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In Operando Strain Measurement of Bicontinuous Silicon-
Coated Nickel Inverse Opal Anodes for Li-lon Batteries

Matthew P. B. Glazer, Jiung Cho, Jonathan Almer, John Okasinski, Paul V. Braun,

and David C. Dunand*

Elastic strains are measured in operando in a nanostructured silicon-coated
nickel inverse opal scaffold anode, using X-ray diffraction to study the Si (de)
lithiation-induced Ni strains. The volume expansion upon lithiation of the Si
in the anode is constrained by the surrounding Ni scaffold, causing mismatch
stresses and strains in the Si and Ni phases during cycling. The Ni strains
are measured in operando during (dis)charge cycles, using diffraction peak
position and peak broadness to describe the distribution of strain in the Ni.
During lithiation, compressive strains in the Ni first increase linearly with
charge, after which a gradually decreasing strain rate is observed as the
maximum lithiation state is approached; upon delithiation a similar process
occurs. In-plane average compressive strains on the order of 990 £ 40 pe are
measured in the Ni scaffold during lithiation, corresponding to compressive

and other applications.'™# Alloying anode
materials, such as silicon, are very prom-
ising because of their high gravimetric
energy densities (up to 3580 mAh g
for Si)P! as compared to graphite (up to
372 mAh g7! for C),l% and the high abun-
dance of Si, but silicon suffers from very
high volume changes (>300%) during lithi-
ation.®! These volume changes can gen-
erate very large stresses, which lead to the
delamination, cracking, and pulverization
of Si based anodes, ultimately causing rapid
capacity fading. The fundamental nature of
this volume change process associated with
alloying has been well explored in the litera-

stresses of 215 £ 9 MPa. The decreasing strain rates and decreasing max-
imum and recovered strains suggest that plasticity in Ni and/or Si, as well as
delamination between Ni and Si, may occur during cycling. Rate sensitivity

in capacity is correlated with strain and a maximum Ni compressive stress of
230 + 40 MPa is measured at the maximum state of lithiation.

1. Introduction

Lithium ion batteries (LIBs) represent an efficient and modular
energy storage solution for a wide variety of portable applications
but will require substantially higher energy densities and shorter
charging times to meet emerging demand for electric vehicles
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ture by employing ex situ scanning electron
microscopy (SEM), transmission electron
microscopy (TEM), and atomic force micros-
copy (AFM), as well as atomistic simula-
tions and theoretical calculations.l*% Some
in operando studies!*'*l have explored this
lithiation-induced expansion during cycling
for simple anode geometries, limited in part
by the amorphous nature of the alloying mechanism and the dif-
ficulty of designing in operando experiments. Only three studies
have employed galvanostatic cycling methods, which may be
more representative of future applications.'1-13]

To investigate lithiation strains in Si during cycling, some in
situ and in operando studies have been performed for simple
geometries.B101113-18] Thege studies have employed AFM, TEM
and optical laser measurement techniques to measure strains,
with AFM and TEM techniques also able to characterize mor-
phology and identify fracture. AFM and TEM studies are able
to identify plasticity, cracking and failure occurring in operando
and can estimate critical stresses and sizes for nanowires, nano-
pillars, and other shapes.[1%14-1% These in situ/operando studies
are effective for describing average lithiation stresses and
strains that exist on surfaces or anodes with simple geometries
but cannot directly measure the spatial distributions of strain
that may exist in more complex geometries and structures as
well as at buried interfaces, especially for technologically or
commercially relevant anode geometries.

X-ray diffraction (XRD) based strain measurements are
able to directly measure elastic strain distributions in arbitrary
geometries, bulk materials, and buried interfaces between dif-
ferent phases or materials in a sample that might not be easily
accessible in situ/operando otherwise. XRD has been used
effectively to describe average strains, strain distributions,
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and multiphase strain partitioning in a variety of materials
systems.'>?/l Through changes in diffraction peak position,
width, intensity, and shape, one can effectively characterize
elasto-plastic deformation and load transfer mechanisms across
multiple phases as well as residual stresses with a high degree
of precision and accuracy.???”) While some researchers have
used XRD to characterize the transition between crystalline and
amorphous Si during the first cycle or at high degrees of lithi-
ation, 2832 none have characterized strains in nanostructured
anodes employing amorphous Si.

Here we demonstrate, for the first time, that synchrotron-
based X-ray diffraction can characterize strains in a Li-alloying
anode in operando during charging/discharging cycles. Specifi-
cally, we measure the magnitude and distribution of strains in
a novel anode consisting of a nickel-inverse opal scaffold coated
by nanostructured, amorphous silicon (a-Si). Mismatch strains
between the Ni scaffold and Si active layer due to the volume
change associated with the (de)lithiation of Si during (dis)
charging are measured, using both Ni average lattice crystallo-
graphic strain and crystallographic strain broadening, at even
time intervals during galvanostatic cycling at different cycling
rates. The results are discussed in terms of elasto-plastic defor-
mation and possible a-Si delamination from the scaffold.

2. Results
2.1. In-Plane Average Lattice Strains

Examining the lattice strain measured over various orienta-
tions, a residual, nonuniform strain distribution was observed
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in the Ni (200) and (220) diffraction rings before the first lithia-
tion. Figure S1 (Supporting Information) shows the measured
lattice spacing for Ni (200) and Ni (220) during L1 as a function
of 1. Although a nonuniform distribution of strain is initially
present in the Ni scaffold, the average in-plane strain value
changes significantly with increasing lithiation, while the dis-
tribution of individual azimuthal sections’ strain values around
the average only changes slightly during lithiation. Therefore
examining the azimuthally averaged in-plane strain response in
the Ni scaffold separates many of the changes observed during
lithiation from possible residual processing strains, which may
be responsible for the azimuthal variation in strain. Additional
lattice strain analysis other than what was described in the
Experimental Section is available in Figures S2-S4 (Supporting
Information).

Figure 1 shows the in-plane average crystallographic
strain present in the Ni scaffold during lithiation of the Si
anode for the Ni (200), (220), and (311) rings during the first
cycling series. The Ni (111) ring was also measured but is not
included due to fitting errors associated with the overlap of
the Al (200) (Figure S5, Supporting Information). During the
first half of L1, all three of the Ni rings show roughly linear
increases in compressive strain over time as the degree of
lithiation increases, indicating that mismatch strains associ-
ated with lithiation in the Si are present in the Ni scaffold,
where Ni strains are measurable by X-ray diffraction. The dif-
ferences in the slope of the strain curves and the magnitude of
the compressive strains observed between Ni (200), Ni (220),
and Ni (311) correlate linearly with their differences in stiff-
ness (approximately 137 GPa for (200), 233 GPa for (220), and
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Figure 1. Time dependence of in-plane average crystallographic strains as measured in Ni (200), (220), and (311) (left axis) and electrochemical cell
potential (right axis vs Li/Li*) (Series 1, consisting of cycles C1, C2, and C3, where the lithiation and delithiation steps in C1 are denoted L1 and D1,
respectively, and so on for C2 and C3). The solid arrows in C1, C2, and C3 indicate the location of the change in strain rate from a linear strain during
each (de)lithiation step and the error bars indicate the error estimated for each diffraction ring based on the uncertainty in pixel fitting.
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217 GPa for (311)).3% The linear increases in strain over time
indicate clearly that the Ni scaffold deforms elastically propor-
tional to the degree of lithiation present, and thus the amount
of lithiation-induced expansion in the Si active material. In
this elastic region, the average in-plane strains measured in
the Ni follow Hooke's law, where a linear increase in the lithi-
ation and expansion of the a-Si induces a directly proportional
increase in the mismatch at the Si-Ni interface and thus the
stresses and elastic strains measured in the Ni scaffold. Strain
and cell potential are correlated to the degree of lithiation pre-
sent in the anode, where the relation between cell potential
and capacity for the first cycling series is plotted in Figure S6
(Supporting Information). As lithiation progresses, in the
second half of L1, the slope of the strain curves decreases to
a shallower slope (the solid arrows in Figure 1), which may
indicate yield and plastic deformation of the Ni scaffold, with
slower increase in elastic strain. Another hypothesis for the
reduction in the slope of the strain curves is that a reduction
in mismatch stresses with the Ni scaffold occurs due to delam-
ination between the Si layer and the Ni scaffold, as was also
observed in ref. [34]. When an electrically connected segment
of Si is no longer constrained by the scaffold, (de)lithiation of
that Si segment does not induce strain in the Ni scaffold. At
the maximum degree of lithiation in L1, a compressive strain
of 990 * 40 pe was observed in the Ni (311) diffraction ring,
corresponding to a crystallographic peak compressive stress
of 215 £ 9 MPa. Table 1 summarizes selected maxima and
minima in stress and strain for the Ni (311) diffraction ring
as well as the strain broadening coefficient (discussed later).
Additional strain measurements and stress calculations for the
Ni (200) and (220) diffraction rings are included in Table S1
(Supporting Information).

Upon the subsequent first delithiation (D1), a rapid recovery
of strain occurs, though strain is not fully recovered from the
prelithiation state. Measured compressive strains first rapidly,
linearly decrease, followed by a monotonous flattening in the
slope of the strain to near zero at the minimum degree of lithia-
tion. The flattening of the slope of the strain at this point could

Table 1. Maximum and minimum compressive strain and stress meas-
urements in the Ni (311) diffraction ring and corresponding strain
broadening coefficient fits as calculated for the Ni (111), (200), and
(220). The error in the in-plane average strains represents the error esti-
mated for the Ni (311) diffraction ring based on the uncertainty in pixel
fitting and the error for the strain broadening coefficient is approximated
as the norm of the residuals of fitting for each diffraction pattern.

Cycle step Ni (311) in-plane  Ni (311) crystallographic Ni strain broadening
average strain [pé] stress [MPa] coefficient [%)]
L1 minimum 0+30 0t7 0.06 +£0.03
LT maximum 990 + 40 2159 0.54 £0.05
D1 minimum 410+ 30 89+7 0.27£0.03
L2 maximum 1020 £ 40 221+9 0.42+£0.04
D2 minimum 460 £ 30 100+ 7 0.23 £0.02
L3 maximum 840+ 30 182+7 0.20+£0.03
D3 minimum 600 £ 20 130+4 0.01 £0.01
L7 maximum 1100 £ 200 230+ 40 0.71 £0.04
L9 maximum 890 + 80 190 + 20 0.38+£0.03
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be due to the effects of the node and strut geometry of the scaf-
fold on the lithiation rate of the coating or to reverse plasticity
in the Si or Ni phases. The compressive strain measured in the
Ni (311) diffraction ring at the minimum degree of lithiation
was 410 + 30 pe, corresponding to a residual compressive stress
state of 89 + 7 MPa. Additionally, in C2 and C3, (de)lithiation
follows similar strain behaviors to that shown in C1, though the
slope of the strain curves and the maximum compressive strain
during lithiation and delithiation decrease from cycle to cycle
while the amount of strain recovered at the minimum degree of
lithiation also decreases from cycle to cycle. Changes in strain
recovery, maximum compressive strain, and the slope of the
strain curves all indicate that inelastic processes are occurring
in the anode during cycling, including yielding in the Ni scaf-
fold and/or Si active layer, as well as damage at the interface
between Ni and Si.

Similar changes to the strains present in the measured Ni
peaks in the first series can also be observed in the second
experimental series for cycles C6-C9, as shown in Figure 2.
The crystallographic strain measured here is indexed to the
prelithiation Ni peak positions and some inelastic strain
appears to have accumulated during the cycling between the
first and second in operando cycling series. During the low
voltage lithiation in L7, compressive strain initially increases
linearly with time, again indicating elastic deformation.
However, as lithiation progresses further, the change in
strain measured in the Ni scaffold with increasing lithiation
decreases until a plateau region is reached, especially below
a cell voltage of 0.100 V (marked by the dotted vertical line
in Figure 2). The relation between cell potential and capacity
for this experimental series is shown in Figure S7 (Supporting
Information). This region (curly bracket in Figure 2) could
indicate plastic flow in the Si active layer or Ni scaffold, or
damage at the interface between Si and Ni. At the maximum
degree of lithiation during this cycle, the Ni scaffold experi-
ences a compressive strain of 1100 + 200 pe on the Ni (311)
diffraction ring, corresponding to a crystallographic compres-
sive stress of 230 + 40 MPa.

In examining the higher cycling rate cycles C8, C9 and the
second half of C7 (D7) in Figure 2, the strain evolution appears
to be significantly different in comparison to the strain at high
degrees of lithiation (L7, after vertical dotted line at 20 h) as
well as the lower cycling rate in C1, C2, and C3 (Figure 1). At
the beginning of delithiation in C7, C8, and C9, the strain in
the Ni decreases linearly with time, again indicating elastic
behavior, followed by an abrupt change to a region with a much
shallower decrease in strain over time. This shift could indicate
a change in the delithiation mechanism present or a change
in the strain gradient present in the active material. While
the strain recovered on delithiation between cycles decreases
slightly, the maximum compressive strain decreases signifi-
cantly between cycles, from 1100 + 200 pe at the beginning
of D7, to 890 + 80 pe at the beginning of D9 on the Ni (311)
diffraction ring (see Table 1 and Table S1, Supporting Infor-
mation, for additional strain data). The decrease in maximum
compressive strain indicates rate sensitivity in both capacity
and strain and could also indicate that the Si active layer does
not have sufficient time to fully delithiate during the delithia-
tion steps, especially given the higher over-potential associated
with the higher cycling rate.
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Figure 2. Time dependence of in-plane average crystallographic strain as measured in Ni (200), (220), and (311) and electrochemical cell potential
(right axis vs Li/Li*) (Series 2 consisting of cycles C6, C7, C8, and C9, where the lithiation and delithiation steps in C6 are denoted L6 and D6, respec-
tively, and so on for C7, C8, and C9). Lithiation at a potential < 100 mV starts at ~20 h (vertical orange dotted line). The error bars shown for (200)
strains are representative of the error for (220) and (311) strains and indicate the error estimated based on the uncertainty in pixel fitting.

2.2. Lattice Strain Broadening Coefficient Measurements

In addition to lattice strain measurements, Figures 3 and 4
show the results of strain broadening coefficient analysis for
the first and second cycling series, respectively. Additional
strain broadening analysis beyond what is described in the
Experimental Section is shown in Figure S9 (Supporting Infor-
mation). During the first cycling series, in Figure 3, an increase
in strain broadening is observed to correlate with the degree of
lithiation, rising from 0.06 £ 0.03 (%) to a maximum value of
0.54 £ 0.05 (%) during the first lithiation cycle (see Table 1 for
strain broadening coefficient fits). Additionally, the maximum
broadening also occurs as the maximum lattice compres-
sive strain is reached at the end of L1, indicating an uneven
distribution of lithiation-induced strain in the scaffold. While
the maximum broadening occurs as the maximum degree of
lithiation, the minimum broadening is actually observed during
the middle of lithiation and delithiation steps (marked with
“Cell Potential” in Figure 4) corresponding with changes in the
slope of the in-plane strain curve after the first lithiation, LI.
The correlation between broadening minima and slope changes
in the strain curve provides further evidence that the mecha-
nism of deformation changes at these time points and may
be the effects of accumulated and on-going inelastic deforma-
tion. Additionally, considering the evolution of broadening over
the first cycling series, the maximum broadening observed at
both the maximum and minimum lithiation states decreases
from L1 to L2 to L3 and D1 to D2 to D3, respectively, further
consistent with the accumulation of inelastic deformation (see
Table 1 for strain broadening coefficient fits).

wileyonlinelibrary.com © 2015 WILEY-VCH

During the second cycling series in Figure 4, the strain
broadening follows very similar behavior to that observed
in the first series, even at a higher cycling rate. At much
higher degrees of lithiation in L7, the broadening exceeds the
highest value measured during the first cycling series, rising
to a maximum of 0.71 + 0.04 (%). The higher broadening,
along with a larger in-plane average compressive strain of
1100 * 200 pe, indicates that the degree of lithiation attained
in the Si active layer during this cycle is likely higher than
any previous lithiations of the Si. A higher degree of lithiation
is expected in L7 given that the lower voltage cut-off during
cycling was decreased to 10 from 100 mV in previous cycles,
adding additional, previously unused capacity. In the high
cycling rate region (D7, C8, and C9), the minima in broad-
ening occur just after the beginning of (de)lithiation, indica-
tive of a rapid surface (de)lithiation before the bulk of (de)
lithiation progresses.

3. Discussion

3.1. In-Plane Average Lattice Strain Measurements

The inverse opal Ni scaffold can be conceptually simplified to
be a network of nodes and struts, where the struts and nodes
comprise 40% and 60%, respectively (40% cuboidal nodes
and 20% tetrahedral nodes), of the volume of Ni in the scaf-
fold, which comprises 26% of the total volume of the structure,
while Si represents 24% (see Figure S11, Supporting Informa-
tion, for assumptions and derivation). While 30 nm of Si evenly

Verlag GmbH & Co. KGaA, Weinheim Adv. Energy Mater. 2015, 5, 1500466
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Figure 3. Time dependence of strain broadening coefficient as calculated for Ni (111), (200), and (220) (left axis) and in-plane average crystallographic
strain (right axis, as in Figures 1 and 2) (Series 1 consisting of cycles C1, C2, and C3, where the lithiation and delithiation steps in C1 are denoted L1
and D1, respectively, and so on for C2 and C3). The error for the strain broadening coefficient is approximated as the norm of the residuals of fitting
for each pattern and the error for the in-plane average strain is on the order of the line thickness of the curve.

coats both the nodes and struts, the Si coating on the struts
may lithiate faster than the coating on the nodes due to the
lower amount of Ni and thus reduced mechanical constraining
stresses and a correspondingly higher diffusivity of Li in the
struts. The higher compliance in the struts is due to the lower
relative volume of Ni in the strut versus the node in compar-
ison to the amount of Si coating the scaffold. Preferential (de)
lithiation then could build a strain gradient between the nodes
and struts, causing higher strains in the struts during lithia-
tion than in the nodes, and broaden the elastic strain measured
in the anode itself. This preferential (de)lithiation would also
explain slope changes and nonlinearity in the average strain
response of the scaffold during cycling, as preferential (de)lithi-
ation will shift the average strain rate when (de)lithiation in the
struts becomes more or less prevalent.

The strains created in the Ni scaffold during anode lithi-
ation are compressive as expected from the Si expansion on
lithiation. The reason compressive strains are observed in the
Ni during Si lithiation-induced expansion is due to the diffu-
sion-mediated process by which lithiation of the Si active layer
occurs. During lithiation, Li* ions are added into the Si active
layer, inducing an expansion in the Si which occurs preferen-
tially in unconstrained directions, in this case perpendicular
to the Si free surface in contact with the solid electrolyte inter-
phase (SEI) and electrolyte. While the Si active layer expands
perpendicular to its free surface to ultimately nearly fill the
pores in the inverse opal structure,3* expansion of Si towards
the active layer scaffold interface is also expected to occur,
but it is constrained by the Ni scaffold. The action of the Ni

Adv. Energy Mater. 2015, 5, 1500466
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scaffold to resist the expansion of the Si active layer thus puts
the scaffold into net average compression, which increases as
the degree of lithiation increases.

At the beginning of the lithiation step in any cycle
(Figures 1 and 2), the slope of the Ni strain versus time curves
are linear, but these slopes decrease with increasing lithia-
tion. This behavior, along with the presence of plateaus in Ni
strain at low voltages and high degrees of lithiation, indicate
changes in the strain gradients in Si as the effects of stress—
diffusion coupling become more pronounced (see Figures S6
and S7, Supporting Information, for the relationship between
cell potential and capacity). Additionally, given that the stiffness
and yield strength of a-Si decrease with increasing lithium con-
centration (with the yield strength of a-Si starting at 1 GPall3]
and both stiffness and yield strength decreasing by =75% from
pure a-Si to Li;sSiy (=3580 mAh g™)),[1935-37] plastic flow of the
Si active layer during high degrees of lithiation may be occur-
ring. The maximum specific capacity and thus degree of lithi-
ation in this work is assumed to be 3100 mAh g for the first
cycling series based on the work by Zhang and Braunl¥, where
a similar inverse opal anode was cycled at a rate of 0.3C. Plastic
flow in Si will reduce mismatch stresses with the Ni scaffold
and thus keep the degree to which stress impedes Si-lithiation
constant near the regions of Si which are plastically deforming.
Plasticity in the Ni scaffold is also possible and will be discussed
later. In addition to decreasing strain slopes and the presence of
strain plateaus, plasticity in the Si may also contribute to the
changes in the maximum Ni compressive stress measured at
the maximum extent of lithiation.
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Figure 4. Time dependence of strain broadening coefficient as calculated for Ni (111), (200), and (220) (left axis) and in-plane average crystallographic
strain (right axis, as in Figures 1 and 2) (Series 2 consisting of cycles C6, C7, C8, and C9, where the lithiation and delithiation steps in C6 are denoted
L6 and D6, respectively, and so on for C7, C8, and C9). The error for the strain broadening coefficient is approximated as the norm of the residuals of
fitting for each pattern and the error for the in-plane average strain is on the order of the line thickness of the curve. Lithiation at a potential < 7100 mV

starts at ~20 h (vertical orange dotted line).

Another explanation for a reduction in mismatch stress with
the Ni scaffold from the Si active layer is the build-up of con-
ductive delamination and damage. Given that the thickness of
the Si coating is =30 nm, it is likely thinner than the critical
crack size for lithiating a-Si (estimated to be on the order of
300 nm)B¥ and thus delamination is more likely than pulveriza-
tion in this geometry.1*3%4% When a section of the Si coating
delaminates while maintaining electrical contact with Ni scaf-
fold, the resistance to electrical conduction through the a-Si may
inhibit the overall rate of lithiation in the delaminated section
relative to the intact active layer. This difference in lithiation
rates causes the intact Si coating sections to lithiate and thus
accumulates mismatch stresses more rapidly than the delami-
nated sections. Thus the overall lithiation process of the anode
and accompanying lithiation-induced strains occur at two dif-
ferent rates: a faster rate when both the intact and delaminated
sections lithiate and a slower rate (and thus lower mismatch
strain rate) when only the partially delaminated section lithiates.

In addition to plasticity in the Si and delamination between
the Ni and Si, plastic deformation in the Ni scaffold is also pos-
sible, as the maximum compressive stresses seen by the Ni
scaffold during lithiation (up to 230 MPa), could approach or
exceed the yield point of the Ni. Since these in operando dif-
fraction measurements only measure strains (and indirectly
stresses) in two dimensions, we are unable to directly quantify
deviatoric stresses or evaluate von Mises stress and yield cri-
teria. However, the high average values of compressive stresses

wileyonlinelibrary.com
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observed indicate that yielding could occur due to high devia-
toric stresses in the Ni scaffold. Additionally, the X-ray beam
averages strain in all three dimensions within the scaffold, as
the beam passes through numerous scaffold layers that contain
Ni crystallites oriented in many different directions. A flat thin
film of electrodeposited Ni would be likely to have Ni crystal-
lites with the (110) face normal to the substrate,*! but since the
Ni was deposited onto 3D opals during fabrication, the average
orientation of the crystallites is expected to be random.

Since the strains measured are normalized to the prelithi-
ation strain state of the anode, the initial processing strains
are unknown, as are the total strains on the system. During
processing, thermal mismatch strains are expected to develop
between the Ni scaffold, the Si substrate, and the a-Si active
layer. The thermal expansion mismatch between the Si and Ni
is expected to produce a tensile stress in the Ni on the order
of 900 MPa,*?*] some of which will be accommodated by
plasticity in the Ni or a-Si or by delamination upon cooling,
as the yield stress of the Ni is expected to be on the order of
600 MPa.*l Therefore, residual tensile stresses from pro-
cessing in the Ni would counteract lithiation-induced compres-
sive stresses and thus increase the range of lithiation-induced
strain that the scaffold is able to elastically accommodate prior
to yielding. Additionally, given that the yield strength of a-Si
decreases below the yield strength of the Ni upon increasing
lithiation, plastic deformation is more likely to occur first in the
lithiated a-Si than the Ni scaffold.

Adv. Energy Mater. 2015, 5, 1500466
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With plasticity possible in both the Ni and Si, and delami-
nation possible between the two, high degrees of lithiation do
not produce only one obvious deformation mechanism. At the
extremes of the state of charge of the Si, elasto-plastic behavior
in either the Si or the Ni, and/or damage and delamination
could produce strain versus time/charge curves with decreasing
slope due either to plastic deformation accommodating some
of the (de)lithiation stress or a decrease in mismatch stress
between the lithiating Si and the Ni scaffold. Strain broadening
measurements provide a more detailed picture of strain inho-
mogeneity in the Ni elastic response, but 3D finite element
modeling, which is beyond the scope of the present paper, will
be necessary to fully describe the distribution of strains and the
degree of plasticity, as well as the extent of damage and delami-
nation observed in both the Ni and Si components. Separating
the contributions of plasticity and damage could be achieved
experimentally using advanced in operando microscopy tech-
niques (such as TEM or advanced, fine resolution transmission
X-ray microscopy) to directly observe conductive delamination
between the Si and the Ni scaffold, or electrochemical imped-
ance spectroscopy at various states of charge over multiple
cycles to observe changes in the amount of free surface present
and potential increases in resistance from delamination in the
anode.

Examining the higher cycling rate regime (D7, C8, and C9
in Figure 2), it is apparent that both capacity and strain state
are sensitive to the cycling rate. This cycling rate sensitivity con-
firms the known difficulty of fully lithiating an electrode given
sluggish lithiation kinetics,”! especially when a high over-poten-
tial causes the cell operating voltage to approach 0 V relative to
Li metal. Since a high degree of lithiation had been achieved
prior to D7 and the beginning of rapid cycling, and the allow-
able over-potential window on delithiation was likely larger than
on lithiation, it is also possible that the amount of lithium that
was able to be extracted during delithiation was greater than
the amount of lithium alloyed during subsequent relithiation.
Therefore, the reversible lithiation capacity observed in D7, C8,
and C9 may be higher than what would have been achieved had
rapid cycling began with delithiated Si, as excess lithium would
be able to be extracted each cycle. This is also supported by the
high Coulombic efficiency in C8 and C9 (see Figure S8, Sup-
porting Information). Thus it is possible that the lithiation step
is kinetically slower or able to (de)alloy less lithium than the
delithiation step for the same cycling rate and further studies
will be required to explore the exact rate sensitivity of lithiation
versus delithiation.

3.2. Lattice Strain Broadening Coefficient Analysis

Strain broadening analysis provides a more detailed picture of
the state of strain present in the scaffold during (de)lithiation.
The increase in strain broadening during lithiation, as seen in
Figures 3 and 4, is likely due to the presence of strain gradients,
the influence of the inverse opal structure on the mechanics
of lithiation, plasticity in the Ni scaffold and/or Si active layer,
and/or delamination between the Ni scaffold and Si active layer.

Strain broadening is positively correlated with the degree
of lithiation in the anode material and related closely to the
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measured average strain. Strain broadening minima were
expected to be present at the lowest degrees of lithiation cor-
responding to minima in compressive strain, assuming a com-
pletely reversible lithiation process, but were instead observed
at intermediate cell potentials and measured strain values
between full lithiation and full delithiation (see Figures S6 and
S7, Supporting Information, for the relationship between cell
potential and capacity). These local broadening minima could
confirm a preferential (de)lithiation of the struts over the nodes
in the structure, which would explain why this behavior was
observed at multiple cycling rates during the experiment.

Another explanation for these local broadening minima
is that these charge states correspond to an exact balancing,
within the scaffold, of lithiation-induced compressive strains
and residual processing tensile strains. Once the Li concen-
tration begins to change from maximum (during delithiation)
or minimum (during lithiation), the Ni strains elastically; at a
certain Li concentration, these compressive strains on average
cancel out the residual tensile elastic strain state in the Ni,
thereby minimizing the broadness of the distribution of total
strain. As the concentration of lithium and lithiation-induced
compressive strains change further, the average lattice spacing
begins to deviate again from exactly matching the residual ten-
sile strain state of the lattice, thus increasing the measured
strain broadening. Finite element modeling will be necessary to
fully understand to what extent inelastic deformation versus the
geometry of the scaffold causes the presence of these minima
in the strain broadening coefficient.

In addition to the broadening minima behavior, the
decrease in the strain broadening maxima between cycles
can be explained by plastic deformation and/or delamination
and damage. As lithiation occurs, the lithiated Si could plasti-
cally flow in response to the stress state present in the anode
assembly. This plastic flow would act to reduce any regions of
stress concentration in the Ni at that stress state and thus pre-
vent further increases in the overall distribution of strain meas-
ured in the Ni as the anode approaches the maximum degree
of lithiation. Plastic deformation would also be expected to
increase the minimum of the strain broadening coefficient by
forming residual stresses and strains in and around plastically
deforming grains. However, since ratcheting increases in the
strain broadening minima are not observed in the data, delami-
nation and damage are more likely responsible for the decrease
in strain broadening maxima and inelastic deformation during
cycling. During cycling, damaged Si regions of the anode could
reach high strain states relative to undamaged regions, initially
creating a wide distribution of strains measured in Ni. At high
stresses, delamination in these regions that does not result in
electrical isolation may occur, which would reduce the lithi-
ation-induced mismatch stress with the scaffold in regions of
previously high strain states and thus narrow the distribution
of measured strains as cycling progresses. Finite element mod-
eling will be necessary elucidate the competing contributions
of plasticity, damage, and delamination phenomena on the
decrease in maximum strain broadening values observed over
several cycles.

Overall, Ni scaffold in operando XRD strain measurement is
an indirect but sensitive method to measure the rate sensitivity
of strain and capacity in battery electrodes. Using XRD-based
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strain measurements, it is possible to measure both average
strains and the distribution of strain within all of the diffracting
phases present in a sample. As compared to in situ TEM, AFM
or in operando substrate curvature measurements,[®101113-171 ip
operando XRD-based strain measurements not only allow for
larger, micro- or nanostructured, lab-scale samples to be probed
while employing galvanostatic cycling conditions but also ena-
bles simultaneous phase composition and quantification anal-
ysis for samples that may undergo crystalline phase transitions.
Thus in operando X-ray diffraction is a very powerful method
for characterizing transient phenomena in battery materials.

4, Conclusion

The elastic strains in a nickel inverse opal scaffold coated with
Si undergoing (de)lithiation were measured in operando, at dif-
ferent electrochemical cycling rates, using synchrotron-based
X-ray diffraction. Quantitative strain measurements were col-
lected for the Ni scaffold during cycling, resulting from mis-
match stresses between the inactive Ni scaffold and the Si
active material undergoing large volumetric changes during
(de)lithiation. Compressive lattice strains measured in the
Ni are consistent with the view that lithiating Si expands out-
ward from surfaces and interfaces and that a mismatch stress
between Si and the surrounding Ni scaffold builds during
lithiation. The observed increase in Ni lattice strain broadening
with increasing Si lithiation indicates that strains and stresses
in the nanostructure are nonuniform, which is expected given
the node and strut geometry of the inverse opal scaffold. The
nonuniformity of the scaffold may also cause nonuniform (de)
lithiation in the active layer, as indicated by the minima in the
strain broadening.

Plasticity is expected to have measurable impact on cycling;
plastic deformation in Ni and/or Si may be inferred from the
change in the strain rate during (de)lithiation as well as the
changes in fully lithiated and recovered strains. Damage and
delamination of the Si from the Ni also has a measurable
impact on cycling and mismatch stress behavior, which was
inferred from a decrease in Ni strains and strain broadening
maxima at full Si lithiation, as well as the appearance of two
different strain rates during Si (de)lithiation. Additionally,
(dis)charging rate sensitivity in both capacity and strain were
observed to be correlated with each other during cycling even
with a high initial lithiation state.

Employing a calculated crystallographic stress to relate the
strains measured in the Ni to average Ni stresses, compres-
sive strains of up to 1100 + 200 pe in Ni (311) correspond to
average compressive stress of 230 + 40 MPa. While this simple
crystallographic stress approximation is sufficient to provide an
estimate of the average stresses present in the scaffold, detailed
finite element modeling will be needed to fully quantify the
stress—strain distribution in both the Ni and Si and to describe
the extent to which plastic deformation and interfacial damage
influences the Ni elastic strain response.

Besides demonstrating that XRD-based strain measurement
of the inactive Ni substrate is an indirect but sensitive method
to follow strains in the active Si phase, our results suggest
that in nanostructured anodes, inelastic deformation due to
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lithiation-induced volume changes evolves from cycle to cycle,
and that this deformation, which may lead to eventual mechan-
ical failure, begins developing during the first few cycles of the
anode.

5. Experimental Section

Electrode Preparation: The preparation of bicontinuous inverse opal
silicon battery anodes is described in detail by Zhang and Braunl®**l and
Zhang et al.l*l Briefly, to prepare =10 ym thick opal nickel template
structures, 500 nm diameter polystyrene (PS) spheres, are self-
assembled on a gold-coated 500 ym 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 at 400 °C using disilane as the Si source. A schematic
of a fabricated inverse opal unit cell is shown in Figure 5.

Electrochemical Cell Fabrication: Electrochemical pouch cells were
prepared to perform in operando diffraction measurements of the
Si-coated Ni scaffold as shown in Figure 5. The Si anode was attached to
an external nickel 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 pym thick lithium
counter electrode, with the whole assembly bathed in a nonaqueous
electrolyte (1 m LiClO, dissolved into a 1:1 mixture of ethylene carbonate
and dimethylene carbonate) and sealed in a polyamide-coated aluminum
pouch inside of an argon-filled glove box.

In Operando X-Ray Diffraction Measurements: Diffraction experiments
were performed at the Advanced Photon Source (APS), at Argonne
National Laboratory, using the beam line station 1-BM-C. A
monochromatic X-ray with an energy of 20.25 keV (A = 0.061234 nm)
and a 300 pm beam diameter shined on the center of the sample, aligned
such that all elements of the electrochemical pouch cell, including the
Ni scaffold, Si substrate, Li counter electrode, and aluminum pouch
walls were nearly normal to the beam direction, as shown in Figure
5. Diffraction patterns were recorded in a transmission geometry and
taken every 5 min with a 30 s exposure time with an a-Si PerkinElmer
2048 x 2048 pixel area detector with a 200 pm x 200 pm pixel size and
a 16-bit dynamic range placed at 396 mm from the sample. 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 National Institute of
Standards and Technology (NIST) Standard Reference Material 660b)
and the software FIT2DI*?l was used to determine the center of the
diffraction patterns, to correct for detector tilts relative to the sample
and the beam, to determine the sample-to-detector distance and to
provide a calibration standard for the instrumental and geometric peak
widths. The electrochemical cell cycling parameters are described in the
Supporting Information.

Fitting of Diffraction Peaks: Diffraction rings from the nickel inverse
opal scaffold were fit to determine the lattice strains present in the
scaffold during electrochemical cycling. The intensity of nickel diffraction
rings were nearly continuous with azimuth, with some variation
attributed to the small volume (=7 X 10° pm?>) of the nickel scaffold and
limited averaging associated with fitting. No distinct scattering signal
from the a-Si active material was observed, and scattering signals from
the Al pouch and Si substrate, though present, were not fit given that
these phases did not contribute to the electrochemical performance
of the cell. The diffraction peaks for selected reflections (Ni (111), Ni
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Figure 5. Schematic of in operando X-ray diffraction measurements including a cell schematic (left), a representative diffraction pattern extracted
from diffraction data in the first lithiation L1 (right), and a bicontinuous silicon inverse opal anode unit cell, showing the Ni scaffold alone (bottom
left), the scaffold coated with a-Si (bottom middle), and the lithiated structure (bottom right). Electrolyte is not shown, and channels, not shown in

the schematic, for Li-ion transport remain open on the lithiated structure.

Copyright 2012, American Chemical Society.

(200), Ni (220), and Ni (311)) were fit to pseudo-Voight profiles, and the
resultant peak positions as a function of azimuth were used to compute
lattice strains.[232647] The fitting algorithm is implemented in a series
of MATLAB programs developed at the APS, with additional details
included in the Supporting Information. In addition to peak position, the
full width half maximum (FWHM) from the pseudo-Voigt fits was also
used to quantify the breadth of each peak.

Determination of In-Plane Average Lattice Strain: After calibrating the
detector, the lattice spacings for the Ni (111), Ni (200), Ni (220), and
Ni (311) diffraction rings were calculated and the relative strain was
determined by

_ dopiey = iy

avg —

1
d(ohld) ( )

where g,,, refers to the average relative strain measured over the selected
azimuthal sections of the diffraction pattern. Here, df,, refers to lattice
spacing for the first diffraction pattern collected during the experiment,
before any appreciable lithiation of the anode has occurred. No
systematic invariant points in measured d,q, as a function of azimuth
(m) were observed in any of the Ni diffraction rings, thus precluding the
examination of principal strains or pure deviatoric strains. The error in
the calculated &,,, was approximated as the average in quadrature of the
errors in fitting each respective diffraction ring in the selected azimuthal
sections.
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Figures bottom left and bottom middle are adapted with permission.B

The averaged strain over the full powder ring (averaged over 350° due
to the X-ray beam stop support blocking 10°) represents the average of
the strain in two dimensions and is termed the in-plane average strain,
as the third dimension is perpendicular to the plane where the Bragg
condition is satisfied for all of the measured diffraction rings.

Determination of the Lattice Strain Broadening Coefficient: Based on the
work of Williamson and Hall,¥l it is possible to not only fit the average
ring position but also describe the distribution of strain across a crystal
using the modified Scherrer equation, using each diffraction ring’s
FWHM and scattering angle. The strain broadening coefficient can be
calculated by fitting
Bcos(6)= %+§sin(9) V)
to all of the available diffraction rings in one phase using a least-squares
linear regression, where 3 is the sample peak FWHM, 6 is the scattering
angle of that diffraction peak, k is the shape factor (in this work
assumed to be unity for low aspect ratio crystallites), A is the incident
X-ray wavelength, D is the average crystallite size, and & is the desired
strain broadening coefficient. A representative plot and fit for a single
diffraction pattern is shown in Figure S10 (Supporting Information).

The LaBg calibration standard was used in order to subtract
instrumental and geometric contributions to the FWHM from the total
measured Ni FWHM. The LaBg was assumed to have a negligible sample
contribution so that the measured FWHM represents the instrumental
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contribution. The measured LaBg FWHM was fit using a least squares
linear regression as a function of sin (6) and this function was then
subtracted from the Ni FWHM using the following equation:

FWHMy; = JFWHM2, — (Asin(6) + B)>2 3)

where the second term in the square root is the LaBg-based correction
with A =3.1639 and B = 2.3415. Using the corrected Ni sample FWHM
and the modified Scherrer equation, the strain broadening coefficient &
was fit for all of the measured diffraction patterns using the Ni (111),
(200), and (220) peaks. The error in fitting & was approximated as the
norm of the residuals from fitting. The incompleteness of the Ni (311)
diffraction ring precluded robust measurements of its FWHM, so this
peak was excluded from the fitting of the strain broadening coefficient.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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