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A volume expansion of up to ~310% occurs upon the lithiation of silicon in Si-coated nickel inverse opal
anodes, which causes (de)lithiation-induced mismatch stresses and strains between the Si and Ni during
battery cyclical (dis)charging. These (de)lithiation-induced mismatch strains and stresses are modeled
via sequentially coupled diffusion- and stress-based finite element (FE) analysis, which takes the me-
chanical contact between the Si and Ni phases into account, as well as the complex geometry and ma-
terial properties of the Si-coated Ni inverse opal anode system. During lithiation, compressive strains up
to 0.2% are developed in the Ni scaffold since the Si active layer expands. A rapid recovery of these
lithiation-induced mismatch strains occurs during subsequent delithiation, though full recovery is not
achieved. Strain histories upon multiple (de)lithiation cycles vary with the choice of various mechanical
contact conditions employed between the two phases, since the mechanical contact properties deter-
mine how the contacted phases interact mechanically. The numerically predicted strains are compared
with experimental strain data collected in operando using X-ray diffraction. The simulated strain histories
agree with the measured data, enabling the possibility of predicting mechanical performance and
eventual degradation using only numerical modeling. In particular, the FE model indicates that plastic
deformation occurs first in the lithiated Si active layer, then in the Ni scaffold.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

measurements such as multi-beam optical sensor techniques [8,9],
and X-ray diffraction (XRD) [10—14], which are only useful to

Understanding lithium ion insertion-induced volume changes
in lithium-ion batteries (LIBs) is important, since those can affect
mechanical stability in LIBs. Silicon is a very promising anode ma-
terial due to its high gravimetric capacity (up to 3580 mAh/g) [1],
but it suffers from very high volume change (>300%) during lith-
iation. This lithiation-induced volume change can result in large
mechanical stresses, leading to damage of silicon-based anodes
through delamination, cracking and pulverization, and thereby
causing a rapid battery capacity fade [2]. Much effort has been
devoted to exploring the fundamental nature of this volume change
by employing experimental approaches, such as electron micro-
scopy [3—6], atomic force microscopy [7], optical cantilever
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examine the microstructural and geometric characteristics of
anode due to the lithiation-induced volume change. However,
considerably less attention has been given to understanding the
complicated interactions among the various mechanical and
diffusional phenomena, which occur simultaneously during lith-
iation process. Finite element (FE) analysis [15,16] enables a deeper
understanding of the lithiation process, and a FE model coupled
with experimental results is a powerful tool for exploring this
complex process.

Consequently, to investigate the lithium diffusion-induced vol-
ume change and the corresponding mechanical damage, we pre-
sent here an FE analysis tool which takes into account the
complicated geometry and precise material properties of the Si-
coated Ni inverse opal anode system [17] and the types of me-
chanical contacts between the Si and Ni phases. The computed
strain data are compared with in operando XRD-based strain
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measurements to verify the validity of the FE model, demonstrating
that a combination of different approaches can be used to predict
the mechanical behavior of the anode due to the lithiation-induced
volume change through elasto-plastic deformation. XRD-based
strain measurement techniques were previously utilized to
describe average strains, axial strains, deviatoric strains and strain
distributions, as well as multi-phase strain partitioning in a variety
of materials systems [18—25]. XRD techniques are able to nonde-
structively measure both phase composition and the distribution of
strains in bulk material quantities and buried interfaces in sensitive
sample environments, which can be extremely difficult to achieve
using other characterization techniques. Recently, Yang et al. and
others have used XRD to characterize the transition between
crystalline and amorphous Si during the first lithiation cycle as well
as the crystallization of amorphous lithiated Si at high degrees of
lithiation [11]. However, at size regimes below ~2 pm in nano-
structured anodes employing amorphous Si, there is no clear for-
mation of the Li;sSiy phase [11]. The amorphous nature of
nanostructured Si during (de)lithiation cycling precludes the use of
XRD to directly measure strains in the Si and thus requires indirect
measurement techniques to quantify the strain present in the Si
during cycling. Therefore, in the amorphous Si-coated crystalline
structure anodes, only the strain developed in the crystalline
structure can be measured by XRD to explore the mechanical
behavior of anodes during lithiation, indicating the importance of
FE model which can predict strains in both the Si and the crystalline
structure.

Several FE models employing rigorous constitutive laws and
governing equations have been developed to describe the lithiation
behavior and mechanics of anodes. Bower and Guduru have
developed a simple FE model to investigate the coupled processes
of diffusion, deformation, and fracture in the LIBs [15]. More
recently, Liu presented a FE model taking into account the coupling
effect between diffusion and stress along with the dependence on
the lithium concentration of elastic properties of the active material
[16]. However, considerably less attention has been given to
combining numerical models with experimental measurements
despite the significant and practical importance of this approach.
Comparisons between FE models and empirical data can be utilized
not only to validate model behavior, but also to inform which pri-
mary mechanical degradation mechanisms may contribute to ca-
pacity fade and failure in an anode system. These comparisons may
also enable the effective and rapid design of new anode composites
and structures with greater capacities and lifetimes through a
better understanding of stress concentrations, plasticity and me-
chanical failure.

In this work, we aim at combining sequentially-coupled diffu-
sion and stress FE modeling with in operando XRD-based strain
measurements for an anode system consisting of amorphous sili-
con on a nickel inverse opal substrate [17,26]. Our FE model in-
corporates various mechanical contact conditions between the two
phases in the anode (amorphous Si and Ni), the complex, bicon-
tinuous geometry of the inverse opal system, and precise me-
chanical properties for both phases. Strains developed in both the Si
active layer and the Ni scaffold due to the volume changes associ-
ated with the (de)lithiation of the Si active layer are computed
using the FE model. The predicted values are then compared with
the measured in operando strains based on the Ni average lattice
crystallographic spacings. Additionally, the effects of different
mechanical contact conditions between two phases on these in-
ternal strains are examined by introducing extreme contact con-
ditions such as no-interaction condition between the contacted
surfaces and no-volume change of the Ni scaffold while keeping
volumetric strain of the Si active layer unchanged, since the me-
chanical contact properties determines how the contacted phases

interact mechanically via load transfer.

2. Computational model and methodology
2.1. Governing equations

We consider the insertion of solute atoms into a solid. During
charging, Li atoms are inserted into the anode by electrochemical
reaction occurring at the surface of the solid, which leads to volume
expansion and mechanical stress. In the following, we will sum-
marize the governing equations of deformation and diffusion in the
electrode. It is also assumed that the developed strain is small and
thus the mechanics of infinitesimal straining can be applied.

The constitutive equation for diffusion-induced deformation of
an elastic solid can be expressed as [16,27,28]:

&U:%[(l +l/)0’,'jfl/o’kk51'j] +g6ij (1)
where ¢ (i, j = 1, 2, 3) are the components of strain tensors, ¢;; are
the components of stress tensors, §;; is the Kronecker delta, c is the
concentration of the diffusing component (mol/m?), Q is the coef-
ficient of the volume expansion per mole of solute atoms (m>/mol),
and E and » are Young's modulus and Poisson's ratio, respectively.
The last three parameters are assumed constant, independent of c.
The volumetric expansion of Si during lithiation is described in
detail in the supplementary material.
The stress increment of Cauchy stress do can be expressed as:

do = C®: de® (2)

where C° and def are the elastic stiffness tensor and elastic strain
increment, respectively. The total strain increment de’ is taken as:

de’ = de® + de? + deP (3)

where de? and deP are the strain increments due to diffusion and the
plastic strain increment, respectively. Consequently, the stress
increment becomes:

do=C¢: <d€T —de? — dep) (4)

Li diffusion through the electrode is driven by a chemical po-
tential u [15]:

w=puo+RTInc (5)

where g is a constant, R is the gas constant, and T is temperature.
The hydrostatic stress effect on the Li diffusion model is neglected,
which will be explained on the subsequent diffusion flux equation.
The molar flux of Li crossing a unit area J; is related to the chemical
potential by Ref. [15]:

__D(T)poc ou

where D is a temperature-dependent diffusion coefficient, pg is the
density of the anode material prior to lithiation, and x is a position
vector. The effect of pressure on diffusion [29,30] is neglected in
this work, which can be justified by the relatively low charging
rates, reduced diffusion length in the nanostructured material, and
the relatively high diffusivity of Li in Si. The pressure gradient effect
on the diffusion flux during lithiation is described in detail in the
supplementary material. The evolution equations for Li concen-
tration are completed by the mass conservation equation [15]:
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where t is the time.

2.2. Finite element modeling

The governing equations listed in the previous section are
implemented in the ABAQUS/Standard software by incorporating a
user-defined subroutine. In this FE model, the equations for diffu-
sion and mechanical deformation are solved sequentially, which
means that Li concentrations extracted from the diffusion compu-
tation are subsequently passed to the mechanical deformation
computation.

The representative volume element (RVE) of the Si-coated Ni
inverse opal electrode, which is reduced into a one-eighth sub-cell,
using the symmetry from the periodic cubic unit cell, was used to
compute mechanical deformation and diffusion during (de)lith-
iation, as illustrated in Fig. 1. The RVE consists of both Si active layer
and Ni scaffold, which are in mechanical contact during the process.
The active layer has a thickness of 30 nm [31], and the pore fraction
and size of the RVE are 50% and 500 nm, respectively. The RVE has
9759 tetrahedral elements consisting of Si (9063 elements) and Ni
(696 elements), as shown in Fig. 1. The inverse opal Ni scaffold can
be conceptually understood to be a network of nodes and struts
which comprise 40 and 60% of the Ni volume, respectively [26]. The
volume fractions of Ni scaffold and Si active layer are 26 and 24% of
the total volume of the structure, respectively.

The boundary conditions resulting from the electrochemical
reactions are enforced in the RVE. The initial condition is ¢ = 0 at
t = 0 at all places. During operation, a Li-ion concentration, c;, on
the electrode surface can be determined from the electrode voltage,
so the concentration of Li-ion on the surface during lithiation is set
asc = ¢ on the surface of the electrode for lithiation. The maximum
concentration of Li-ion, Cpayx, 1S 54.00 lithium ions/nm3 [32]. The
electric charge is 0.5 C, which results in a Li flux (Eq. (6)) on the
surface of the electrode. For delithiation, the simulation starts with
the fully lithiated state. Since the discharging rate is the same as the
charging rate, the flux boundary condition is simply adjusted from
in-flux to out-flux with the same magnitude. The RVE has mirror

Active layer, Si y
B scaffold, Ni

boundary conditions along x, y and z directions to enforce periodic
boundary conditions.

The Si active layer and Ni passive scaffold are in contact, which
can be specified by the normal and tangential behavior of the
contact. For the normal behavior, the contact pressure increases
linearly from the moment of contact between the two surfaces
while keeping no inter-penetration between the contacted surfaces
(Fig. 2). The linear contact behavior between the two surfaces is
described in detail in the supplementary material. We assumed
that there is no slip between the contacted surfaces for the
tangential behavior (Fig. 2). To investigate the effect of the me-
chanical contact condition on the mechanical deformation, we
explore extreme contact conditions: (1) no interaction condition
between the contacted surfaces and (2) no volume change of the Ni
scaffold while keeping volumetric strain of the Si active layer
(Fig. 2).

The materials properties of Si and Ni and parameter values used
in the simulation are listed in Table 1.

3. Results and discussion
3.1. Strain predictions during (de)lithiation process

Fig. 3a shows the computed Li concentration (black) and the
corresponding volumetric strain (blue) profiles in Si upon the first
lithiation-delithiation cycle. The Li concentration increases linearly
upon lithiation due to the Li flux into the electrode, and the average
molar content of Li in Si become 3.77 mol Li per mole Si at full
lithiation. The increase of Li concentration causes a volume change
of Si up to 310%, as shown in the Si model in the middle of Fig. 3b.
The computed Li concentration distribution at the full lithiation
stage shows that the Li ions diffuse into the Si on lithiation due to
the Li concentration gradient. For delithiation, the Li concentration
on the surface of the electrode becomes zero, which leads to Li-ion
diffusion out of the electrode since the Li concentration gradient is
opposite to the lithiation process. Thus, the Li concentration de-
creases linearly during de-lithiation, as seen in Fig. 3a, and the
remaining Li concentration becomes 1.22 mol Li per mole Si after
the first lithiation-delithiation cycle, which corresponds to the
rightmost Si model in Fig. 3b, having only 95% volume expansion

Fig. 1. 3D structure and mesh systems of the Si-coated Ni inverse opal electrode: (a) the Ni scaffold with a pore size of 500 nm coated with a 30 nm thick Si active layer, (b) the
representative volume element (RVE) used in the FE model, and (c) the 3D mesh systems of the Si active layer and Ni scaffold. The Si and Ni structures have 9,063, and 696

tetrahedral elements, respectively.
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contact pressure as a function of the distance between the Si and Ni phases, corresponding to a linear contact condition. ¢ corresponds to the slope of the change in normal contact

pressure upon over-closure.

Table 1

Material properties and parameter values used in the model.
Property/parameter Value
Diffusivity of Li in Si (D) 2 nm?/s [30]

Solubility of Li in Si (Cmax)

Density of Si (ps;)

Density of Ni (pni)

Young's modulus of Si (Es;)

Young's modulus of Ni (Ey;)
Poisson's ratio of Si (vs;)

Poisson's ratio of Ni (vni)
Volumetric expansion of Si with Li concentration (Q)
Plastic properties of Si

Plastic properties of Ni

Specific capacity of Si (Cs;)

Slope of normal contact pressure (o)
Temperature (T)

53.398 atoms#/nm° [30]
2329 kg/m? [15]

8908 kg/m® [33]

80 GPa [30]

200 GPa [33]

0.22 [30]

0.31[33]

0.82 m3/mol [34]
Sethuraman et al. [8]*
Ebrahimi et al. [31]°
4.2 Ah/g [30]

1.2En;

298 K

2 Stress—strain curves of Si and Ni are reproduced in Fig. S2.
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Fig. 3. (a) The computed Li concentration (black) and corresponding volumetric strain profile (blue) in the Si active layer during the first lithiation-delithiation cycle, and (b) the

computed Li concentration distributions in the Si active layer at the initial, full lithiation, and full

de-lithiation states, which is described in detail in Movie S1. The contours show

isoconcentration surfaces of Li in the Si active layer. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
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relative to the original electrode geometry. The computed Li con-
centration distribution in the Si active layer during the first
lithiation-delithiation cycle is described in detail in Movie S1.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.actamat.2016.01.064.

The high volume change of Si during the process will affect
mechanically the Ni scaffold that supports the Si active layer, and
this behavior can be predicted by considering the proper me-
chanical contact conditions as mentioned above. Fig. 4a shows the
strain profiles developed in Ni due to the volume change of Si
during the first lithiation-delithiation cycle. The black and red lines
correspond to the computed volume average of the maximum and
minimum principal strains from each element, respectively, while
the blue line corresponds to one third of the computed volume
average of the volumetric strain from each element. Specifically, we
compute the volume average of the volumetric strain from each
element in the FE model and divide by three to compare with the
experimental results since the experimental strain data collected
from X-ray diffraction is likely very similar to one third of the
volumetric strain, which gives an “equivalent uniaxial strain”. The
strains developed in the Ni scaffold during lithiation are compres-
sive since the Si active layer expands on lithiation and is thus under
net tensile strains, as seen in Fig. 4a, which indicates that the
“equivalent uniaxial strain” can be replaced by the “compressive
strain” in the Ni scaffold. During lithiation, Li ions diffuse into the Si
active layer, thus causing an expansion of the Si which occurs iso-
tropically. While the Si active layer expands toward to the pores,
expansion of Si toward the scaffold is constrained by the Ni scaffold.
This elastic resistance to the expansion of the Si active layer puts
the Ni scaffold into net average compression, which increases as the
Li concentration increases. The computed volume average of the

compressive strain at the full lithiation point is —0.0637% (Fig. 4a),
which is similar to the measured value of —0.0767 + 0.002% from a
previous experimental study [26]. Upon the subsequent delithia-
tion, a rapid recovery of the compressive strain occurs, though
strain is not fully recovered from the prelithiation state since the
delithiation time is less than the lithiation time. The computed
compressive strain of the Ni scaffold decreases and
becomes —0.0398% after the first lithiation-delithiation cycle,
which is broadly similar to the measured value of —0.0374% from
the previous experimental study [26]. After the rapid recovery, the
knee in the curve at 3.8 h is observed, which indicates that plastic
deformation might occur in the Ni scaffold since the equivalent
uniaxial strain is nearly unchanged.

Plastic deformation in the Ni scaffold during lithiation can be
also predicted from the computed results. Fig. 4b shows the von
Mises stress distributions of the Ni scaffold under initial, full lith-
iation, and full de-lithiation states, which is described in detail in
Movie S2. The maximum von Mises stress developed in the Ni
scaffold during lithiation (about 1200 MPa) exceeds the yield point
of the Ni (taken as 600 MPa) [33] in the 4.1% of the scaffold, at
regions where the Ni scaffold struts are at their thinnest, which can
lead to the yielding in small regions of Ni scaffold. The von Mises
stress distributions of the Ni scaffold (Fig. 4b) also indicate that the
stress developed in the struts is higher than that in the nodes
during (de)lithiation, thus causing a stress gradient between the
nodes and struts, as seen in Fig. 4b. This phenomenon might be
explained by the geometrical characteristics of opal structure. The
struts are thinner than the nodes and are thus more affected by the
diffusion-induced volume change of the active layer with an even
thickness of 30 nm, since stiffness is proportional to thickness. After
the first lithiation-delithiation cycle, the von Mises stresses in some
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Fig. 4. (a) Computed strain profiles developed in the Ni scaffold due to the volume change of the Si during the first lithiation-delithiation cycle. The black and red lines correspond
to the volume average of the maximum and minimum principal strains from each element, respectively, while the blue line corresponds to one third of the volume average of the
volumetric strain from each element. (b) The von Mises stress distributions of the Ni scaffold at the initial, full lithiation (end of first half-cycle), and end of first cycle, in the
delithiated state, which is described in detail in Movie S2. The color contours correspond surfaces of equivalent stress. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article).
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regions (3.2 vol. % of the scaffold) are larger than the yield point of
the Ni, and plasticity may cause mechanical degradation of the
electrode by fatigue after numerous lithiation cycles.
Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.actamat.2016.01.064.

3.2. Effects of mechanical contact conditions on the developed
strains in Ni

The calculated strains developed in the Ni scaffold due to the
volume change of the Si active layer during (de)lithiation are
affected by the mechanical contact conditions assumed to exist
between the two phases. Fig. 5a shows the Li concentration (black)
and the corresponding volumetric strain (blue) profiles in the Si
active layer during the first three lithiation-delithiation cycles. As
mentioned previously, 1.22 mol of Li-ions per mole Si remain in the
Si active layer after the first cycle, and Li further accumulates in Ni
at the end of the next two cycles, as seen in Fig. 5a.

Based on these results, strain profiles developed in the Ni scaf-
fold during the first three cycles (Fig. 5b) are predicted using the
linear pressure contact condition having no inter-penetration and
slip, as explained in the supplementary material. The first
lithiation-delithiation cycle behavior is identical to the on in Fig. 4a,
and in the subsequent cycles, a very small amount of compressive
strain accumulates in the Ni scaffold after each cycle while the
magnitudes of the maximum and minimum principal strains in-
crease gradually. The computed compressive strains of Ni scaffold
after each cycle are —0.0398, —0.0401, and —0.0405%, respectively.

To investigate the mechanical contact effect on the strains
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Fig. 5. (a) Li concentration (black) and the corresponding volumetric strain (blue)
evolution in the Si active layer during the first three lithiation-delithiation cycles and
(b) strain profiles developed in the Ni scaffold due to the volume change of the Si
during these cycles. The black and red lines correspond to the volume average of the
maximum and minimum principal strains from each element, respectively, while the
blue line corresponds to one third of the volume average of the volumetric strain from
each element (as in Fig. 4). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article).

developed in the Ni scaffold, two extreme contact conditions are
studied: the first is a “no-interaction” condition between the Ni
scaffold and Si active layer surfaces, and the other one is a “no
volume change condition”, where the volume of the Ni scaffold is
held constant, which corresponds to incompressibility. Fig. 6a
shows the strain profiles developed in the Ni scaffold during the
first three lithiation-delithiation cycles under the no-interaction
condition between the two phases. The developed strains are
almost zero, indicating that under no-interaction condition, the
volume change of the Si active layer does not transfer stresses to the
Ni scaffold. Thus, physically reasonable contact conditions (such as
the standard contact conditions used in the main calculation) are
necessary to predict the mechanical deformation of the scaffold
coated with the active layer during (de)lithiation.

For design of an effective electrode, the scaffold can be changed
into a stiffer material, which is equivalent to having the outer
surfaces of the scaffold pinned without affecting the volumetric
expansion and contraction of the Si active layer; this corresponds to
the second extreme contact condition. Based on this contact con-
dition, the strains developed in the Ni scaffold are predicted, as
seen in Fig. 6b. The computed maximum and minimum principal
strains have the same orders of magnitude with the computed
strains obtained from the standard contact condition (Fig. 5b), but
the computed compressive strain is almost zero since the volu-
metric change of the Ni scaffold does not occur due to the pinned
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Fig. 6. Computed strains developed in the Ni scaffold during the first three lithiation-
delithiation cycles under two extreme contact conditions: (a) no-interaction condition
between the Ni and Si and (b) no-volume change condition, where no volume change
is allowed in the Ni scaffold while keeping volumetric strain of the Si active layer. The
black and red lines correspond to the volume average of the maximum and minimum
principal strains, respectively, while the blue line corresponds to one third of the
volume average of the volumetric strain from each element (as in Figs. 4 and 5). (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article).
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outer surfaces. Therefore, the insight (e.g. smaller strains are ex-
pected in stiffer material) gained by studying the second extreme
contact condition may serve as a design guideline in fabricating
practical electrodes with reliable mechanical properties.

3.3. Comparison with in operando measured XRD strain data

The computed strains are compared with XRD in-plane average
crystallographic strains developed in the Ni scaffold during (de)
lithiation as measured in the Ni (200), (220) and (311) diffraction
rings during the first cycle, as reported in Ref. [26]. Fig. 7 shows a
comparison of the computed and measured strain profiles in the Ni
scaffold during the first lithiation-delithiation cycle, under the
standard contact condition. The measured crystallographic strains
are within the computed maximum and minimum principal strains
during (de)lithiation, thus indicating general quantitative agree-
ment between the model and experiment. Furthermore, the overall
computed and measured strain evolutions match well, as described
in the following. During initial lithiation, the measured strains in-
crease linearly as the degree of lithiation increases. The differences
in the slope of the strain curves and the magnitude of the
compressive strains observed between Ni (200), (220) and (311)
correlate linearly with their differences in stiffness (approximately
137 GPa for (200), 233 GPa for (220) and 217 GPa for (311)) [34].
Additionally, the slopes of the strain curves measured in the Ni
(220) and (311) are similar to the computed one third volumetric
strain curve. As lithiation progresses, the slopes of the experi-
mentally measured strain curves start to depart from the red dotted
line in Fig. 7 at 1.75 h, which has been interpreted in Ref. [26] as
yield and plastic deformation of the Ni scaffold. This change of slope
is also observed in the curves of simulated strains, and plastic
deformation occurs at the red dotted line, as seen in Fig. S5. This
verifies that the FE model is able to predict the strain and stress
evolution of the Ni scaffold during lithiation. Upon the subsequent
first delithiation, a rapid recovery of strain occurs with similar
slopes for both experimental and computed strain curves between

0.10 . . L s ;
0.00
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Strain, %

-0.20 4 -
—— Max. principal strain <7 Crystallographic strain in (200)
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—A—Volumetric strain/3 <] Crystallographic strain in (311)
-0.30 i T T T T — T T T
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Time, h

Fig. 7. Comparison of the simulated and measured strain profiles in the Ni scaffold
during the first lithiation-delithiation cycle. The solid lines indicate the simulated
strains (the black and red lines correspond to the maximum and minimum principal
strains, respectively, while the blue line corresponds to one third of the volumetric
strain) while the markers represent strain data measured by XRD by Glazer et al. [26]:
in-plane average crystallographic strains measured from Ni (200), (220), and (311)
diffraction peaks (magenta downward triangle, green diamond, and orange left
pointing triangle, respectively). The red dotted vertical line indicates the location of the
change in strain rate from a linear strain during lithiation. The sizes of the markers for
the experimental data are larger than the uncertainty of the measured strains. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article).

3.3 and 3.8 h. After the rapid recovery beyond 3.8 h, a change in the
slope of the strain curve is observed in the both experimental and
computed strain curves, which indicates that the plastic deforma-
tion might occur in the Ni scaffold since the plastic deformation
does not have any volume change. A comparison of the computed
and measured strain profiles in the Ni scaffold during the first three
lithiation-delithiation cycles is described in the supplementary
material (Fig. S6).

Overall, the computed strain profiles agree with the measured
data obtained from in operando XRD, which is a powerful method
for characterizing transient phenomena in battery materials. The
good quantitative and qualitative match in strain history over
multiple (de)lithiation cycles is the first step towards understand-
ing more complex issues such as fracture and mechanical degra-
dation of the LIB anodes, for which damage initiation and evolution
will need to be considered both numerically (using much finer
meshing) and experimentally (via spatially resolved
measurements).

3.4. Plastic strain behavior in Si

Based on the above validation of the FE model in the Ni scaffold,
we investigate plastic deformation in the Si active layer during first
lithiation-delithiation cycle, for which no experimental data are
available. Fig. 8 shows the computed volume-averaged von Mises
(equivalent) plastic strain from each element in the Si active layer
during the first lithiation-delithiation cycle. The onset of the plas-
ticity in the Si active layer starts at about 0.3 h, which indicates that
plastic deformation occurs first in the lithiated Si, then the Ni
scaffold, comparing with Fig. S5 in the supplementary material. At
the onset of the plasticity, plastic strain is concentrated at some
regions (highlighted with black circles in Fig. 8). Given that the
volume expansion of the Si active layer is hindered geometrically
upon lithiation, these regions of the Si active layer are the most
likely to undergo mechanical damage and cracking. The equivalent
plastic strain increases linearly from the onset of plasticity at 0.3 h
to the full lithiation state, and the computed equivalent plastic
strain at the full lithiation is 0.492. Plastic strain is still concentrated
at some regions (highlighted with black ellipse in Fig. 8). Upon the
onset of the subsequent first delithiation cycle, plastic strain does

Equivalent plastic strain

Fig. 8. Computed equivalent plastic strain profile in the Si active layer during the first
lithiation-delithiation cycle and the equivalent plastic strain distribution of the Si
active layer at the onset of the plasticity and the full lithiation with the color contours
corresponding surfaces of equivalent strain. The red dotted lines indicate the locations
of the onset of the plasticity during the first lithiation-delithiation, respectively. The
equivalent plastic strain distribution of the Si active layer during the first lithiation-
delithiation cycle is described in detail in Movie S3. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this
article).
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not immediately increase since elastic recovery occurs first, due to
the out-diffusion of Li atoms. The equivalent plastic strain increases
once again from 3.8 h. The large build-up of plasticity during the
first lithiation and increase in the equivalent plastic strain during
the first delithiation implies that the Si experiences reverse plas-
ticity from 3.8 h since we consider the strain hardening behavior of
the Si, as seen in Fig. S2. The computed equivalent plastic strain
distribution during the first lithiation-delithiation is described in
detail in Movie S3. The FE model enables detailed examination of
the distribution and history of strains, as well as the degree of
plasticity present in the Si active layer upon lithiation, which
cannot be measured in in operando XRD since the Si active layer is
not crystalline. This illustrates the importance of FE model which
can predict overall mechanical phenomenon of anodes.
Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.actamat.2016.01.064.

4. Conclusions

We study strains and stresses created by constrained expansion/
contraction during (de)lithiation of a Si active layer deposited on a
Ni scaffold. We demonstrate here that strain analysis can be ach-
ieved within a sequentially coupled diffusion-stress FE model that
incorporates mechanical contact between the active Si and the
passive Ni phases, complex geometry (inverse opal), and mechan-
ical properties for both phases. We compare our numerical results
for strains with prior in operando XRD-based strain experimental
data. Once verified, the FE approach allows for the analysis of the
mechanical behavior of LIB anodes and opens the door to under-
standing and predicting the mechanical degradation of electrodes
due to the lithiation-induced volume change.

The very high volume change (up to 310%) of the Si active layer
during lithiation causes the mechanical deformation of the Ni
scaffold, which results in the computed compressive strain of
0.0637% in our model at the full lithiation. Upon subsequent de-
lithiation, a rapid recovery of compressive strain occurs, resulting
in computed compressive strain of 0.0398% in the Ni scaffold after
the first lithiation-delithiation cycle. A von Mises stress greater
than the yield point of the Ni scaffold is developed in some regions
of the Ni scaffold, indicating that plasticity is occurring, and the
stresses are concentrated more in the struts than the nodes, thus
causing a stress gradient in the scaffold.

From case studies, physically reasonable contact conditions are
necessary to predict the mechanical deformation of the scaffold
coated with the active layer during (de)lithiation. The computed
strain profiles are compared with the measured X-ray data. The
measured strains are within the computed maximum and mini-
mum principal strains, and, during (dis)charging of the battery, the
time evolution of the measured in-plane average crystallographic
strain curves are similar to the computed compressive strain curve.
Finally, the plastic strain in the Si active layer is computed, which
enables the prediction of the onset of the plasticity, the plastic
strain concentrated regions, and the degree of plasticity in the Si
active layer.

Once verified, the FE approach allows analyzing the mechanical
behavior of LIB anodes and opens the door to understanding and
predicting the mechanical degradation of electrodes due to the
lithiation-induced volume change.

5. Experimental section
5.1. Electrode preparation

The preparation of bicontinuous inverse opal silicon battery
anodes is described in detail in Glazer et al. and elsewhere

[17,26,31]. Briefly, to prepare ~10 um thick opal nickel template
structures, 500 nm diameter polystyrene spheres (PS), are self-
assembled on a gold-coated 500 um thick single crystal silicon
(100) substrate (coated with its native oxide). The PS sphere
arrangement is then heated at a temperature near the glass-
transition temperature of the PS to strengthen the opal template
structure, after which Ni is electrodeposited into the void space of
the PS opal template. The PS template is then removed with
tetrahydrofuran, exposing a Ni inverse opal scaffold with narrow
struts interconnected between spherical voids. The scaffold is then
electrochemically etched to increase the window size between
voids and the porosity of the structure. Finally, a thin (~30 nm) film
of amorphous Si is deposited onto the Ni scaffold through chemical
vapor deposition (CVD) at 400 °C using disilane as the Si source.

5.2. Electrochemical cell fabrication

Electrochemical pouch cells were prepared to perform in oper-
ando diffraction measurements of the Si-coated Ni scaffold as
described in Glazer et al. [26]. The Si anode was attached to an
external electrical contact via conductive carbon tape attached to
the gold coating on the Si substrate. A Celgard 2500 polypropylene
separator was placed between the anode and a 380 um lithium foil
counter electrode, with the whole assembly bathed in a non-
aqueous electrolyte and sealed in a polyamide-coated aluminum
pouch inside of an argon-filled glove box.

5.3. In operando X-ray diffraction measurements

Diffraction experiments were performed at the Advanced
Photon Source, at Argonne National Laboratory, using the beam line
station 1-BM—C as described in Glazer et al. [26]. A mono-
chromatic X-ray with an energy of 20.25 keV (A = 0.061234 nm)
and a 300 um beam diameter shined on the center of the sample,
aligned such that all elements of the electrochemical pouch cell,
including the Ni scaffold, were nearly normal to the beam direction.
Diffraction patterns were recorded in a transmission geometry, and
taken every five minutes with a 30 s exposure time with two-
dimensional position sensitive area detector. The sample was
slightly tilted to ensure the single crystal Si substrate peaks were
out of the Bragg condition, to reduce any strong diffraction spots
onto the detector. A diffraction pattern from a reference powder
sample of LaBg (1 mm kapton capillary tube filled with NIST Stan-
dard Reference Material 660b) and the software FIT2D [35] was
used to provide a calibration standard for the experimental setup.
The electrochemical cell cycling parameters are described in Glazer
et al. [26]. The strain analysis methods employed in the interpre-
tation of the in operando XRD measurements are summarized in the
supplemental material and discussed in detail in Glazer et al. [26].
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