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ABSTRACT: This is the first study that employs large-scale atomistic
simulations to examine the stress generation and deformation mechanisms of
various Si nanopillars (SiNPs) during Li-ion insertion. First, a new robust and
effective minimization approach is proposed to relax a lithiated amorphous
SiNP (a-SiNP), which outperforms the known methods. Using this new
method, our simulations are able to successfully capture the experimental
morphological changes and volume expansions that SiNPs, hollow a-SiNPs,
and solid crystalline SiNPs (c-SiNPs) experience upon maximum lithiation.
These simulations enable us to selectively track the displacement of Si atoms
and their atomic shear strain in the Li3.75Si alloy region, allowing us to
observe the plastic flow and illustrate the atomistic mechanism of lithiation-
induced deformation for various SiNPs for the first time. Based on the simulation results, a simple fracture mechanistic model is used
to determine the fracture resistance of SiNPs, showing that the hollow a-SiNP is the optimal form of Si as an anode because it has
the highest fracture resistance. The crack propagation simulation suggests that the preexisting dislocations in pristine c-Si can
contribute toward the fracture of c-SiNPs during lithiation. These findings can guide the design of new Si-based anode geometries
for the next-generation Li-ion batteries.
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1. INTRODUCTION

Li-ion batteries (LIBs) have been widely used in electric
vehicles, portable electronic devices, and grid-level energy
storage owing to their high energy density, high power
capability, and long lifetime.1 One of the most promising
anode materials is Si because of its high theoretical capacity of
4200 mA h/g, which is approximately 11 times that of
commercially used graphitic anodes (372 mA h/g).2 The
alloying mechanism by which one Si mole hosts up to 4.4 Li
moles is the key to this high capacity; however, it induces an
enormous volume expansion (∼400%), leading to the fracture
and pulverization of Si and a fast capacity fade during the first
several charge−discharge cycles.3,4 Scanning electron micros-
copy (SEM) studies have revealed that the anomalous shape
changes and fracture behavior of crystalline Si nanopillars (c-
SiNPs) result from anisotropic lithiation,5 while in situ
transmission electron microscopy studies showed that the
lithiation of Si occurs by the movement of an atomically sharp
interface (∼1.0 nm thick) which separates the lithiated shell
(amorphous LixSi) and the crystalline Si core.6

Significant efforts are dedicated in developing mechanically
stable Si anodes. Most of these studies are experimental and
produce new material chemistries and geometries for Si-based
anodes.7−9 However, it was soon recognized that theoretical
studies are also necessary to understand and, hence, minimize
fracture in Si. Initial mechanics studies employed linear

elasticity10 and linear fracture mechanics11,12 for capturing
the stresses developed in anode particles experiencing volume
expansions over 300%. Since then, computational simulations
have been widely used to model the stress generation,
anisotropic volume expansions, and fracture of Si by using
chemo-mechanical models implemented in the finite element
method,13,14 phased field modeling,15 and atomistic simu-
lation.16 Chemomechanical finite element modeling showed
that hollow amorohousSiNPs (a-SiNPs) have a lower stress-
induced barrier of lithiation than solid a-SiNPs.17 By
considering two-step lithiation in a-Si, it was also shown that
a-Si particles have a better fracture resistance and experience a
lower mechanical energy barrier than c-Si.18 A robust
electrochemical-mechanical couple numerical procedure was
proposed19 and was used to successfully capture the
anisotropic expansion and stress generation in c-Si nano-
tubes.20 A multiphysics phase-field model was used to capture
crack patterns in Si thin films21 and was recently applied in
analyzing stress and damage in anodes of sodium-ion
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batteries.22 Without the need for a priori constitutive
parameters as input, atomistic simulations have been
successfully used to understand the fracture behavior of LixSi
alloys,23−25 the stress effect on lithiation,26,27 and the structural
changes of Si anodes during delithiation.28,29 In particular, it
was found that there exists a transition from cavitation to shear
banding as the Li concentration increases,24 which is consistent
with the high damage tolerance of electrochemically lithiated
Si as revealed in in-situ experiments.30 Atomistic simulations
based on the reactive force field (ReaxFF) also showed that
external stresses significantly influence the lithiation rate,27

which can explain the bending-induced symmetry breaking in
germanium nanowires during lithiation in experiments.31 A
“natural” delithiation algorithm was designed to investigate the
influence of the delithiation rate on the mechanical durability
of Si anodes, showing that fast delithiation resulted in a higher
irreversible capacity loss compared to slow delithiation.28

Although insightful, the aforementioned MD works could
not implement physical lithiation into large-scale atomistic
models. Consequently, they failed to capture the micro-
structural changes and stress generated in a-Si and c-Si during
lithiation. Two recent atomistic simulations obtained the
isotropic and anisotropic volume expansions of SiNPs with a
diameter of 10.0 nm,32,33 but the generated stresses were
different from previous theoretical predictions.17,18,34 More-
over, the atomistic mechanisms giving rise to plastic flow of
LixSi alloys and lithiation-induced fracture have not been
studied.
Particularly, even though plasticity is challenging to observe

experimentally35 since fracture dominates the mechanical
behavior of Si upon lithiation, recent theoretical studies have
shown that mechanical models that account for plasticity can
better explain the observed fracture behavior of Si.36,37

Therefore, in this work, large-scale atomistic simulations are
employed to study the mechanical behavior (plasticity
initiation/fracture) and morphology of various SiNPs,
including solid a-SiNPs and c-SiNPs, as well as hollow a-
SiNPs (with a maximum diameter of 60.0 nm) during
lithiation. First, we test existing minimization methods such
as the conjugate gradient (CG) method and the fast inertial
relaxation engine (FIRE) method and find that they fail to
generate reasonable lithiation-induced stresses and shape
changes in an a-SiNP (Figure S2). To handle this special
structural relaxation task, we propose a new robust and
effective structural relaxation approach to simulate the
lithiation process. The obtained shape changes and stress
distributions of all SiNPs are compared with previous
experiments and theoretical predictions. In addition to
observing plastic deformation for the first time, we also
studied fracture by inducing a crack and monitoring its
propagation. Therefore, our work presents new simulations
that not only complement existing experimental studies but
further reveal the mechanical effects of lithiation, which are
difficult to monitor otherwise.

2. METHODS
2.1. Simulation Setup and Empirical Potential. We consider

the lithiation of solid amorphous Si nanopillars (a-SiNP), solid
crystalline Si nanopillars (c-SiNP), and hollow a-SiNPs as illustrated
in Figure 1. For a-SiNPs, three diameters (D) are considered in order
to study the size effect: 10.0, 20.0, and 30.0 nm. The largest a-SiNP
contains 299,200 Si atoms. The initial radius of a-SiNP before
lithiation is R0. It becomes r0 after lithiation, during which a material

point at a radius R moves to a new location at a radius r (Figure 1a),
where A is the location of the lithiation front. Three c-SiNPs with the
same diameter of 30.0 nm, but different axial directions are
considered: ⟨110⟩ c-SiNP, ⟨100⟩ c-SiNP, and ⟨111⟩ c-SiNP. The
hollow a-SiNPs are obtained by removing the Si atoms within the
inner cylinder of radius Rin and expanding the outer radius to Rout.

The geometry of the hollow a-SiNPs satisfy Rout
2 − Rin

2 = R0
2 (R0 =

30.0 nm) such that hollow a-SiNPs and solid a-SiNPs contain the
same number of Si atoms (keeping the volume constant for different
a-SiNPs), where Rout and Rin represent the initial outer radius and
inner radius, respectively. Hollow a-SiNPs are deformed with an inner
radius of rin and an outer radius of rout after lithiation (Figure 1b).
Four hollow cases with Rin = 5.0, 10.0, 20.0, and 30.0 nm are
examined. The wall thickness of hollow SiNPs decreases with
increasing Rin.

For all SiNPs, free boundary conditions are imposed in the x- and
y-directions, and periodic boundary conditions are imposed in the z-
direction to model infinitely long nanopillars. Since nanospheres
require significantly more atoms than nanopillars for the same
diameter, a spherical configuration is not considered in the present
work. Since the stresses and deformation arise from the curved
reaction front during lithiation, the current methods and conclusions
are applicable to both nanopillars and nanospheres.

The effect that Li-ion insertion has on SiNPs is studied by using
atomistic simulations with the open-source software LAMMPS.38 The
atomic interactions between the Li and Si atoms are described by the
second nearest-neighbor modified embedded atom method (2NN
MEAM) interatomic potential,39 which has been used to predict the
mechanical properties of both crystalline and amorphous LixSi alloys
such as the elastic modulus, yield strength,39 Li-ion diffusion,40,41 and
fracture mechanisms of lithiated Si.24,42 The ReaxFF potential is not
used because of its high computational cost. All simulation results are
visualized by OVITO software.43 The von Mises local shear strain is
used to track the deformation history of the LixSi alloy during
lithiation44 (see Section 3 in the Supporting Information for its
definition).

2.2. Lithiation Process. The lithiation process involves the slow
diffusion of Li-ions in the Si and the Li−Si reaction at the Si/LixSi
interface, which is beyond the timescale of conventional MD
simulations.45 Since the purpose of this work is to capture the stress
and deformation of LixSi alloys and Si during the lithiation process,
the real lithiation process is replaced and realized by a more efficient
approach based on the existing experimental observations and
simulation works. In this work, therefore, Li atoms are inserted into
the predefined regions of SiNPs layer by layer as shown in Figure 2.
The detailed predefined lithiation profiles are given in Figure S1. Each
Si layer has a thickness of 1.0 nm because experiments have shown
that the thickness of the Si/LixSi interface is around 1.0 nm.6 For a
SiNP with R0 = 30.0 nm, therefore, 30 steps are required to realize full
lithiation.

For a-SiNPs, since experiments have captured that lithiation is
isotropic,46 the LixSi−Si interfaces are taken to have a circular shape

Figure 1. SiNP configurations. (a) Solid and (b) hollow SiNPs before
and after lithiation.
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(Figure 2a). For the Li content x, we use x = 2.5 for a-SiNPs because
previous experimental works have shown that only the formation of
Li2.5Si alloys by two-phase lithiation can induce fracture, while further
lithiation from Li2.5Si to Li3.75Si by one-phase lithiation has no
effect.18 In our simulations, we use x = 3.75 for c-SiNPs because
experiments showed that Li3.75Si alloys form by two-phase lithiation,
when lithiation starts from x = 0. The profiles of the concentration in
the lithiation layer for c-SiNPs are approximately obtained from
experimental images47 or first-principles calculations,48 as shown in
Figure 2b−d (see Figure S1 for details). The exact Li-ion
concentration profiles which can be obtained by solving an
anisotropic diffusion problem will be considered in future work. For
c-SiNPs, previous experimental and computational works showed that
the energy barrier for the lithiation of Si is the lowest along the ⟨110⟩
direction, such that Li atoms diffuse into the Si crystal mostly along
the ⟨110⟩ direction but rarely along the other lateral directions
(swelling in the ⟨110⟩ direction during lithiation is about 9 times that
in the ⟨111⟩ direction).5,6,49 Structural relaxation is then performed to
relax the lithiated SiNPs layer by layer.

3. NEW STRUCTURAL RELAXATION APPROACH

After Li atoms are inserted into the Si anodes manually within
the simulation, the deformation of the lithiated SiNP is
determined by structural relaxation, which is realized by
performing energy minimization. The minimization method
employed is of great importance for the efficiency and fidelity
of the atomistic simulation results.50 In accordance with
experimental observations, three different regions need to be
defined as seen in Figure 3a: region I corresponds to the newly
formed LixSi alloy; region II corresponds to the total LixSi alloy
present; and region III denotes the whole SiNP containing
both the lithiated and unlithiated phases. Here, we propose a
four-stage minimization strategy as shown in Figure 3b. The

minimization is performed sequentially as follows: in the first
minimization stage, only region I is relaxed by 500 steps using
the CG method and 500 steps using the FIRE method,51 while
other regions are fixed. In the second stage, only region II is
relaxed with 2500 steps using the FIRE method, while the
other regions are fixed. In the third stage, the whole lithiated
SiNP is relaxed by 1500 steps using the CG method. Some
regions are fixed during the first two relaxation stages in order
to avoid the unphysical deformation of these regions due to the
extra-large repulsive forces in unrelaxed LixSi alloys, which is
very important for the simulations of hollow a-SiNPs because
the large repulsive forces could cause unphysical deformation
of the inner surface. The CG and FIRE methods are adopted
first because they are stable and robust, allowing to relax the
very ill-conditioned structures.
In the fourth stage, different methods are tested to further

relax the whole lithiated SiNP as seen in Figure 3c. As an
example case, the a-SiNP with R0 = 10.0 nm is considered. We
first employ the CG method and the FIRE method using the
Euler explicit integrator (the most efficient integrator in the
FIRE method50,52). It is shown that the FIRE method can
further decrease the system’s energy compared to the CG
method, but neither curve could reach a stable stage, indicating
that the SiNP is not fully relaxed. Since the MEAM potential is
computationally expensive, it is not feasible to use the CG or
the FIRE methods to further relax the system, especially when
it is large. Interestingly, we find that a dynamic relaxation
method using NVE with temperature control (1 K) could be a
very efficient tool to relax the lithiated SiNP as shown in Figure
3c. The NVE relaxation can be realized by the LAMMPS
commands “fix nve/limit” and “fix temp/rescale”. It is seen that

Figure 2. Lithiation protocol for different SiNPs. (a) a-SiNPs and (b−d) c-SiNPs with different axial orientations.

Figure 3. Energy minimization strategy used during lithiation of SiNPs. (a) Three regions defined in a lithiated SiNP; (b) schematic diagram for
four-stage minimization; and (c) variation of potential energy using four different minimization methods during the fourth stage.
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the system’s energy decreases to a lower value quickly
compared with the CG and FIRE methods and stops
decreasing after 15,000 steps, indicating that the system is
fully relaxed. Figure S2 presents the final shapes of all SiNPs
after full lithiation with and without the fourth stage. It is seen
that the structural relaxation in the fourth stage is
indispensable for determining the morphologies of c-SiNPs,
which agrees with the conclusions of a previous continuum-
scale chemomechanical model.53 Therefore, we perform
20,000 steps of NVE dynamic relaxation in stage four for all
simulations as shown in Figure 3b. Note that the NVE
relaxation can be performed under non-zero temperatures,
indicating that our new method is also applicable to
simulations at finite temperatures. The temperature effect on
the deformation of SiNPs during lithiation will be considered
in our future work.
It is noteworthy that the CG and FIRE methods are less

efficient than NVE dynamic relaxation with temperature
control in the present simulations, which completely differs
from previous reports. Recent studies have shown that the
FIRE method with the Euler explicit integrator is much faster
than the CG method and other damped dynamic methods for
relaxing nanostructures with free surfaces and dislocation
cores.50,52 The reason is that during minimization, the CG and
FIRE methods were restricted by the energy change or power
change, while NVE had no restriction. For the relaxation of
nanostructures with free surfaces and dislocation cores, the
initial configurations were close to equilibrium, and the energy
profiles were complicated but the energy changes were small,
such that carefully exploring the energy profile could accelerate
the minimization process in the CG and FIRE methods. In the
relaxation of the LixSi alloy, however, the initial energy is very
high because the atomic distance was close, and the initial

configuration was far away from the equilibrium state. Without
restriction, NVE dynamic relaxation could efficiently decrease
the system’s energy by skipping the states with a small gradient
or the minimal local states. Therefore, it can be concluded that
the CG and FIRE methods are more efficient for fine energy
minimization, while the NVE dynamic relaxation is better for
coarse energy minimization with a significant energy change.
Note that the lithiated SiNPs in previous MD works were only
relaxed by the CG method,32,33 possibly leading to the
inconsistent stress distribution compared with theoretical
predictions.17

4. DEFORMATION AND STRESS EVOLUTION DURING
LITHIATION
4.1. Solid a-SiNPs. Figure 4a presents the final shape of an

a-SiNP with an initial radius of 10.0 nm after complete
lithiation. It is seen that lithiation resulted in a significant
volume expansion as the diameter increased from 20.0 to 36.4
nm (336% volume expansion). Figure 4b−f shows the volume
expansion, atomic volume, and stress distribution of a-SiNPs
with different initial radii; the atomic volume is normalized by
its average value. It is seen that the volume expansion increases
with the Li content (Figure 4b). The maximum volume
expansion is 336% after full lithiation for all a-SiNPs, regardless
of their size, which is in good agreement with previous
experiments54 and diffusive MD simulations.55 The atomic
volume shows a gradient distribution as shown in Figure 4c.
Specifically, upon maximum lithiation, the volume of the inner
atoms is smaller than that of the outer atoms, indicative of the
compressive stress in the center of the a-SiNPs. Figure 4d−f
shows the distribution of the hoop stress (stress component in
the tangential direction), radial stress (stress component
toward or away from the central axis of SiNPs), and axial

Figure 4. Simulation results of solid a-SiNPs with different diameters. (a) Final shape of a lithiated a-SiNP with an initial radius of 10.0 nm; (b)
variation of volume expansion of a-SiNP with respect to Li content; (c−f) distribution of dimensionless atomic volume, atomic radial stress (σr),
hoop stress (σθ), and axial stress (σz) after full lithiation along the dimensionless radial distance; and (g−i) stress distribution at different lithiation
stages.
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stress (stress component parallel to the axis of SiNPs) after full
lithiation. The stress transformation from the Cartesian (x, y,
z) coordinate system into the cylindrical (r, θ, z) coordinate
system is given in Section 3 of the Supporting Information.
Since atomic quantities are discrete, it is necessary to smooth
the data spatially by taking the average in 100 × 100 bins for all
SiNPs. An example is given in Figure S3 for an a-SiNP with R0
= 30.0 nm.
In Figure 4e,f, it is seen that there exists a significant

transition for the hoop stress (σθ) and axial stress (σz) from
compressive to tensile at r1/r0 = 0.37 and r2/r0 = 0.6 for all a-
SiNPs, respectively. Since a tensile stress is required for cracks
to initiate and grow, this observation suggests that cracking
occurs at the outer surface. This is consistent with recent
phase-field modeling,56 theoretical predictions,17 and exper-
imental observations, which show that cracks initiated from the
outer particle surface upon lithiation.47 The radial stress (σr),
however, was always negative, indicative of the compressive
state along the radial direction. Despite this transition in the
hoop/axial stress, no cracks were observed in our MDs since
the experiments have shown that the critical size for which
fracture does not occur is below 180 nm in radius for c-
SiNPs.47 On the other hand, all simulated curves in Figure 4
are smooth and size-independent, indicating that the proposed
structural relaxation approach in Section 3 is robust and
effective.
Figure 4a−f indicates that SiNPs experience huge irrever-

sible plastic deformation during lithiation. Since plastic
deformation is often path-dependent, it is important to
illustrate the lithiation-induced stress field at different stages.
Figure 4g−i plots the distribution of three stress components
at three lithiation stages (A/R0 = 0.85, 0.56, and 0.29) for an a-
SiNP with R0 = 30 nm. Yellow circles indicate the position up
to which lithiation has taken place. Curves before the yellow
circles correspond to the stress field in the unlithiated Si core,
whereas curves after the yellow circles correspond to the stress
field in the lithiated shell. It is seen that all stress components
are constant and negative (compressive) in the unlithiated Si
core and decrease as lithiation continues. In the lithiated Si
shell, the radial stress (σr) is close to zero in the early stages of
lithiation and decreases gradually along the radial direction of
the a-SiNP as lithiation continues. The hoop stress (σθ) and
axial stress (σz) gradually increase and become tensile due to

the “pushing-out” effect. These results agree well with previous
theoretical predictions.17,18

4.2. Hollow a-SiNPs. Figure 5a,b summarizes the change
in the radii of all hollow a-SiNPs during lithiation (normalized
by the initial dimensions), and Figure 5c−f gives the
distribution of different quantities along the radial direction
after full lithiation. The simulation results of the solid a-SiNP
with R0 = 30.0 nm are also plotted for comparison purposes.
During lithiation, rout/Rout increases gradually and coincides
with that of solid a-SiNPs for all hollow a-SiNPs at the early
stages of lithiation as shown in Figure 5a, indicating that
lithiation-induced deformation is initially independent of the
hole size (Rin). Of particular interest is that the initial outer
radii of hollow a-SiNPs with Rin = 5.0, 10.0, and 20.0 nm are
larger than that of the solid a-SiNP before lithiation, but the
final radii of these a-SiNPs are similar to that of the solid ones
after lithiation as shown in Figure S4. The plot in Figure 5b
shows that rin remains constant initially but decreases in the
later lithiation steps. Two hollow a-SiNPs with Rin = 5.0 and
10.0 nm have zero inner radii after lithiation as indicated by
arrows, showing that the inner holes are completely closed due
to the inward volume expansion. It should be noted that
previous experiments showed no inward expansion in lithiated
Si nanotubes.8 The discrepancy between our simulations and
experiments can be attributed to the absence of native oxides
herein. In experiments, the native SiOx coating that was
present at the inner surface could prohibit inward expansion.
Figure 5c shows that the hollow a-SiNPs with Rin = 5.0 and
10.0 nm and the solid a-SiNP in Section 4.1 undergo a similar
atomic volume expansion, but the hollow a-SiNPs with Rin =
20.0 and 30.0 nm experience a smaller atomic volume
expansion upon maximum lithiation and exhibit a size effect:
the bigger the Rin, the smaller the atomic volume expansion.
Similarly, Figure 5d−f shows that the stresses in the hollow a-
SiNPs with Rin = 5.0 and 10.0 nm are similar to those in the
solid a-SiNP, but for the hollow a-SiNPs with Rin = 20.0 and
30.0 nm, they are different. Particularly, when Rin = 20.0 and
30.0 nm, the hollow a-SiNPs have a zero radial stress near the
inner surface (Figure 5d). A pronounced size effect can be
observed in Figure 5e,f: the bigger the Rin, the smaller the hoop
stress and axial stress, and thinner the Li2.5Si alloy region under
tension, which is in good agreement with the theoretical
predictions for hoop stresses.57

Figure 5. Simulation results of hollow a-SiNPs with different Rin. (a,b) Variation of Rout and Rin during the lithiation process. (c−f) Distribution of
the atomic volume, atomic radial stress, hoop stress, and axial stress after full lithiation.
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We have shown that the hollow a-SiNPs with a small Rin and
the solid nanopillar have similar deformation (Figure 5a),
distributions of the atomic volume (Figure 5c), and stresses
(Figure 5d−f) after full lithiation, indicating that these hollow
a-SiNPs are irreversibly transformed to solid ones by closing
the inner holes, due to the expansion upon lithiation. In
designing hollow nanopillars, therefore, a bigger Rin is
necessary. On the other hand, the Li diffusion distance is
smaller for the hollow nanopillar with a bigger Rout (because
Rin and Rout were changed in a way to keep the volume
constant), leading to a higher rate capability due to the shorter
time required to complete lithiation, which is consistent with
existing experimental observations.57 Previous theoretical work
also showed that hollow a-SiNPs could be fully lithiated with a
lower stress-induced barrier than solid a-SiNPs.17 Another
advantage of hollow a-SiNPs is that although the hollow a-
SiNPs are bigger than the solid a-SiNPs before lithiation, they
attain a similar size after lithiation, especially when Rin = 20 nm
for which the inner hole is retained, such that the hollow a-
SiNP can be stored in the same volume as the solid a-SiNP can
after lithiation. More importantly, the hollow a-SiNPs have
better mechanical durability against fracture than the solid a-
SiNP, which will be discussed in Section 6.
It should be noted that for Si nanopillars, Li diffusion may

occur from both inner and outer surfaces, which can be
simulated using our method by inserting Li atoms from the
inner and outer surfaces and performing structural relaxation.
Herein, we consider lithiation from the outer surface only as
this is how lithiation occurs in hollow Si spheres, which are
more promising for commercial use, and we wanted our

simulations to provide insight into the deformation of such
configurations.

4.3. Solid c-SiNPs. Figure 6 presents the simulation results
of three solid c-SiNPs with different axial orientations ⟨110⟩,
⟨100⟩, and ⟨111⟩. It is seen that the anisotropic volume
expansions, which arise from the orientation-dependent
lithiation rate specified in Figure 2, are successfully captured
for all c-SiNPs (Figure 6d−f) as they are in agreement with the
corresponding experimental images as shown in Figure 6a−c.47
Since the ⟨110⟩ c-SiNP, the ⟨100⟩ c-SiNP, and the ⟨111⟩ c-
SiNP have two, four, and six ⟨110⟩ lateral directions,
respectively, they expand into ellipse, cross, and hexagonal
shapes, respectively. The volume expansions are calculated as
450% for the three c-SiNP shapes. The particular locations that
have the higher hoop stress indicated by red arrows in Figure
6d−f are between neighboring ⟨110⟩ directions, which are
consistent with the preferred crack initiation positions
observed in Figure 6a−c. The hoop stress distribution along
different directions is extracted and plotted in Figure 6d−f. For
all c-SiNPs, the hoop stresses show a transition from
compressive to tensile but depend on the direction due to
the anisotropic lithiation. For the ⟨110⟩ c-SiNP, for example,
the hoop stress along the 90° direction is higher than that of a-
Si when r > 40.0 nm, whereas the hoop stress along 0° is lower.
Similarly, the ⟨100⟩ c-SiNP and the ⟨111⟩ c-SiNP experience a
higher hoop stress along the 45° direction and the 90°
direction, respectively, when compared to the a-SiNP.

5. PLASTIC FLOW OF LITHIATED SINPS
Although the present MD simulations cannot capture crack
initiation and propagation as the SiNPs considered are small,

Figure 6. Experimental images and simulation results of c-SiNPs with different axial orientations after lithiation. (a−c) Top-view SEM images of c-
SiNPs of each crystal orientation (⟨110⟩, ⟨100⟩, and ⟨111⟩) after lithiation.47 The scale bars in the main images are 500 nm, and the scale bars in
the insets are 200 nm. Reproduced with permission from ref 47. (d−f) Deformed shapes and hoop stress distribution in the whole region of c-
SiNPs with axial orientations of ⟨110⟩, ⟨100⟩, and ⟨111⟩. (g−i) Hoop stress distribution in particular directions.
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we illustrate the large plastic deformation required to
accommodate the huge lithiation-induced mechanical stress
in Figure 7. Figure 7a−d shows the trajectories of selected Si
atoms (represented by blue lines initially) during lithiation for
a solid a-SiNP and three c-SiNPs with different axial
orientations. According to the lithiation profiles in Figure 2,
the selected Si atoms are in a circular shape for the a-SiNP and
⟨110⟩ c-SiNP, in a square shape for the ⟨100⟩ c-SiNP, and in a
hexagonal shape for the ⟨111⟩ c-SiNP. It is seen that the a-
SiNP deforms homogeneously along all directions. The c-
SiNPs, however, show significant anisotropic plastic flow
(Figure 7a). In particular, the ⟨110⟩ c-SiNP deforms along
only two lateral ⟨110⟩ directions such that the top and bottom
of the SiNP experience large deformation (Figure 7b). For the
⟨100⟩ c-SiNP, the generated Li3.75Si alloys expand along four
lateral ⟨110⟩ directions, such that four corners of the square
experience large deformation incompatibility (Figure 7c).
Similarly, the ⟨111⟩ c-SiNP deforms along six lateral ⟨110⟩
directions and the six corners of the hexagon deform (Figure
7d). These results indicate that the ⟨111⟩ c-SiNP has a better
fracture resistance because the deformation can be shared in
more directions instead of being accumulated, which can be
further confirmed by the smaller discontinuities pointed out by
arrows in Figure 7d and the lower maximum hoop stress in
Figure 6i. Previous experiments showed that c-SiNPs, with
approximately the same size (inset of Figure 6b) as our
simulations, that had the ⟨100⟩ orientation fractured, whereas
those with the ⟨111⟩ orientation deformed symmetrically in a
hexagonal shape5 (inset of Figure 6c).
Note that the discontinuities in Figure 7b,c only indicate

that the initially adjacent Si atoms are separated by plastic flow
rather than by fracture. In order to better elucidate the plastic
flow that induces Si atom separation at the atomic scale, a
group of Li3.75Si atoms in a squared region is marked and
tracked during lithiation, and the deformed shapes are
presented in Figure 7e. All atoms are colored by the atomic
shear strain to illustrate inelastic deformation. It is seen that
the initial square is smoothly deformed as a long strip and the
inelastic (plastic) deformation concentrates on the lower side
of the strip, which accounts for the discontinuities in Figure 7c,
while other regions deform significantly by activating shear
transformation zones (STZs). These results agree well with the

high damage tolerance of lithiated Si captured in the previous
experiments.30

6. FRACTURE ANALYSIS OF SI NANOPILLARS DUE
TO LITHIATION

Although crack initiation and propagation were not captured in
Section 4 due to the small pillar sizes, our simulation results
can be used to analyze the fracture of Si nanopillars due to
lithiation. It is known that the stress intensity factor (KI) in
fracture mechanics can be expressed as a function of the
applied stress (σ) and the critical crack length (ac)

βσ π=K aI c (1)

The critical value of KI is defined as the fracture toughness
(KIc) of the materials, which is used to quantify a material’s
resistance to crack propagation. To simplify the analysis, it is
assumed that the stress intensity modification factor (β) which
accounts for the geometry is very close to 1 for all SiNPs. We
recognize that eq 1 has been deduced from an infinitely long
plate, but it can give a good estimation for SiNPs. In the
following analysis, it is shown that the theoretical results
predicted by eq 1 qualitatively agree with previous
experimental results, indicating that these assumptions are
acceptable. To obtain the critical radius of the SiNP that will
fracture due to lithiation, we assume that the critical crack
length equals the thickness (t) of LixSi under tension. In Figure
4e, it is seen that t = αr0, where αis a size-independent
parameter 0.63. In Figure 4b, we have πr0

2 = 3.36πR0
2, such

that r0 = 1.83R0, which is a size-independent relationship.
Substituting these relationships in eq 1, we can get the critical
radius at which a SiNP will fracture by

π σ
= i

k
jjj

y
{
zzzR

K1
1.150c

Ic
2

(2)

Taking KIc = 4.62 MPa m 30 and σθ = 3.8 GPa (Figure 4e)
for Li2.5Si, we find a critical radius of R0c = 409.1 nm for the a-
SiNP. Although experimental data for a-SiNPs is not available,
we find that this prediction agrees well with the experimental
values of 435.0 nm for a-Si nanoparticles.58 By taking KIc =
7.12 MPa m 30 and σθ = 7.1 GPa (Figure 6h) for Li3.75Si and
using a similar fracture model, the critical radius can be found

Figure 7. Plastic flow in c-SiNP. (a−d) Trajectories of selected atoms in c-SiNPs. (e) Atomic shear strain of a deformed Li3.75Si alloy block at
different lithiation stages. 11, 17, 23, and 29 denote lithiation steps.
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as 278.4 nm for c-SiNPs, which is larger than the reported
value of 180.0 nm in experiments47 as they experience
anisotropic lithiation. However, the comparable magnitude
between eq 2 and experiments indicates that this simple
fracture model can be used to guide the design of Si anodes.
Based on eqs 1 and 2, we define the factor of safety or fracture
resistance (n) as

σ π
= =n

K
K

K
R1.15

Ic

I

Ic

0 (3)

which is a function of stress (σ) and size (R0). The higher the
value of n, the better the mechanical durability against
lithiation-induced fracture. First, the smaller the R0, the higher
the n, which explains why nanostructured Si anodes are
mechanically more stable. Second, when R0 = 30.0 nm, n(a-
SiNP) = 3.69 and n(c-SiNP) = 3.09, such that c-SiNPs are
easier to fracture during lithiation. Third, when the inner holes
are not closed, the hollow a-SiNPs with the larger Rin
experience lower tensile stresses as shown in Figure 5e,f,
such that hollow a-SiNPs have a higher n than solid a-SiNPs,
which is consistent with previous experiments20,57 and
chemomechanical modeling results that showed higher
mechanical stability for hollow SiNPs.20 Based on this crude
approximation, a hollow a-SiNP is the preferred anode design.
In order to investigate the fracture process in a SiNP during

lithiation, a crack with an initial length of 7.0 nm is inserted at
the outer surface of a solid a-SiNP with R0 = 30.0 nm as shown
in the upper inset of Figure 8. Then, lithiation is performed as
already described in Section 2 but with a preexisting crack
present. The crack tip opening displacement (CTOD) and
crack length during lithiation are plotted in Figure 8a,b,
respectively. It is seen that although the CTOD continuously
increases as the lithiation front advances, the crack length
decreases, indicating that the crack is blunt and the
deformation near the crack tip is dominated by plastic flow.
The atomic shear strain of the crack tip shown in Figure 8c
indicates that the deformation due to the crack opening is
consumed by forming STZs or shear bands. Interestingly, the
crack length increases from points 1−3 in Figure 8b, suggesting
a temporary crack propagation. Figure 8d−f presents the
atomic bonds near the crack tip at points 1−3. It is seen that

crack propagation results from Li−Si bonds breaking near a Si-
rich region and forming a cavity (Figure 8d,e). After
propagation, the Si atoms in this region are attracted to the
upper surface of the crack (Figure 8f). Previous work has
shown that the surrounding Li atoms play a crucial role in
accommodating the lithiation-induced deformation by the Li−
Li and Li−Si bond switching process in Li2.5Si alloys.

30 For the
Si-rich region in Figure 8, such a bond switching process is
inhibited because fewer Li atoms are present. This Si-rich-
induced crack propagation results from the non-perfect Li
insertion approach presented in Section 2.2 because all atoms
could move during lithiation, but lithiation profiles are defined
before simulation as shown in Figure 2. This imperfection can
be improved in future work.
The crack propagation in Si-rich regions in Figure 8 can be

used to explain the discrepancy of the critical fracture radii
obtained between eq 2 and experiments for c-SiNPs. In-situ
experiments have shown that some preexisting defects such as
twin boundaries remained in the c-Si core during lithiation.59

These defects could induce high local stresses near the defects
upon lithiation as shown in Figure S5. The defects in c-SiNPs
could be voids, dislocations, grain boundaries, or any non-
perfect lattice position that can induce an inhomogeneous
stress distribution during lithiation. Moreover, previous
experiments and MD simulations have shown that external
stresses significantly affect the lithiation rate.26,27,31 In
particular, tensile stresses accelerate the lithiation rate, while
compressive stresses retard it. Consequently, the high local
stress near the defects can induce inhomogeneous lithiation
and a non-uniform Si distribution. The Si-rich regions are
more brittle by forming cavitation during lithiation as
presented in Figure 8d−f, which can lead to the lower fracture
resistance observed for c-SiNPs experimentally. For a-SiNPs,
however, lithiation is more homogeneous due to the absence of
defects in the a-Si core, such that a-SiNPs have better
mechanical durability.

7. CONCLUSIONS
Our results show the significant insight that MD simulations
can provide in understanding the mechanical effects of
lithiation in SiNPs. First, we showed that the NVE dynamic
relaxation with temperature control could better relax the

Figure 8. Simulation results of lithiation in a solid a-SiNP with Rin = 30.0 nm after inserting a crack. (a,b) Variation of CTOD and crack length
during lithiation. (c) Atomic shear strain at the crack tip during lithiation. (d−f) Atomic bonds at the crack tip at points 1−3 in (b).
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lithiated LixSi alloys than the CG and FIRE methods, which
provides a valuable tool to study LIBs and other batteries
atomistically. The case study we chose to examine is that of
crystalline and amorphous SiNPs with different axial
orientations via large-scale atomistic simulations, allowing us
to capture at the atomic scale for the first time the lithiation-
induced hoop stress, radial stress, and axial stress. Particularly
we showed the transition of the hoop stress and axial stress
from compressive to tensile, which can explain the
experimental observations that cracks initiated from the outer
surfaces of the SiNPs. Most importantly, the formation of
plastic flow during lithiation was revealed for the first time by
tracking the trajectories of selected Si atoms and the atomic
shear strain of the selected Li3.75Si region showing the high
damage tolerance of lithiated Si by forming shear bands.
Finally, based on the simulation results, a simple fracture
mechanics model was successfully used to predict the critical
size of SiNPs that will fracture and quantify the fracture
resistance of various SiNPs. Our novel crack propagation
simulation suggests that pre-existing defects in c-SiNPs could
aggravate crack nucleation and propagation in Si-rich regions
that arise from the stress-dependent lithiation near these
defects. These findings can be used to guide the design of new
Si anodes by tuning the geometry.
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