of
B1 nm can indeed suppress the volume expansion of a SiOx NW
during the lithiation process, which is supported by several
previous experiments. During the lithiation of a SiOx NW, two
interfaces are created, one between the c-Si and a-LixSi phases
(interface I) and one between the a-LixSi and a-LiySiO2 phases
(interface II), of which interface II is located farther toward the
outside of the NW. The mobility of interface II, which involves
silicon oxide layers, is slower than that of interface I. In addition,
the a-SiO2 shell layer induces different stress distributions in the
SiOx NW compared with those in pristine Si NWs. In a pristine Si
NW, the LixSi phase formed during the lithiation process is under
tensile stresses, which lead to the observed volume expansion
behavior. By contrast, the LixSi phase formed during the lithia-
tion of a SiOx NW is subjected to compressive stresses, exerting a
suppression effect on the volume expansion. Therefore, because
of these differences in stress distribution, a SiOx NW exhibits a
smaller volume expansion than a pristine Si NW. These findings
strongly suggest that SiOx NWs with thin SiO2 layers are a
promising anode material for Li-ion batteries.

Moreover, we expect that our comprehensive characterization
of the lithiation mechanism of SiOx NWs will provide beneficial
insight to guide the future design of improved Si-based anodes.
According to this work, a thin coating layer, which has stiffness
higher than Li15Si4 (as a representative of highly lithiated LixSi
phases), would provide such a volume suppression effect. Of
course, Li atoms should also be able to pass through the coating
layer. As an example of such a coating layer, Al2O3 (stiffness:
255 GPa)52 can be considered. Indeed, several studies43,53,54 show
beneficial effects of the Al2O3 coating layer on the battery
performances.

In addition, using the ReaxFF-MD simulations, we have
studied the effects of carbon coating (e.g., graphene and carbon

nanotubes) on lithiation, delithiation, and cyclability of SiOx,
and designed an optimum SiOx anode material with homo-
geneous phases, which is different from a core–shell structure
in this work. In particular, according to a recent finding,55

deformation ability and strength of the SiNWs are remarkably
improved after carbon nanotube encapsulation. Also, we
have explored the formation of solid–electrolyte interfaces on
Si-based anodes for LIBs. The results will be reported in the
near future.
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