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Structural batteries are multifunctional composite materials that can carry mechanical load
and store electrical energy. Their multifunctionality requires an ionically conductive and stiff
electrolyte matrix material. For this purpose, a bi-continuous polymer electrolyte is used
where a porous solid phase holds the structural integrity of the system, and a liquid phase,
which occupies the pores, conducts lithium ions. To assess the porous structure, three-
dimensional topology information is needed. Here we study the three-dimensional structure
of the porous battery electrolyte material using combined focused ion beam and scanning
electron microscopy and transfer into finite element models. Numerical analyses provide
predictions of elastic modulus and ionic conductivity of the bi-continuous electrolyte material.
Characterization of the three-dimensional structure also provides information on the dia-
meter and volume distributions of the polymer and pores, as well as geodesic tortuosity.
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past few years. Among them, the lithium-ion battery has

rapidly developed into an important component of electric
vehicles!. Structural battery composites are one type of lithium-ion
batteries that employs carbon fiber as the negative electrode?. Since
carbon fiber is an excellent lightweight structural reinforcement
material the structural battery composite inherits high mechanical
properties®. A successful example is a recently reported structural
battery by Asp et al.# and its integration in a multi-cell composite
laminate”. The structural battery possesses an elastic modulus of
25 GPa and strength of 300 MPa and holds an energy density of
24 Whkg~!l. With its combined energy storage and structural
functions, the structural battery provides massless energy storage.
Replacing parts of the structural components in various applica-
tions, such as electric vehicles, the weight of the whole system is
reduced®”’.

In order to carry mechanical loads, the structural batteries
must be of high stiffness. Structural electrodes are generally uti-
lizing carbon fibers?8. In the negative electrode, carbon fibers are
used as active material, i.e., host of lithium, current collector, and
reinforcement®?. In the positive electrode, active material, e.g.,
lithium iron phosphate is coated on the carbon fiber that acts as a
current collector and reinforcement!®!1. For the same reason, the
liquid electrolyte in conventional lithium-ion batteries cannot be
used and must be replaced by a mechanically robust, at least
partly solid, electrolyte system. Solid inorganic electrolytes have
high ionic conductivity (>107* S cm™!) and high elastic modulus
(>1 GPa)!2. However, their poor interfacial properties and fragi-
lity cause difficulties in practical use. Solid polymer electrolytes
and gel electrolytes are not well fit in structural battery either,
since their mechanical and electrochemical properties are highly
antagonistic!3. In the recent structural battery, a bi-continuous
polymer structural battery electrolyte (SBE) is used®. Its porous
structure is formed by polymerization-induced phase separation
(PIPS) reaction'*. The solid polymer backbone ensures the
integrity of the entire structure, whereas the liquid electrolyte,
which occupies the porous network structure, allows the trans-
port of lithium ions. This SBE structure offers a good compromise
between ionic conductivity (~2x 10~4Scm~1) and mechanical
properties (elastic modulus of 540 MPa).

Further development of the SBE requires a deep understanding
of its structure and an accompanying structure-property rela-
tionship analysis. For a porous structure, traditional two-
dimensional (2D) images from scanning electron microscopy
(SEM) are not sufficient. Instead, a three-dimensional (3D) model
is required to analyze the mechanical properties and ionic con-
ductivity of the porous network via numerical simulations. X-ray
computed tomography is a popular non-destructive method to
obtain 3D structure information. Its spatial resolution can be
down to 50 nm, which is not sufficient to accurately capture the
nano-scale pores in the SBE!’. Instead, combined focused ion
beam and scanning electron microscopy (FIB-SEM) is utilized.
FIB-SEM is nowadays a well-established technique to obtain
high-resolution 3D data. Serial milling using FIB can be per-
formed at the nanometer scale to expose the underlying micro-
structure. High-resolution 2D images are then taken by SEM. The
obtained 2D image sequences are stacked in 3D space. Different
phases are separated, and 3D voxel models are generated for the
different phases. This technique has been successfully used in
studies of different porous structures!®—20, However, FIB-SEM
has not yet been applied to the SBE, which is more challenging
since the SBE is a soft and non-conductive material. These fea-
tures cause issues such as curtaining, charging, and low contrast
of images!®-23. In general, artifacts induced by FIB milling on
such specimens are more conspicuous and can be compensated
for in the analysis. Furthermore, the pores in the SBE are very

E nergy storage materials have gained wider attention in the

small, ranging from a few to hundreds of nanometers. Most
previous studies investigated micro-scale pore structures. How-
ever, Neusser et al. performed FIB-SEM on soft polymer MIP at
the nano-scale?3. To enhance contrast, the polymer structure was
stained with osmium tetroxide and then filled with epoxy. In the
current study, we take high-resolution SEM images using the so-
called electron immersion mode where electrons are caged in the
imaging region. The pixel size in the SEM image can be as low as
5nm, which determines the achievable resolution in the image,
whereas the resolution through the thickness is determined by the
FIB-milling depth. Pores smaller than achievable resolu-
tion cannot be captured by the proposed FIB-SEM technique.

In the present work, we aim to develop a general workflow to
reconstruct a porous glassy polymer and analyze its structure and
effective properties, namely ionic conductivity and elastic stiffness.
High-resolution images are taken using FIB-SEM to generate 3D
models of the polymer and pore phases of the SBE. With these
models, the pore size distribution and tortuosity are analyzed.
Also, the geodesic distance is measured and related to the Euclidean
length. Furthermore, the reconstructed 3D models are used to
generate finite element models of the two phases. The elastic
modulus and ionic conductivity are experimentally measured and
numerically simulated, and the results are compared and discussed.
The developed method can be used to analyze porous polymers,
e.g., SBE with different compositions and interfaces.

Results and discussions

Three-dimensional reconstructions. 3D models of the SBE are
reconstructed as illustrated in Fig. la. High-resolution micro-
graphs of the SBE were first obtained from FIB-SEM as illustrated
in Fig. 1b. Reconstruction of the SEM images was achieved using
the Dragonfly 2020.2 software. Filtering processes were con-
ducted to reduce a strong curtaining effect and noise in the SEM
images. The curtaining effect is a common artifact induced by FIB
milling?4-27 and appears as vertical stripes on the cutting surface,
as shown in Fig. 1c. The stripe pattern is caused by different
milling rates at different positions, i.e., in the polymer and the
pore phases of the porous structure. The curtaining artifact causes
erroneous image segmentation and must therefore be removed.
As shown in Fig. 1c, the curtaining effect is effectively removed
through a destripe filter. Gaussian smoothing filter is then applied
in 3D space to reduce the noise pixels.

Even though the SEM images are automatically aligned according
to a reference pattern during FIB-SEM sectioning, alignment error
can still be observed as shown in Fig. 1d. Therefore, a box region of
the image stack is used to perform additional alignment. The
additional image alignment is performed to correct the distorted
pore shapes in a registration step (Fig. 1d) as described in the
Method section. The edge of the SBE sample is a tilting line due to
the sample placement angle. Thereafter, the pore and polymer pixels
are separated by threshold segmentation. The transition regions
between polymer and pore phases are a few pixels due to the low
contrast, different depths of the pores, and charging at the pore
edges. The best option is to use the true porosity instead of an
arbitrary threshold. However, experimental measurements of the
porosity of a porous polymer system in the meso-range are difficult.
For example, Brunauer-Emmet-Teller (BET) theory relies on the
Langmuir assumption that gas molecules form monolayer adsorp-
tion, which is an ideal situation?. Furthermore, the assessment of
meso-porosity relies on the assumption that the pores are filled with
the adsorbate in the bulk liquid state, i.e., by applying the Gurvich
rule, only if the mesoporous adsorbent contains no macropores?’.
Clearly, these assumptions do not apply to the studied SBE system.
Therefore, the porosity of the SBE is calculated from the
volume ratio of liquid electrolyte and monomer in the SBE mixture

2 COMMUNICATIONS MATERIALS | (2023)4:49 | https://doi.org/10.1038/s43246-023-00377-0 | www.nature.com/commsmat


www.nature.com/commsmat

COMMUNICATIONS MATERIALS | https://doi.org/10.1038/s43246-023-00377-0

ARTICLE

Rf.ference pattern

Fig. 1 Three-dimensional reconstruction of the SBE. a Illustration of 3D reconstruction of the SBE model. b lllustration of the FIB-SEM set-up. ¢ Effects of
destriping and Gaussian smoothing on image quality. d The y-view of a cross-section of the image stack. The pore shapes are distorted in the same way in
the red box. The registration step realigns the image positions as the left edge is no longer straight.

before curing. The liquid content in the mixture was 45 wt%, which
corresponds to a volume fraction of 41%. A recent study on the bulk
polymer of the SBE, using the nuclear magnetic resonance (NMR)
technique, shows between 8 to 10 % of the liquid electrolyte to be
absorbed in the bulk polymer3C. The porosity in the SBE is therefore
in the range of 37-38%. Here, a threshold value for segmentation is
set to match a porosity of 37%. To obtain the polymer 3D model,
the pore pixels are removed, and the polymer pixels are then
transformed into voxels with a thickness of 20 nm. In the final step,
the obtained 3D models are stretched by 22% in the y-direction to
compensate for the view angle of 55° between the FIB milled cross-
section and the SEM (Fig. 1b).

The 3D models generated from the SEM image stack,
representing the polymer phase, and the pore phase, and both
phases are shown in Fig. 2a-d. The pixel size in the micrographs
is 10 x 10 nm?. Each pixel is converted into a voxel volume of
10 x 12.2 x 20 nm3. The volume is not square in the x-y plane due
to the view angle of the milled surface in the SEM. The polymer
phase is marked in blue and the pore phase in orange. In total, the
studied volume is approximately 5.43 x 6.31 x 1.20 um3. The
pores with a size smaller than 20 nm will unfortunately not be
identified. However, the impact of such small pores on the elastic
properties can be neglected. In contrast, the effect of neglecting
small pores on ionic conductivity predictions is more ambiguous.
On the one hand, ionic conductivity is expected to be controlled
by the connected network of large pores. Also, the undetected
small pores are likely to be isolated from the connected network.
Cattaruzza et al. explored SBE with different porosity and found
the interactions between the electrolyte species and the polymer
matrix hinder the molecule and ions transport3, On the other
hand, if the amount of non-identified small pores is large enough,
the volume of the network of connected large pores, and hence
the ionic conductivity, will be overestimated.

Although some pores appear isolated on the surface of the 3D
model (Fig. 2d), 99.3% of the pores are connected in space. The
isolated pores are determined by a 6-connected analysis. Thus, if
any of the six faces of a voxel is shared with another voxel, the
two voxels are identified as being connected. The isolated pores
are marked by light blue in Fig. 2e. However, it is worth to note
that the isolated pores on the surface are probably connected to
other pores outside the reconstructed volume. To study the
distribution of polymer and pore size, connected voxels are
separated into individual elements. This is done by creating a
multi-ROI (region of interest) using the OpenPNM plugin3!.

As shown in Fig. 3a, b, individual polymer segments and pores,
respectively, are marked with a different color from its neighbors.
The distributions of equivalent diameter and volume of polymer
segments and pores are plotted in Fig. 3d, e. The mean equivalent
diameter is found to be 180 nm for the polymer segments and
160 nm for the pores, respectively.

Geodesic tortuosity. When lithium ions move through the porous
SBE a straight and direct path is not available. To evaluate the path
distances traveled by the ions in the SBE structure, sparse and dense
graphs are generated from the pore model (Fig. 4a, b). Sparse and
dense graphs are connected models using spheres representing
pore areas and lines for paths between pore volumes. The zoom-in
views of a small region show that the dense graph gives detailed
information on the distorted paths, whereas the sparse graph, a
lower resolution version, simply connects pore nodes with linear
paths. From the dense graph, an average segment tortuosity of 1.3 is
computed. The segment tortuosity is defined as the ratio of the
tortuous path distance to the Euclidean distance of one segment.
Since different segments are not aligned, segment tortuosity does
not provide enough information to assess ion transport. Hence, ion
transport through multi-segments needs to be further evaluated.
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Fig. 2 Reconstructed material models. 3D visualizations of a the unstretched SEM image stack. The final stretched models for b the polymer phase, ¢ the
pore phase, d both polymer and pore phases, and e isolated (light blue) and connected (orange) pore regions.

Geodesic tortuosity is the ratio of the shortest path to the
Euclidean distance between two vertices. To compute the shortest
paths, cuboid lattices are defined in the sparse and dense graphs,
respectively. Two different vertices are selected at the two ends of
lattices as inlet and outlet. The shortest paths are computed
between the inlet and the outlet vertices and marked in yellow in
Fig. 4d. The geodesic tortuosity is studied using both the dense
graph and the sparse graph (Table 1). The dense graph gives a
longer shortest distance compared to the sparse graph. Obviously,
the higher resolution of the dense graph gives a more accurate
result compared to the sparse graph. In the y-direction, the average
geodesic tortuosity measured in the dense graph is 1.81. This means
that the lithium ions need to travel a 1.81 times longer distance in
the SBE than the Euclidean distance. When the shortest path
between two vertices is computed from the dense graph, with its
highly tortuous segments, a 30% longer distance results compared
to if it is computed from the linear segments in the sparse graph.
This is schematically illustrated in Fig. 4c. From a statistical point of
view, the ratio between the red and orange path lengths in Fig. 4c
should be equal to the average segment tortuosity given a sufficient
number of segments are included. Therefore, the geodesic
tortuosity from the sparse graph is computed by multiplying the
shortest distance by the segment tortuosity of 1.3. The geodesic
tortuosity from the sparse graph is slightly higher than that from
the dense graph because more available path choices exist in the
dense graph. However, the computational cost of the dense
graph is approximately 30 times higher than that of the sparse
graph. Therefore, it is an efficient method to use the sparse
graph to analyze the geodesic tortuosity. A slightly lower
tortuosity is measured in the z-direction. This is likely caused
by the lower voxel resolution of the 3D model in the z-direction,
where highly tortuous paths are lost. The geodesic tortuosity is
similar in all three directions, which confirms the isotropy of
the SBE. An average geodesic tortuosity of 1.8 is measured,
based on measurements on six, five, and eight paths in x-, y-,
and z- directions, respectively.

Multifunctional properties of the SBE. We exploit the obtained
topology data to numerically compute both, elastic modulus, and
ionic conductivity, and compare the simulation results with
experimental results. The results are reported in Table 2. Dynamic
mechanical analysis (DMA) and electrochemical impedance spec-
troscopy (EIS) were performed to measure the storage modulus
and the ionic conductivity, respectively. The experimental results
are plotted in Fig. 5a, b. The measured elastic modulus of the bulk
polymer is 2167 MPa and the ionic conductivity of the liquid
electrolyte is 4.35 mS m~1. These measured properties are used as
input properties for the finite element method (FEM) analyses
based on linear elasticity and linear Fickian diffusion32. In addition,
a Poisson’s ratio of 0.33 is imposed for the polymer phase. In the
FEM analyses it is assumed that the elastic modulus relies only on
the polymer and that ionic conductivity is solely attributed to the
liquid phase. In total, 20 unique cubical statistical volume elements
(SVEs), with a volume of approximately 1.2 um3, were extracted
from the reconstructed 3D model and analyzed (Fig. 5c). One
example SVE of each phase (solid and liquid) is shown in Fig. 5d, e.
The simulation results presented in Table 2 are ensemble averages
from the simulation results of all 20 SVEs.

The average effective elastic modulus of the SBE from numerical
simulations is 738 MPa. The predicted modulus is slightly higher
than the measured modulus of 611 MPa. This discrepancy can be
explained by the usage of Dirichlet boundary conditions during
virtual material testing in the FEM simulations. Dirichlet boundary
conditions are known to slightly overestimate the elastic modulus.
Nevertheless, the simulation and experimental results agree well for
elastic modulus. In contrast, for the ionic conductivity, the FEM
simulation overestimates the performance of the SBE. There are a
few reasons for this. Firstly, the resolution in the extracted image
data is in the range of 10 to 20 nm. Consequently, any pores smaller
than 10 nm are not identified and therefore not introduced in the
3D model. Therefore, the numerical models likely consider too
coarse pore structures for the given porosity, leading to over-
estimated ionic conductivity. Secondly, it should be noted that the
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Fig. 3 Pore structure of the SBE. a Segmented polymer model. b Segmented pore model. ¢ Distance map of the pores (grayscale) in the polymer model
(blue). d The distributions of equivalent diameter, and e volume of the polymers and pores. f In the watershed algorithm, the brightness of a grayscale
image is treated as height information. The grayscale image is transferred to a 3D terrain, where the red lines are ridges, and the blue regions are

catchment basins.

FIB/SEM reconstructed model is from a dry specimen, whereas the
measured performance is for a specimen in its wet state. In the wet
state, the polymer is expected to absorb some of the liquid
electrolytes and operate in a swollen state. A swollen polymer
backbone results in lower porosity, lower liquid content, and some
narrow path channels may even be closed. All these features can
contribute to a reduced ionic conductivity of the wet SBE.
On the other hand, the current FEM model only considers
Fickian diffusion. Other possible phenomena like convection and
the interaction between ions are not included. An issue with the
FEM simulations is that the SVEs have slightly varying volume
fractions depending on where they are sampled from on the
specimen. This volume fraction variation can reach up to a 10 %
difference between the SVE outliers. However, these fluctuating
effects are averaged out as the FEM simulations are repeated for
twenty different SVEs. This shows the importance of using
sufficiently large SVEs. A clear opposing relationship between
elastic modulus and ionic conductivity to the ratio of the solid to
liquid phases is found, as shown in Fig. 5f, g.

Conclusion

Here, we characterize the geometry of a porous structural battery
electrolyte (SBE) in three dimensions and predict its multi-
functional properties, i.e., elastic modulus and lithium-ion

conductivity. Sequential FIB-SEM milling is used to obtain a stack
of high-resolution images for the porous electrolyte matrix. An
efficient image processing routine is reported. The pore and
polymer phases are segmented, and 3D reconstructed. The indi-
vidual pores/polymer diameter and volume distributions are
analyzed, and the average diameter of the pores and the poly-
mer backbone is found to be 160 to 180 nm, respectively. To
assess the lithium-ion conductivity of the SBE structure, geo-
desic tortuosity is computed by the shortest path and found to
be isotropic. The average geodesic tortuosity indicates that the
lithium ions need to travel 1.8 times longer distances in the
porous SBE compared to the spatial Euclidean distance. In
addition, the 3D model is used to generate finite element
models to compute the elastic modulus and ionic conductivity
of the SBE. The predicted elastic modulus agrees well with the
measured storage modulus of the SBE. In contrast, the com-
putational model overestimates lithium-ion conductivity. This
can be due to the limitation posed by the use of a dry specimen
in the current FIB-SEM experimental set-up and to the limiting
resolution of the extracted image data. Further work is needed
to allow for the characterization of the wet SBE. Nevertheless,
the presented experimental and computational procedure can
be applied for the study of arbitrary compositions of SBE and
provides a foundation for future study of SBE and structural
electrode interface regions.
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Fig. 4 Geodesic tortuosity. The a sparse and b dense graph pore models combined with a zoom-in view with the polymer model. ¢ lllustration of the sparse
and dense graph paths. d The shortest paths computed from the sparse and dense graphs.

Methods (Sigma-Aldrich) and ethylene carbonate (99% anhydrous) (Sigma-Aldrich). 1 M
Sample preparation. The SBE was cured from a solution mixture of self-made liquid  lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) (99.95 % trace metal basis)
electrolyte (45 wt%) and monomer Bisphenol A ethoxylate dimethacrylate (Mn: (Sigma-Aldrich) is used as lithium salt. The SBE solution is cured with a thermal
540 gmol~!) from Sartomer Europe. The liquid electrolyte solvent is a 1:1 weight initiator of 1 wt% 2,2’-azobis (2-methylpropionitrile) (AIBN) to the monomer weight
ratio mixture of propylene carbonate (PC 299 %, acid <10 ppm, H,O <10 ppm) (Sigma- Aldrich). The solution was stirred until a homogeneous mixture was obtained.

6 COMMUNICATIONS MATERIALS | (2023)4:49 | https://doi.org/10.1038/s43246-023-00377-0 | www.nature.com/commsmat


www.nature.com/commsmat

COMMUNICATIONS MATERIALS | https://doi.org/10.1038/s43246-023-00377-0

ARTICLE

Dense graph study

Table 1 Shortest distances and geodesic tortuosity of the SBE in dense graphs and sparse graphs, respectively.

Sparse graph study

Euclidean distance Mean shortest Geodesic tortuosity Euclidean distance Mean shortest Geodesic tortuosity
distance distance
x-direction 5.36 9.61 1.79 536 7.59 1.84
y-direction 6.32 11.28 1.81 6.32 8.67 1.81
z-direction 1.10 1.90 172 113 1.52 175

The geodesic tortuosity from the sparse graph considers segment tortuosity.

Experimental results

Table 2 The elastic modulus and lithium-ion conductivity of the bulk polymer, the

liquid electrolyte, and the SBE.

Simulation results

Bulk polymer Liquid electrolyte SBE SBE
Elastic modulus [MPa] 2167 - 611 738
lonic conductivity [mS/cm] - 4.35 0.134 0.633
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Fig. 5 Multifunctional performance of the SBE. Storage modulus and ionic conductivity of SBE. a Storage modulus measured by DMA for the bulk polymer
and SBE. b Nyquist plot of EIS data for the SBE. ¢ 20 SVEs were extracted from the 3D reconstructed model. Two SVEs of d the polymer and e the liquid
electrolyte domains, respectively. The geometries are slightly defeatured for FEM simulation. The geometric dimensions of the SVEs are

1.18 x 1.22 x 1.18 pm3. FEM simulation results from all SVEs for f elastic modulus and g ionic conductivity. Each data point corresponds to one SVE

simulation; the red dot represents the final average result.
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The SBE resin was then poured into an aluminum mold (30 x 6 X 0.5 mm?3) and
covered with a glass slab. The specimens were subsequently clamped on both edges
and vacuum-sealed into a pouch bag inside the glovebox. Finally, the samples were
transferred outside the glovebox and directly thermally cured at 90 °C for 45 min in a
preheated oven. For the bulk polymer sample, the monomer was mixed with the
AIBN only. The AIBN content was again 1 wt% of the monomer weight. The molds
and the curing conditions were exactly the same as for the SBE films.

FIB-SEM. The samples were immersed in deionized water for 24 h and put on a
shaking table to extract the liquid electrolyte (EC, PC, and LiTFSI) contained within
the percolating polymer network. After that, the samples were dried in a vacuum oven
for 48 h at 60 °C. All samples were weighed before immersion in deionized water and
after drying to determine the mass loss. The average mass loss corresponds to 42.34 wt
%. An average of 5.9 wt% of liquid electrolyte was left. A ~2 mm?® SBE sample was
glued on an aluminum stub with conductive silver paint. A 20 nm gold layer was then
coated on the surface to increase the electric conductivity. FIB-SEM milling and
imaging was performed in a Tescan GAIA3 (Tescan, Brno, Czech Republic). 30 keV
Ga™ ion beam was used in this study. Only the beam current varies at different steps.
The specimen was first titled 55° to the electron beam. About 2 um thick platinum
layer was deposited on an area of 10 x 20 um? using 500 pA ion beam current. A
T-shape section was then fabricated using 1 nA beam current as shown in Fig. 1b. A
reference pattern was milled on the T-shape and used to compensate the sample drifts
for FIB milling and SEM imaging. Milling was performed using a low ion beam
current of 269 pA every 20 nm. High-resolution images were taken under electron
immersion mode with a pixel size of 10 x 10 nm2. The electron beam spot size was set
as 4 nm. The electron immersion mode introduces an electromagnetic field to cage all
electrons. Therefore, a stronger electron accumulation effect causes sample drifting,
which strongly limits the available image number. Here, 80 images are obtained before
the reference pattern drifts out of the reference window. Sixty images are used for 3D
reconstruction. The SEM images are taken using the Mid-angle backscattered electron
detector to reduce the charging effect. The electron beam voltage is set as 2 keV.

Image processing. Once the SEM images were obtained, different image processing
methods were used including filtering, registration, and segmentation. All these
operations were performed using the Dragonfly 2020.2 software (Object Research
Systems (ORS) Inc., Montreal, Canada, 2020). To reduce the artifacts in the original
SEM images, filtering was used. The vertical stripes caused by a curtaining effect are
reduced by destriping filtering. Since the curtaining artifact is similar to the stripe
noise in remote sensing, different destriping methods developed over the years can be
used, such as moment matching based method3, histogram-based method>4,
Fourier-based filtering methods®>3°, wavelet analysis methods?”-38 and compression
sensing method®’. Here a wavelet analysis method is chosen, where Daubechies 5
wavelet (db5) was selected at level 5. The foreground pixel size is chosen as 128 and
the background pixel size is chosen as 256. Furthermore, a Gaussian smoothing filter
was then applied in 3D space with a sigma value of 3 to remove the noise pixels.
Registration was then performed to realign images using the simple sum of squared
differences (SSD) method according to Eq. 1,

SSD = 21 (imagel — image2)® 1
pixel
The method minimizes the SSD by realigning the images. This operation is

repeated six times in a selected box region. Threshold segmentation was then
performed to identify polymer and pore phases. The threshold value is gradually
increased until the porosity of the 3D model is equal to the theoretical porosity
calculated from the liquid phase in the SBE mixture. All polymer pixels are labeled 1
and pore pixels are labeled 0. Since most polymer and pore phases are connected,
watershed segmentation was used to separate individual polymers and pores before
the statistical analysis. The watershed algorithm treats a grayscale image as a
topographic map where a brighter pixel represents a higher position, as illustrated in
Fig. 3f%0. The ridges represent the boundaries of each catchment basin. The watershed
segmentation was implemented using the OpenPNM plugin. OpenPNM is a free
Python package that is built-in in the Dragonfly software and designed for pore
network modeling (PNM). Here, OpenPNM is only used to generate the multi-ROL
For this purpose, OpenPNM uses a marked-based watershed algorithm to define
individual elements*!. Marked-based watershed finds the seeds of individual pore
centers using a distance map (Fig. 3c), where the pixel grayscale value represents the
minimum Euclidean distance from the pixel to the polymer. A pixel with a local
maximum grayscale value is marked as a pore center. The local area is defined by a
maximum spherical radius R max. In this work, the R max is set to 6 pixels.

Dynamic mechanical analysis. To evaluate the elastic modulus of the SBE,
dynamic mechanical analysis (DMA) was performed. Here, DMA is used to
measure the storage modulus of the SBE and bulk polymer. The instrument utilized
was a TA Instruments DMA Q800 in tensile mode. In total, two samples for the
SBE and two samples for the bulk polymer were tested. The samples were clamped
into the DMA sample holder after having measured their width, thickness, and
length between the clamps with a digital slide caliper. The specimen dimensions
ranged between 4-5 mm in width, 0.4-0.55 mm in thickness, and 10-15 mm in
length between the clamps. Specimen dimensions were inserted in the instrument
program for analysis. The thermal cycle for the measurement consisted of a first

isothermal step where the initial temperature of 20 °C was held for 10 min, needed
for equilibration. The second step was a temperature ramp with a heating rate of
3°C min~! up to a temperature of 200 °C. An amplitude of 8-13 um was applied
(<0.1% of the sample length).

Electrochemical impedance spectroscopy. Electrochemical impedance spectro-
scopy (EIS) was executed for the evaluation of the ionic conductivity of the SBE at
ambient temperature. The measurements were performed inside the glovebox
immediately after the manufacture of the SBE films, avoiding liquid electrolyte
evaporation from the samples. The analysis was conducted using a Gamry Series G
750 potentiostat/galvanostat/ZRA interface. The setup utilized consisted of a four-
point electrode cell with gold wires as electrodes, two working electrodes (20 mm
apart), and two reference electrodes (5 mm apart). In total, two samples were
tested. The impedance was measured in the frequency range of 120 kHz to 1 Hz,
with an amplitude of 10 mV. The bulk resistance (R,) was obtained from the low-
frequency intercept with the real axis in the resulting Nyquist plot. The ionic
conductivity was calculated using Eq. 2:

]
TTR A

()

where ¢ is the ionic conductivity, [ is the length between the reference electrodes
(5mm), R, is the bulk resistance and A is the cross-sectional area of the sample.
The cross-sectional area was calculated by measuring the thickness and width of
each sample with a digital slide caliper.

Finite element method simulation. FEM simulation was implemented to perform
virtual material testing via multi-scale computational homogenization using the
model developed by ref. 32. Linear elasticity was used to compute the effective
stiffness, while linear Fickian diffusion was assumed for the ionic conductivity.
From the FIB-SEM data, a total of 20 unique statistical volume elements (SVEs) of
each phase were generated. The SVE is a computational unit cell geometry that is
supposed to represent the micro-heterogeneities of the SBE. The SVEs are voxel-
based geometries that are generated by extruding either the white part or the black
part of binarized 2D FIB-SEM images; this represents the liquid and the solid
domain, respectively. The extrusion depth corresponds to the gap distance between
each FIB-SEM image, i.e., 20 nm. The advantage of using a voxel-based geometry,
in this case, is that a well-defined geometry, from experimental data, can easily be
prepared for computer simulation. In fact, each voxel of the geometry is repre-
sented by a hexahedron element in the Finite Element simulations. The downside
of voxel-based geometries is that they scale cubically in complexity with respect to
the imaging resolution, resulting in computationally expensive FEM analyses. This
issue can be circumvented by exploiting mesh reduction methods to reduce
computational costs using a spatial voxel merging method*2. However, spatial
voxel merging is not pursued here as its interference with the porosity of the SBE is
regarded as too defective. Instead, we accept the necessity of a fine mesh and resort
to a high-performance computing cluster. The mesh generation was carried out in
a small Python script. It should be noted that the SVE geometries are not periodic,
therefore, periodic boundary conditions are not suitable here. Instead, Dirichlet
boundary conditions were enforced on the fluctuation fields.

Data availability

The FIB-SEM image dataset used in this study can be found at https://doi.org/10.5281/
zeno0do.8027406. Any other information can be obtained from the corresponding author
upon reasonable request.
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