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ABSTRACT: Tin alloy-based anodes supported by inverse-opal
nanoscaffolds undergo large volume changes from (de)lithiation
during cyclic battery (dis)charging, affecting their mechanical
stability. We perform continuum mechanics-based simulation to
study the evolution of internal stresses and strains as a function of
the geometry of the active layer(s): (i) thickness of Ni;Sn, single
layer (30 and 60 nm) and (ii) stacking sequence of NiySn, and
amorphous Si in bilayers (60 nm thick). For single Ni;Sn, active
layers, a thinner layer displays higher strains and stresses, which are
relevant to mechanical stability, but causes lower strains and stresses
in the Ni scaffold. For Ni;Sn,-Si bilayers, the stacking sequence
significantly affects the deformation of the active layers and thus its
mechanical stability due to different lithiation behaviors and volume
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1. INTRODUCTION

Lithium-ion batteries (LIBs) need to achieve significantly faster
charging time and higher energy densities to increase their use
in emerging and established applications such as automotive
and electronic applications."™® Tin alloy-based anodes are
promising candidates for increasing both the power and energy
density of LIBs as they exhibit a much higher capacity than that
of conventionally utilized graphite (~994 vs 372 mAh/g).”
However, these anodes exhibit a large volume expansion
(~100%)""" during lithiation, which can generate large
stresses, thereby causing cracking, pulverization, and delamina-
tion in the anodes.” Reducing the dimensions and the relevant
size scales of tin-based anode geometries is one strategy used to
reduce the maximum stresses developed during lithiation;”"!
however, there is limited understanding of the effect of scale
and geometry of the anode upon the strains and stresses
created by (de)lithiation-induced volume change. These strains
and stresses affect mechanical stability, which is closely related
to the resistance to irreversible processes, such as plasticity and
fracture of these anodes during cyclic (dis)charging.

The evolution of internal stresses and strains and the
resulting mechanical stability of tin- and the related silicon-
based alloy anodes have been studied within the context of
well-dispersed nanocrystals subjected to lithiation by employing
theoretical and experimental approaches.lz_14 Furthermore, we
recently studied the mechanical behavior of a Si active layer
deposited on a Ni scaffold during (de)lithiation by employing
finite element (FE) modeling.'> Here, we carry out a study of
the evolution of internal stresses and strains as a function of
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geometrical parameters by considering two cases: (i) a Ni;Sn,
single layer with two different thicknesses and (ii) a bilayer
consisting of a Ni;Sn, and an amorphous Si layer, where the
coating sequence is varied. Specifically, we build upon our
previous study'® of a silicon-coated nickel inverse-opal anode
and employ sequentially-coupled stress and diffusion FE
modeling to predict the internal stresses and strains of an
anode system consisting of Ni;Sn, coated on a nickel inverse-
opal substrate. The predicted strain values in the Ni substrate
are then compared with those measured in operando via
synchrotron X-ray diffraction, using the Ni-average lattice
crystallographic spacings. On the basis of this validation of the
FE model, we then compute the effect of thickness of the active
Ni;Sn, layer on the stress and strain evolution during cyclic
(dis)charging. Additionally, we investigate the case of an active
bilayer consisting of Ni;Sn, and amorphous Si, and we compare
plastic strains to those calculated for a single active layer for
Ni;Sn, of the same thickness.

2. RESULTS AND DISCUSSION

For the FE simulations used here, we adopt the hard contact
condition to describe the 1nteract10ns between the two phases
(Ni;Sn, and Ni) in the anode'® (the governing equations and
boundary conditions are presented in the Supporting
Information). This computational framework has been used
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Figure 1. (a) Three-dimensional (3D) mesh structure of the RVE for a Ni inverse-opal electrode coated with a 30 nm thick Ni;Sn, active layer (thin
layer). The Ni;Sn, and Ni structures have 9063 and 696 tetrahedral elements, respectively. (b) Comparison of the computed and measured strain
evolution in the Ni scaffold over five lithiation—delithiation cycles (marked L and D) starting from the fourth cycle. The two solid lines indicate the
computed strains (the black and red lines correspond to the minimum principal strain and one-third of the volumetric strain, respectively); the
hollow symbols represent measured strain data: in-plane average crystallographic strains measured from Ni (200) and (311) diffraction peaks (blue
square and magenta circle, for two different volumes in the same specimens, labeled I and III) to illustrate reproducibility. The sizes of the symbols
for the experimental data are larger than the uncertainty of the measured strains.
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Figure 2. (a) Three-dimensional mesh structure of the RVE with a 60 nm Ni;Sn, active layer (thick layer). (b) Comparison of the computed
compressive strain evolution developed in Ni due to volume change of the 30 and 60 nm thick active layers for five (de)lithiation cycles, starting after
the third lithiation—delithiation cycle. The black and red lines correspond to one-third of the volume average of the volumetric strains computed
from the thin and thick active layers, respectively. (c) Comparison of the computed maximum von Mises stress (averaged over the 10% of elements
with the highest von Mises value) time evolution in thin and thick Ni;Sn, active layers during a part of the first lithiation half-cycle.
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Figure 3. (a) Three-dimensional mesh systems of the RVE having thick active bilayers. Each active layer with 30 nm thickness can be either Ni;Sn,
or amorphous Si. (b) Comparison of the computed maximum von Mises stress (averaged over the 10% of elements with the highest von Mises
values) evolutions in each of the layers of the bilayers: Si/Ni;Sn, (where Si is the outer layer) and Ni;Sn,/Si (where Si is the inner layer) during the
first lithiation half-cycle. For comparison, the computed maximum von Mises stress evolutions in the single layer cases are also shown.

and proven to be reliable to reproduce the internal strains
observed experimentally in similar silicon-coated nickel inverse-
opal anodes during cycling.'> We first create a representative
volume element (RVE) of the NiySn,-coated nickel inverse-
opal anode, as illustrated in Figure la. The RVE comprises the
Ni;Sn, active layer and the Ni scaffold, where the surface
between these phases are in contact. The thickness of the active
layer is 30 nm, and the Ni scaffold has a pore size of 500 nm.
Tetrahedral elements (C3D10T) were used for all models.
Ni;Sn, and Ni have 9063 and 696 elements, respectively, as
illustrated in Figure 1a. Mesh sensitivity analysis was carried out
for the first lithiation, varying from 9063 to 13078 (NiSn,
element number) and from 696 to 1178 (Ni element number).
For the element numbers used in the rest of this study,
sensitivity was negligible. The RVE has an open porosity of
50% of the total volume, and the solid volume fractions of the
Ni scaffold and Ni;Sn, active layer are 26 and 24%, respectively.
Figure 1b shows strain evolutions developed in Ni due to the
lithiation-induced volume change of NiySn, (which are
discussed in detail in the Supporting Information) during five
(dis)charging cycles. The black line corresponds to the volume
average of the minimum principal strain computed from each
element, and the blue line corresponds to one-third of the
volume average of the volumetric strain computed from each
element. The latter strain is expected to be directly comparable
to the strain data measured from X-ray diffraction. The in-plane
average crystallographic strains, previously measured in a
Ni;Sn,-coated Ni scaffold with the same geometry,'” are also
shown in Figure 1b for the Ni (200) and (311) diffraction
patterns on five (dis)charging cycles. There is reasonable
quantitative agreement between the computed and measured
strain data. Li ions diffuse into the active layer during lithiation,
leading to a free expansion toward the pore volume, whereas
the Ni scaffold prevents expansion toward the scaffold. This
resistance to the expansion of the active layer causes net average
compression in the Ni scaffold, and the compressive strain
increases linearly with the degree of lithiation, as shown in
Figure 1b. The differences in stiffness between these two
crystallographic orientations (approximately 137 GPa in (200)
and 217 GPa in (311))'® causes the difference in the slope
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between the compressive strains and the corresponding
magnitude of those. The computed compressive strain at the
fourth full lithiation point (labeled L4 in Figure 1b) is
—0.00222%, which is similar to the measured value of
—0.00241% collected from X-ray diffraction. The compressive
strain recovers rapidly during the subsequent delithiation,
which results in a fully recovered strain after the fourth
lithiation—delithiation cycle.

We then examine how the thickness of the active layer affects
the internal stresses and strains and creates an RVE with a 60
nm thick active layer (i.e., twice the thin 30 nm thickness in
Figure 1b), as illustrated in Figure 2a. Ni;Sn, and Ni have 8789
and 696 elements, respectively. The RVE has an open porosity
of 22% of the total volume, and the solid volume fractions of
the Ni scaffold and Ni;Sn, active layer are 26 and 52%,
respectively. Figure 2b shows the computed compressive strain
evolution during five (de)lithiation cycles developed in the Ni
scaffold due to the lithiation-induced volume change of the
Ni;Sn, active layers with 30 and 60 nm thickness. The slopes of
the strain curves are nearly linear through the (de)lithiation
process in both cases, indicating that plastic deformation or
yielding does not occur in the Ni scaffold. During the five
cycles, compressive strains in both cases accumulate gradually
in the Ni scaffold after each cycle. The computed compressive
strains of the Ni scaffold with a thicker (60 nm) active layer
after each full lithiation are —0.0046, —0.0048, —0.0051,
—0.005S, and —0.0059%, respectively, which are approximately
twice the computed values of —0.0022, —0.0021, —0.0021,
—0.0026, and —0.0028% of the Ni scaffold having a thinner (30
nm) active layer, respectively.

To further explore the effect of the active layer thickness on
the mechanical stability of the anode, the computed maximum
von Mises stress is plotted as a function of lithiation time
during the first 18 min of lithiation (corresponding to 23% of
full lithiation) for the two cases with different thickness, as seen
in Figure 2c. The maximum stress is defined as the averaged
stress in 10% of elements that show the highest von Mises
stress, which can be used as a criterion to determine mechanical
stability of the active layer.'” " Stress accumulation in the thin
active layer occurs faster than that in the thick active layer,
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Figure 4. (a) Computed equivalent plastic strain evolutions in the active layers for four cases (30 nm Ni;Sn,, 60 nm Ni;Sn,, 60 nm Ni;Sn,/Si, and
60 nm Si/NiySn,) during the first lithiation half-cycle. The black, red, blue, and magenta lines correspond to volume-averaged von Mises
(equivalent) plastic strains computed for the thin NiySn,, thick NiySn,, thick Si/Ni;Sn, (Si outer layer), and thick Ni;Sn,/Si (Si inner layer) cases,
respectively. (b) Computed equivalent plastic strain distributions of the active layers of four cases at the full lithiation state with the color contours

corresponding to surfaces of equivalent strains (unitless).

indicating that the thin layer is more affected by the constrained
volumetric expansion during lithiation, despite the lower stains
developed in the Ni scaffold on which the thin active layer is
deposited. This indicates that increasing the thickness and the
corresponding higher solid volume fraction of the active layer
raises its mechanical stability against volumetric expansion,
leading to less strain transfer in the active layer.”” Therefore,
the insight (ie., thinner active layer is mechanically less stable
but causes smaller strains in the scaffold) gained here by
studying the effect of two active layer thicknesses may serve,
when further confirmed computationally and experimentally, as
a pathfinder in devising practical anodes customized for
superior mechanical properties.

We turn now to the design of a novel electrode, where the
single active layer is replaced by an active bilayer of the same 60
nm thickness, consisting of Ni;Sn, and amorphous silicon, as
seen in Figure 3a. Two cases are considered: (i) NiySn,/Si,
where the outer active layer is Ni;Sn, and the inner layer is
amorphous Si; (ii) Si/NiySn,, where the outer and inner layers
are Si and Ni;Sn,, respectively. The inner and outer layers and
the Ni scaffold have 9063, 9711, and 696 tetrahedral elements,
respectively. The solid volume fractions of the outer and inner
active layers are 28 and 24%, respectively, with the solid volume
fraction of the Ni scaffold (26%) and open porosity occupying
the rest (22%) of the volume. The diffusivity of Li in Ni;Sn, is
one-third of that in Si,”’ thus causing slower diffusion of Li in
the Ni;Sn, active layer. Also, the volumetric expansion of
Ni;Sn, with Li concentration (0.22 m®/mol)"” is approximately
one fourth of that in Si (0.82 m>/mol),”" thus causing strain
incompatibilities between the two layers. Figure 3b shows the
computed maximum von Mises stress in each of the two layers
for the above two cases during the first 18 min of the lithiation
process. As seen in Figure 3b, stress accumulation in the outer
layers is steeper than that in the inner layer. In both cases, the
outer layers have a higher lithium concentration than that of the
inner layers during lithiation, leading to a faster lithiation-
induced volume change in the outer layer, thereby increasing
internal stresses of the outer layer. Volumetric expansion
coeflicients of Ni;Sn, and Si with Li concentration affect the
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mechanical stability of each active layer, indicating that the
stress accumulation of Si is different from that of Ni;Sn, at the
same layer due to different lithiation-induced volume
expansion. Figure 3b also shows the computed maximum von
Mises stress in single layers (Si or Ni;Sn,), with the same 60
nm thickness. As seen in Figure 3b, bilayers increase the
maximum von Mises stress of the outer layer slightly, as
compared to that of single layers with the same total thickness,
whereas stress accumulation in the single layers is steeper than
that in the inner layers of bilayers due to slower diffusion of Li
into the inner layer. Additionally, stress accumulation of the
thick Si layer is slightly steeper than that in the thick Ni;Sn,
layer up to the onset of the plateau region upon yielding of Si
due to larger lithiation-induced volume expansion of Si (and
thus incompatibility with Ni). After the onset of the plateau
region of Si, stress accumulation of the thick Ni;Sn, layer
increases continuously up to the onset of plateau region of
Ni;Sn,, whereas stress accumulation of the thick Si layer shows
the plateau region due to different stress—strain curves of
Ni;Sn, and Si, as seen in Figure S3 and ref 15.

To compare the four cases studied here (the two Ni;Sn,
single layers, and the two 60 nm bilayers), the volume averages
of von Mises (equivalent) plastic strains computed from each
element in the active layers are averaged and plotted as a
function of the lithiation time, as shown in Figure 4a. These
four cases show a similar onset of plasticity, indicating that
yielding in the active layer begins at approximately 0.15 h in all
cases. However, the four cases exhibit significantly different
rates of increase of volume-averaged equivalent plastic strain,
demonstrating that the geometrical modification of the active
layer significantly affects the mechanical state of the active layer.
The plastic strain accumulation of the Ni;Sn,-Si bilayer is the
steepest, indicating that this configuration is the most unstable
(among the four cases studied here) against lithiation-induced
volume expansion. The plastic strain accumulation of the thin
layer is steeper than that of the thick layer. Thus, the plastic
strain accumulation is sensitive to the thickness, number, and
stacking sequence of the active layer. Figure 4b shows the
computed equivalent plastic strain distributions of the active
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layers of the four cases after the first lithiation half-cycle (1.28
h). The computed equivalent plastic strain distribution in the
inner layer of the bilayer is discussed in detail in the Supporting
Information. Each of the four cases shows a different plastic
strain distribution, with plastic strain concentrated at some
regions (struts) of each active layer where mechanical damage
and cracking are thus most likely to occur. Among the four
cases, the thick Ni;Sn, and the Ni;Sn,/Si cases have a nearly
similar plastic strain distribution at the full lithiation state as
seen in the evolution of plastic strain in Figure 4a. In the
Ni;Sn,/Si case, the inner layer Si appears to not significantly
affect the plastic strain distribution and profile of the outer
Ni;Sn, layer. By contrast, the Si/Ni;Sn, case has the severest
strain concentration (Figure 4b), which is in agreement with
the steepest plastic strain evolution (Figure 4a). These findings
indicate that the plastic properties of the outer layer could
determine its elastoplastic behavior during lithiation-induced
volume expansion regardless of the inner layer.

3. SUMMARY

In summary, continuum mechanics-based simulations were
carried out to study the geometrical effect on the stress and
strain evolution of Ni;Sn,-coated Ni scaffolds subjected to
(de)lithiation. In particular, modifying the geometry of the
active layer affects the evolution of internal stresses and strains
in both the active layer and scaffold. First, the evolution during
(de)lithiation of the volume average of the compressive strain
computed in the Ni scaffold agrees with experimental
measurements based on in operando synchrotron X-ray
diffraction. Second, plastic deformation or yielding does not
seem to develop in the Ni scaffold due to linearity of the slopes
of the strain versus time curves through the (de)lithiation
process. Also, an increase of thickness of the active layer leads
to an increase of the strains developed in the Ni scaffold but
decreases strains in the active layer, thus raising its mechanical
stability against the volumetric expansion due to its higher solid
volume fraction. Additionally, a thick Ni;Sn,/Si layer increases
the plastic strain of the outer layer slightly, as compared with a
thick Ni;Sn, layer with the same total thickness. Finally, the
stacking sequence of the Ni;Sn, and Si active layers affects the
plastic strain of the active layers (and thus their mechanical
stability) due to different lithiation kinetics and volume change.
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