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Atomistic Origins of Ductility Enhancement in Metal Oxide
Coated Silicon Nanowires for Li-lon Battery Anodes
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and Chandra Veer Singh*

Silicon nanowires (SiNWSs) are a promising anode material for Li-ion batteries
due to their exceptionally high charge capacity. However, direct implemen-
tation is hindered by large volume expansion induced during lithiation,
which results in mechanical failure during repeated charge cycling. Recent
experimental works show thin metal oxide coatings can significantly increase
the cycle stability of SiINWs. However, the deformation mechanisms under-
pinning this performance enhancement are not understood, presenting an
opportunity for a fundamental investigation of core—shell mechanics. In

this study, molecular dynamics simulations investigating the mechanical
behavior of silica- and alumina-coated SiNWs under uniaxial tension are
performed. Metal oxide coated nanowires possess significantly improved
ductility, increasing the elongation to failure from 16% to greater than 47%.
This occurs without significant reduction in tensile strength, resulting in
apparent toughness 2—4 times that of uncoated nanowires. During loading,
the oxide coating absorbs strain energy through breaking of bonds between
highly coordinated atoms. At the same time, the coating maintains the
structural integrity of the silicon core by increasing the defect nucleation rate
from the core-coating interface, preventing localized deformation. Under both
athermal (0 K) and room temperature conditions, the underlying deformation
mechanism changes from amorphization within a localized shear band to

capacity (=3500 mAh g!), low voltage hys-
teresis, low operating potential (=0.4 V vs
Li/Li+), and the relatively high abundance
and low cost of lithium.>*! However, one
of the major roadblocks in the commer-
cialization of silicon-based electrodes is
their poor mechanical performance when
used in a rechargeable Dbattery. When
fully charged, the Si anode in a LIB can
undergo a volume expansion of up to
400% which causes stress concentrations,
resulting in premature chemomechanical
failure of the anode. Consequently, the
active components of the battery lose elec-
tronic contact causing poor cycle life and
reduced capacity. In this regard, SiNWs
below a critical size (below 150 nm in
diameter) have been reported to accom-
modate this high strain without fracture
owing to their increased strain relaxation,
increased flaw tolerance, and reduced
Li-ion diffusion paths.”# However, this
large surface area to volume ratio also
presents a large surface for solid elec-

dislocation twinning and large-scale amorphization.

1. Introduction

In recent years, silicon nanowires (SiNWs) have attracted
increased attention due to their unique size-dependent properties.
These make them attractive for use in a number of applications,
including nanoelectronics,!"! nanosensors,??! catalysis,l and Li-ion
battery (LIB) anodes.[ In many cases, these applications depend
on the strong mechanical behavior of the nanowires (NWs) for
them to function reliably. For example, Si is a potential candi-
date to replace traditional graphite-based anodes used in Li-ion
batteries, owing to factors such as their high theoretical charge
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trolyte interphase (SEI) layer formation.

Repeated breaking and reformation of this

SEI layer due to volume expansion during

cycling leads to irreversible consumption
of Li ions, which in turn causes poor Coulombic efficiency and
reduced life.10)

Experimental results have shown that while uncoated SINWs
are only capable of sustaining =10 charge—discharge cycles
before irreversible loss in lithiation charge capacity, the addi-
tion of coatings on SiNWs, such as carbon,'l polymers,i?
and metal oxides™¥ can enhance the battery stability to
between 50 and 100 cycles. This improvement is clearly vis-
ible even at nanometer thicknesses, making thin-film deposi-
tion processes such as atomic layer deposition (ALD) attractive
techniques for performance enhancement.["” First, thin oxide
coatings (Al,03, SiO,, TiO,, etc.) are capable of functioning
as an artificial SEI, inhibiting solid electrolyte interphase film
formation and activity across the nanowire surface due to their
insulating and high dielectric properties.!®”] This inhibits
the formation of Li,CO; and LiF, and other organic SEI com-
ponents, preventing irreversible consumption of Li-ions during
cycling.l'®l Additionally, the addition of thin coatings has also
been found to improve the mechanical integrity of the silicon
core itself by constraining volume expansion and reducing
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stress concentration.’ Experimental works have shown that

SiNWs coated with metal oxide coatings, such as alumina or
titania, have fewer cracks than uncoated SiNWs after cycling.?’!
Recently, Kim et al.'¥ have performed molecular dynamics
(MD) simulations to track the chemical, structural evolution of
Al,O5 coatings during lithiation, wherein it has been reported
that concentration gradients of Li-ions are formed inside the
oxide coating, resulting in elastic modulus gradient and delayed
failure.2!l However, it is still not clear to what extent oxide coat-
ings improve the mechanical properties of the SiNWs or to
what extent the ultimate tensile strength (UTS), Young's mod-
ulus, ductility, and toughness improve as a function of oxide
coating thickness. Optimization of parameters, such as coating
thickness and core diameter, is required to develop an artificial
SEI coating which can withstand the volume expansion of sil-
icon during multiple lithiation cycles.

In this study, the effects of silica and alumina coatings on the
mechanical properties of SINWs are examined using molecular
dynamics simulations with a reactive force field (ReaxFF).[222
From a mechanics perspective, it is known that while proper-
ties such as the Young’'s modulus of core—shell nanowires
follow typical mixing rules, other properties can show unex-
pected phenomena. For instance, the core—shell interface of
crystalline-amorphous silicon nanowires has been found to
provide a site for surface defect nucleation, decreasing the ten-
sile strength and increasing ductility.?l Additionally, the failure
mechanisms of core—shell nanowires appear to be profoundly
influenced by the interaction of the constituent materials. For
example, Si-coated AuNWSs can sustain a plastic deformation
of up to 50% strain without undergoing necking due to the
ability of the silicon coating to prevent localized deformation.?!
Motivated by these findings, this study intends to evaluate the
potential ability for ALD coatings to provide mechanical integ-
rity to SINW battery anodes. To this end, we have performed
uniaxial tensile tests on both coated and uncoated SiNWs, at
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both 0 and 300 K. A parametric study is performed, consid-
ering the effects of SINW core diameter, coating thickness, and
operating temperature. The effect of coating thickness on UTS
and strain to failure will help to optimize coating design, and
varying the SiNW diameter will help to determine how results
might apply to larger SINWs. Simulations with nanowires com-
posed entirely of either silica or alumina are also performed
to determine if the properties of coated nanowires follow tra-
ditional mixing rules. Finally, insight is given into the defor-

mation and failure mechanisms of both uncoated and coated
SiNWs, at both 0 and 300 K.

2. Computational Modeling

The MD simulations were carried out using LAMMPS soft-
warel?®l with a ReaxFF potential.?223l This ReaxFF potential
designed for Li, Al, Si, and O is part of a series of variable
charge bond-order potentials in which the total energy of the
system is described by bonding including, Coulombic, over-
coordination, and van der Waals energies. ReaxFF potentials
have previously been used in simulations of other SINW sys-
tems, including those with lithiation of both bulk silicon and
SiNWs.[1927-29] The total simulation cell measured 10.3 nm x
15.0 nm x 15.0 nm, with the atmosphere around the SiNWs
being vacuum (Figure 1). All the nanowires tested had an initial
length of 10.3 nm, with periodic boundary conditions in all the
orthogonal directions; the loading direction was oriented along
the <111> crystallographic direction of the NW. All MD simula-
tions were performed using the canonical (NVT) during tensile
loading and the isothermal-isobaric (NPT) ensemble for equi-
libration, with temperature controlled using a Nosé—Hoover
thermostat and a damping parameter of 100 fs.3% A timestep
of 1 fs was used. Visualization of nanowire deformation was
achieved using The Open Visualization Tool (OVITO).1:32]

Figure 1. Snapshots showing a schematic illustration of a) the simulation cell containing an alumina-coated nanowire, with horizontal and vertical
cross-sections of 4 nm diameter SINW: b) uncoated, c) with 1.0 nm silica coating, and d) 1.0 nm alumina coating.
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Crystalline SiNWs are first relaxed at 0 and 300 K, before
loading in the axial direction until failure at a strain rate of
0.1% ps~!. Uniaxial tensile loading is achieved through incre-
mental dilations of the simulation supercell. Atomic positions
are then rescaled through a commensurate affine transforma-
tion, which effectively creates a uniaxial strain equal to the box
dilation. Atoms were permitted to statically relax after each
dilation step; however, the strained box dimension was held
constant. For studying the overall stress—strain response, the
longitudinal stress oy, was calculated using the component of
the pressure tensor in the direction of strain py,, with the ini-
tial diameter of the nanowire used to calculate the characteristic
volume, and time averaged over 1 ps. It should be noted that
at 300 K for the ReaxFF potential, thermal equilibration of the
uncoated SiNWs results in surface reconstruction causing dis-
tortion in the diamond cubic lattice structure, similar to what
is obtained using the Tersoff potential.**! Following annealing
at high temperature to remove dislocations, the resulting struc-
ture is still recognizable as diamond cubic by the modified
common neighbor analysis, described by Maras et al.ll SiNWs
at 0 K remained fully diamond cubic without any annealing
required. Silica or alumina coatings are added after annealing
according to their most stable bulk configuration and relaxed
to an amorphous structure prior to testing. Simulations with
nanowires composed entirely of either silica or alumina are
also performed to determine if the properties of coated nanow-
ires follow traditional mixing rules. A full list of nanowire para-
meters tested can be seen in the Supporting information.

3. Results and Discussion
3.1. Deformational Behavior of Uncoated SiNWs

In order to establish a reference for comparison, the tensile
responses of uncoated SiNWs are presented first. Figure 2
shows the tensile response of uncoated SiNWs with diameters
ranging from 2 to 6 nm. At 300 K, the nanowires are initially
crystalline with reconstructed surfaces. The uncoated SiNWs
with diameters greater than 4 nm exhibit linear elastic loading
with Young’s moduli between 132 and 142 GPa up to a strain
of 5% and a stress of 6 GPa, after which localized surface
amorphization begins to occur. This corresponds to a notice-
able decline in the slope of the stress—strain curve, although
continued loading causes it to rise again as amorphous region
is seen to extend beyond the coating into the SiNW core,
resulting into the formation of a shear band (Figure 2a). This
leads to failure as necking occurs at the UTS of =11 GPa at
16% strain. These values are relatively consistent with the
recent experimental measurements of Zhang et al, which
report a UTS of 18 GPa at 13.5% strain with Young’s modulus
of 134 GPal*l for SiNWs, as well as other MD simulations.*]
It should be noted that although our value of 11 GPa is low
compared to experimental results, increasing nanowire diam-
eter has been reported to correlate with an increase in UTS.P’]
Although the strain to failure also increases with increasing
diameter, beyond a size of 4 nm the marginal gains are lim-
ited. In addition, we find that the effect of diameter size on
Young’'s modulus is not significant. These results for the UTS
and elastic modulus demonstrate the geometric dependence of
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mechanical properties of SiNWs at 300 K, which is also con-
sistent with other MD simulations.3¢38]

At 0 K, the uncoated SiNWs exhibit linear loading behavior
up until a peak stress, followed by a sharp drop in the stress
state after continued loading. For the uncoated SINW this
is at about 10% strain, with UTSs and an elastic modulus of
14.4 and 163 GPa. These values are in agreement with other
MD simulations.?>*% The SiNW fails via amorphization upon
reaching the peak stress. After a period of prolonged necking,
during which some hardening is observed to occur (as per the
stress-strain response in Figure 2b), fracture ultimately occurs.
It is difficult to verify this counterintuitive hardening profile,
as we are operating in a very nonlaboratory regime in terms of
thermal effects. Additionally, it can be observed that at 0 K, the
Young’'s modulus, UTS, and strain to UTS are comparable for
all the SiNWs irrespective of their diameter. This is similar to
the results of Liu and Shen,*! which also find negligible effects
of size on mechanical properties of SINWs at low temperature.

Although the failure mechanisms for SiNWs have been
studied before using atomistic simulations, our simulations
reveal interesting insights on aspects that have previously
remained unclear. For instance, different interatomic potentials
often show varying results for UTS, elongation to failure, and
failure mechanisms.’”] Kang et al. showed whether a potential
predicts a brittle or ductile failure mechanisms depends on the
value of a ductility parameter consisting of the Schmid factor
S multiplied by the ratio between the ideal tensile and shear
strengths (So./1.), which suggests that for the SINWs consid-
ered here cleavage should occur, because SiNWs are stronger in
shear than in tension.*®! A subsequent investigation indicated
that ductility also depends on nanowire diameter, temperature,
and strain rate, with a brittle to ductile transition when the
nanowire diameter falls below 4 nm at room temperature.3’]

However, for all nanowire diameters tested here, failure does
not occur via crack propagation but via shear-driven amorphiza-
tion within a dominant shear band. This finding is in agreement
with recent experimental studies such as by Han et al.,*l who
showed that <111> oriented crystalline SINWs turn into amor-
phous Si during tensile loading via shear-driven mechanism in
which an intermediate diamond-hexagonal phase is formed fol-
lowed by dislocation nucleation and accumulation.*] This crystal-
line to ductile transition has also been recently observed in com-
pression of silicon pillars via accumulation of stacking faults.*

To illustrate the atomistic mechanism based on our Reax-based
simulations, a sequence of atomic configurations during various
stages of tensile deformation between nanowires with diameters
of 4 and 6 nm is depicted in Figure 2a. The smaller diameter
nanowires fail by tensile necking, while the larger nanowires fail
following the development of localized shear bands. For all sizes
tested, amorphization originates from the surface and propagates
through the nanowire core. At 0 K, a failure continues to occur
via amorphization, which initiates from the surface and pen-
etrates through the core. While failure at 300 K typically results
with the formation of a single shear band, multiple shear bands
were observed to form throughout the entire nanowire volume at
0 K. These shear bands accumulated to form a large tensile neck
in all the samples tested. To understand whether the deformation
close to failure occurs via phase transformation, we counted the
number of atoms belonging to the regions that underwent phase
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Figure 2. Stress—strain curves for uncoated SiNWs undergoing tension with a strain rate of 0.1% ps™' at both at a) 300 and b) 0 K, with snapshots
showing the underlying failure mechanisms below. Atoms are colored according to the modified centrosymmetry by Maras et al.?* to identify diamond
cubic structure. Atoms in blue are diamond cubic; orange are diamond hex. Lighter shades indicate Tst and 2nd neighbors of crystalline phases, while
white atoms are not recognized as belonging to any crystal structure. a) The cross sections of two nanowires of diameter of 4 and 6 nm at 300 K are
pictured. By 16% strain a shear band forms, leading to localized failure. b) A nanowire with diameter of 6 nm is presented. Multiple shear bands form
during deformation, although failure still occurs via plastic flow within a dominant shear band.

change to nondiamond cubic lattice using a modified centrosym-
metry parameter.3¥ For a nanowire with diameter of 6 nm, at
300 K only 18% of atoms were detected as nondiamond cubic
close to failure initiation, while greater than 67% of atoms were
observed as nondiamond cubic at 0 K. Here, failure is defined as
the point when the stress falls below 35% of the UTS.

3.2. Deformational Behavior of Metal Oxide Coated SiNWs
Figure 3 compares the stress—strain curves of SiNWs of diam-

eter D = 4.0 nm with 0.5, 1.0, and 1.5 nm silica and alumina
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coatings at 300 K and a strain rate of 0.1% ps~!. All cases of silica
coatings resulted in ductile deformation with delayed failure
and improved toughness in comparison to uncoated NWs. The
overall elongation to failure appears to be limited primarily by
the strain at which failure initiates in the silica coating, which
occurs at 40-47% strain. During the tensile simulation, atomic
readjustment occurs intermittently, corresponding to sharp
drops in the stress—strain curves that are clearly visible in the
stress—strain responses. The overall change in mechanical
properties due to the coating on nanowire properties appears
to be dependent on the thickness of the coating. For all silica-
coated nanowires tested, the UTS decreases to =9 GPa, but
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Figure 3. The effect of coating thickness (0.5, 1.0, and 1.5 nm) is shown in the stress—strain curves for SiINWs with a) silica and b) alumina coatings,

with strain rate 0.1% ps™" at 300 K and a core diameter of 4 nm.

at 16% strain (failure of uncoated SiNWs), a drop in stress of
=3 GPa occurs for the 0.5 thick coating, while coating thick-
nesses of 1.5 and 1 nm result in a drop of only =1 GPa. As
the ratio of coating thickness to nanowire diameter decreases,
a higher stress drop is expected, since the UTS of silica is not
reached until failure at roughly 40-47% strain (Figure 4). This
allows the silica coating to provide a relatively stiff outer layer
which absorbs further load. However, for Li-ion battery anodes,
this may not be preferable, since a highly stiff coating imposes
compressive constraints on the Si core, inhibiting lithiation.!'>*]

For the case of alumina coatings also, significant improve-
ments in elongation to failure and toughness were observed.
However, in contrast to silica-coated NWs, these improve-
ments were found to be relatively size independent in the
case of alumina coatings and the gains for coating thickness
beyond 1.0 nm appear to be marginal (Figure 3b). All coated
nanowires displayed similar Young’s moduli and the UTS
measurements appear to decrease slightly as coating thickness
increased. Following the onset of yielding, the stress plateaued
at =7 GPa and slowly reduced as necking occurred. As coating
thickness increased, both the final elongation to failure and the
energy absorbed up to failure improved diminishingly, and to
a lesser extent than silica coatings. In addition, higher thick-
ness also resulted in reduced UTS, indicating that thicker coat-
ings are not necessarily mechanically superior. This property
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makes thin alumina coatings such as provided by ALD ideal
for mechanical property enhancement in applications such as
Li-ion battery anodes, where diffusion of lithium ions is slowed
in oxide coatings as the formation of Li—O bonds presents a
barrier to lithium diffusion.?’]

Since silicon nanostructures used in Li-ion batteries and
other applications typically have core diameters on the order of
50-150 nm,® it is necessary to determine how changing dia-
meter sizes may affect our results. Figure 4 shows the effect
of oxide coatings on the mechanical properties of SiINWs with
different core diameters (2 and 6 nm, respectively). For both
alumina and silica coatings, the UTS increases with core diam-
eter due to the improved properties of the Si core. As such,
it is expected that as the Si core diameter increases, the UTS
of our coated nanowires should continue to increase to up
to =20 GPa.’® However, beyond 16% strain, when failure of
uncoated SiNWs occurs, the ability of the coating to improve
performance decreases with increasing core diameter. This
is especially noticeable for silica coatings, where an SiNW
with core diameter of 2 nm has a strain to failure of 70%, but
only 38% at 6 nm. This corresponds to experimental results
which have shown that while a 3.4 nm thick silica coating can
inhibit volume expansion in SiNWs with diameter of =50 nm,
an SINW with a diameter of 150 nm requires a =7 nm thick
coating to achieve a similar effect.**#’] Alumina coatings have
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Figure 4. The effect of nanowire diameter is shown by comparing stress—strain curves for SiINWs (both coated and uncoated) with core diameter of

a) 2 and b) 6 nm, with strain rate 0.1% ps™' at 300 K.
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Figure 5. Stress—strain curves showing the effect of different coatings on the properties of SiNWs from a core—shell perspective: a) silica at 300 K, b) alu-
mina at 300 K, c) silica at 0 K, and d) alumina at 0 K. In all cases, an SINW and metal oxide nanowire of diameter 4 nm is compared to an SiINWs with

a 2.0 nm core diameter and 1.0 nm thick coating.

not shown similar size dependence.!'3l Therefore, it is expected
that for the same coating thickness, as nanowire diameter
increases the strain to failure should remain fairly constant for
alumina-coated nanowires, but continue to decrease for silica-
coated nanowires. This indicates that when coating thickness
constraints exist for SiNWs with larger diameters, alumina
coatings may be preferable, while silica coatings may be prefer-
able at smaller diameters. Interestingly, silica-coated nanowires
with 2 nm SiNW core diameters perform better in terms of
ductility and toughness than nanowires made solely of either
silicon or silica (Figure 5a). Although localized failure occurs
in uncoated SiNWs at =16% strain, an SiNW with diameter of
2 nm and coating thickness of 1 nm displays uniform tensile
elongation up to ~47% strain, ultimately prolonging failure to
70% strain. Regardless, even a 1.0 nm thick coating continues
to provide significant improvements in ductility and toughness
for all diameters tested.

The increase in elongation to failure of the coated nano-
wires appears to be due to their ability to prevent localized
failure from occurring (Figure 6a). In uncoated SiNWs, local-
ized failure occurs as due to the formation of a dominant shear
band, but both silica and alumina coatings delay the formation
of shear band and can increase elongation to failure to 47% and
greater. First, both silica-and alumina-coated nanowires are able
to delay the formation of a dominant shear band by increasing
the rate of defect nucleation.¥! Second, the strong electro-
chemical interactions between oxygen atoms in the coating and
free surface bonds in the core silicon atoms distribute local-
ized strains across a much greater volume and limit the flow
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of core atoms within shear bands. This results in the formation
of a relatively larger tensile neck and is likely the cause of the
necking seen in experimental work of Han et al., found tensile
necking in SiNWs with thin silica coatings.*?!

At 0 K, both silica and alumina coatings behave similarly to
300 K. While the uncoated SiINW was observed to fail upon neck
formation, the coated SiNWs experienced prolonged necking
that resulted in significantly increased elongation to failure.
Consequently, although the uncoated SINW possess the highest
UTS of =16 GPa, energy absorbed to failure still increases sig-
nificantly with coating. The effect of alumina coatings on the
mechanical properties does not appear to change significantly
between 0 and 300 K. However, the mechanical behavior
of silica coatings is known to vary according to a number of
parameters including temperature and strain rate.*”) At 0 K, the
UTS and elongation to failure of silica increases significantly
than at 300 K, increasing the ductility and toughness of silica-
coated nanowires. This indicates that silica coatings may be
preferable in lower temperature applications.

The dislocation mechanisms of the silicon nanowires show
interesting properties under athermal conditions. As with the
silica- and alumina-coated NWs at 300 K, and at 0 K, all the sam-
ples are able to increase ductility and toughness by impeding
the formation of a tensile neck. In addition to careful examina-
tion of the Si core during deformation indicates twinning of the
diamond cubic lattice via an intrinsic stacking fault on the glide
set of {111} type planes (Figure 7). The mechanism of twinning
for the Si diamond cubic structure involves the dissociation of
full <110> type dislocations into <112> type Shockley partial
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Figure 6. Snapshots comparing the failure mechanisms for SiINWs: a) uncoated, b) with 1.0 nm alumina coating, and c) with 1.0 nm silica coating
at 300 K and with diameter of 6 nm. Atoms are colored according to the local shear strain invariant. A shear band is formed in all three nanowires
between 16 and 17% strain, but although amorphization is highly localized in the uncoated SiNW, both coatings serve to distribute strain across a
greater volume of material. In alumina coated nanowires, failure ultimately occurs after prolonged necking, while silica coated nanowires fail after

fracture of the coating.

dislocations along the glide set. Since twinning leads to signifi-
cant strain relaxation, this helps to permit sustained deforma-
tion of the core in the coated SiNWs. However, it should be
noted that it is unclear to what extent these effects are due to
reduced temperature or due to the lack of structural distortion
at 0 K, resulting in different lattice properties between 0 and
300 K results. Dislocation-based plasticity has been previously
observed in experimental studies of SiNWs, with full <110>
type dislocations being observed in tensile loadings of <110>
oriented wire samples. Although partial dislocation activity has
not been directly observed in experimental studies of SiNWs,
they appear readily in the growth of <111> oriented SiNWs,>%
which suggests a low stacking fault energy and high tendency
of formation for the partials.

3.3. Chemical Origins of Ductility Enhancement by Metal
Oxide Coatings

In general, it is accepted that metal oxides are fairly brittle. Fur-
thermore, previous simulations of oxidized iron and copper
nanowires found that while the oxide coatings lowered the
onset of plastic deformation, they failed to significantly improve
overall ductility.>">?l However, recently, Sen et al. showed that
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oxidized aluminum nanowires are ductile and capable of super-
plastic deformation beyond 100% strain in an oxygen envi-
ronment.”?! Interestingly, our results show that both alumina
and silica coatings could improve the ductility of SINWs even
in vacuum. Silica, both by itself and as a coating material for
SiNWs, quickly fractures when it approaches a strain of 47%.
However, although the UTS of alumina occurs at 24% strain, it
is able to prevent fracture until necking to much higher levels
of strain, greater than 60%.

The large ductility of coated nanowires appears to be due
to the ability of constituent atoms in the coating to undergo
atomic rearrangement in response to strain. We estimate the
number of overcoordinated atoms by using the first trough in
the radial distribution function as a cutoff, with overcoordinated
atoms having coordination above the median value. During
tensile loading, strain energy is dissipated by the breaking of
bonds between overcoordinated atoms, and voids are repaired
as bonds form between undercoordinated atoms. However, as
the number of overcoordinated atoms decreases, void growth
occurs, increasing the number of undercoordinated atoms at
the expense of over or normally coordinated atoms, as seen in
the reduction in overcoordinated atoms in Figure 8. During ten-
sile loading, the number of overcoordinated atoms in alumina
decreases by =12%, allowing for a gradual decrease in the UTS

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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of the alumina-coated nanowires via slow softening effect. This  increased ductility is expected to be useful in designing coatings
results in superior elongation to failure compared to silica coat-  for Li-ion battery anodes, as ductile coating can limit exposure of
ings, which do not undergo significant atomic rearrangement  the silicon core to the electrolyte even under significant strain to
and therefore fail quickly once a critical strain is reached. This  prevent SEI formation. However, it should be noted that nano-
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Figure 8. Graphs showing the percentage of overcoordinated atoms overlaid on the stress—strain curves for a) silica- and b) alumina-coated nanowires
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therefore less capable in absorbing strain energy through atomic rearrangement. The coordination number of an atom is estimated using the first
trough in the radial distribution function as a cutoff, with overcoordinated atoms having coordination above the median value.
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sized silica has also been found to be ductile when the average
coordination number is high,5* indicating this is not neces-
sarily due to the cation species, but due to the higher atomic
density in the alumina coating, which has greater than 50%
more atoms in the same volume compared to the silica coating.

3.4. Application Toward Lithium-lon Battery Anode Design

Our simulations have shown that the addition of metal
oxide coatings results in significantly increased ductility and
toughness, which is expected to improve long-term stability
of SiNWs in Li-ion battery anodes where large volume expan-
sion repeatedly occurs. Experimental results have shown that
SiNWs with alumina and other metal oxide coatings have fewer
cracks than uncoated nanowires following lithiation/delithia-
tion.['31419] Recently, Khosrownejad and Curtin®® have found
that fracture in lithiated SINWs results due to the interaction of
several processes including nanovoid nucleation and growth,
localization of plastic flow between voids and the crack tip,
and tearing of any residual ligaments. In our results, we found
that failure in uncoated SiNWs occur via localized failure in a
dominant shear band, but the addition of oxide coatings pre-
vents localized failure from occurring due to strong interfa-
cial bonding. In addition, it has been shown that silicon has
significantly reduced yield stress when lithiated, with UTS
decreasing from =20 GPa to less than 8 GPa in fully lithiated
silicon,P”8 but similar simulations on lithiated silica show
a much lower decrease in yield stress.””] Our simulations of
metal oxide coated SiNWs show that the UTS of these systems
follow mixing rules. As such, when the nanowire is lithiated,
the slight decrease in UTS following the addition of the oxide
coating may be less evident. These two factors are expected to
significantly increase the toughness of the SINW during lithia-
tion/delithiation, preventing crack formation and fracture.

In addition, our simulations indicate that in order to be
effective, the improvements in mechanical properties afforded
by the metal oxide coatings should be relatively invariant of
coating thickness. Although at a diameter size of 2 nm silica
coatings perform reasonably well, with a toughness to failure
of 4083 M]J, when the diameter size increases to 6 nm it falls to
2307 MJ. This is corroborated by experimental results, which
show that although a 3.4 nm thick silica coating can improve
the mechanical properties of SINWs with a diameter of =50 nm,
its effect becomes negligible when the diameter increases to
150 nm.[*¢#’] As coating thicknesses increases, electrochemical
performance is expected to be negatively affected, as the need
to repeatedly break Li—O bonds in the oxide coating presents
a barrier to lithium diffusion.’”) Our results indicate that
this problem can be mitigated by choosing metal oxide coat-
ings which are sufficiently dense and results in relatively size
invariant ductility due to the ability to undergo atomic rear-
rangement in response to strain. This allows for a mechanically
robust coating which is nevertheless thin enough so as to not
interfere with electrochemical performance.

Finally, it should be noted that although metal oxide coatings
greatly improve the cycling stability of SINWs as LIB anodes,
reduction in charge capacity still occurs following 50-100 cycles
due to breakup of the metal oxide coating.!'>!4 As such, further
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research is required in order to develop anode shapes and
coating materials, taking into account both mechanical and
electrochemical properties, and incorporating variables such

as the presence of SEI layer and repeated lithiation/delithiation
cycling.

4, Conclusion

The mechanical properties of uncoated, silica-coated, and alu-
mina-coated SINWs under uniaxial tensile loading were exam-
ined using classical MD simulations. The effects of parameters
such as temperature, core diameter, and coating thickness were
varied in order to study their effect on the mechanical response
of the SiNWs. Our results revealed almost twofold gains in the
ductility of the coated SiNWs, with increases in elongation-
to-failure from 16% to greater than 47%. Importantly, the
improvements in the ductility of nanowires were not accompa-
nied by a proportional decrease in the tensile strength, resulting
in remarkable improvements in toughness of up to =4 times.
The oxide coatings dissipate strain energy via atomic rearrange-
ment of overcoordinated atoms, an effect most notable when
the oxide coating is highly coordinated while also increasing
the activation volume of the silicon core, preventing localized
deformation from occurring. This increase in toughness and
ductility is therefore expected to improve long-term stability of
SiNWs in Li-ion battery anodes and other energy storage and
electronics applications.
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