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ABSTRACT: High-rate capable, reversible lithium metal anodes
are necessary for next generation energy storage systems. In situ
tomography of Li|LLZO|Li cells is carried out to track
morphological transformations in Li metal electrodes. Machine
learning enables tracking the lithium metal morphology during
galvanostatic cycling. Nonuniform lithium electrode kinetics are
observed at both electrodes during cycling. Hot spots in lithium
metal are correlated with microstructural anisotropy in LLZO.
Mesoscale modeling reveals that regions with lower eﬀective
properties (transport and mechanical) are nuclei for failure.
Advanced visualization combined with electrochemistry represents
an important pathway toward resolving non-equilibrium eﬀects
that limit rate capabilities of solid-state batteries.
KEYWORDS: solid electrolytes, LLZO, tomography, solid-state battery, lithium metal, machine learning
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properties (VLi+/VLi , Gs /G Li ). However, this theoretical framework assumes uniform material properties, continuous
interfaces, and defect and contamination free materials. In
reality, both the solid electrolyte and lithium metal contain
chemical impurities and microstructure heterogenities (grains,
defects, etc.) which will inﬂuence the morphological
progression of the reaction interface.
Above a critical current density, Li metal morphological
changes can lead to interface deterioration, contact loss, and an
increase in the overpotential.13 Recently, contact loss14 (Figure
1a) and pore formation15,16 in Li metal upon stripping (Figure
1a) were experimentally observed using ex situ scanning
electron microscopy and in situ X-ray tomography. Pore or
“void” formation upon stripping may be the origin for interface
deterioration, yet there is little known about how pores form. It
has been postulated that, upon Li dissolution, vacancies can
form at the anode|electrolyte interface. Limited self-diﬀusion of
lithium atoms in metallic lithium can lead to the accumulation
of “voids” at high discharge currents (Figure 1b)17 and possibly
vacancy and pore gradients within the lithium metal anode.18,19
With the exception of a few low-resolution experimental

etal anodes (Li, Na, Mg) beneﬁt from high speciﬁc
energy because the entire electrode volume is active.1
However, high reactivity in liquid electrolytes and non-uniform
electrodeposition severely limits its application. Electrodeposition instabilities and dendrite formation in liquid binary
electrolytes can occur because of transport limitations and the
formation of concentration gradients at high charge rates. Prior
theoretical studies have hypothesized that using a rigid solid
electrolyte with a shear modulus 2× larger than that of metallic
lithium could suppress lithium penetration.2 Numerous
experimental studies contradict this result3 and demonstrate
that both soft (polymers, sulﬁdes) and hard (oxides) solid
electrolytes can impact the morphological evolution of lithium
metal during electrodeposition and dissolution.4−7 Thus, a
solid electrolyte’s stiﬀness or shear modulus (G) cannot
completely describe lithium ﬁlament formation and growth in
solid-state batteries. Instead, unstable electrodeposition is
related to chemomechanical properties at the anode|electrolyte
interface that drives nonuniform Li+ transport.
Mechanical stress at the anode|electrolyte interface impacts
ion transport and reaction kinetics that govern lithium metal
morphological evolution.1,8,9 Recently, a set of chemomechanical design rules were proposed to achieve solid
electrolytes with pressure-driven dendrite blocking or
density-driven dendrite suppressing properties.10,11,12 Spatiotemporal evolution of an electrodepositing interface can be
tailored via control over the solid electrolyte’s partial molar
volume of Li+ (VLi+ ) and shear moduli relative to lithium anode
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Figure 1. (a) State-of-the-art characterization for Li metal. Ex situ SEM and XRT show evidence of pore formation on Li metal after stripping. Top
part adapted with permission from ref 31. Copyright 2019 American Chemical Society. Bottom part adapted with permission from ref 16.
Copyright 2019 Springer Nature. (b) Schematic diagram of the interfacial transport challenges in lithium metal solid-state batteries. Lithium metal
undergoes oxidation and migrates as Li+ to the solid electrolyte leaving an electron and a vacancy in the lithium metal. During stripping at high
current densities, the vacancies formed due to Li+ migration accumulate faster than can be replenished by self-diﬀusion of Li metal. This results in
formation of voids at the anode|SE interface. On subsequent cycling, the void acts as focusing regions for nonplanar Li deposition. (c) Sample
reconstruction slices of lithium metal electrode imaged for pristine, plating, and stripping steps. Semicircular morphologies are observed in the
plating as well as stripping electrode, and pore formation in the stripping electrode is observed. (d) Segmentation from the conventional
binarization process overlaid with raw reconstruction images. Darker regions in these images are identiﬁed pores/void phase while the lighter
domains are lithium metal. (e) Segmentation results from convolutional neural networks overlaid with raw reconstruction images. The green phase
is the identiﬁed lithium metal while the blue phase is the identiﬁed pore/void phases.

metal visualization by synchrotron imaging in combination
with a high-density solid electrolytes (LLZO) has not been
previously reported.
This work uses imaging techniques to track morphological
transformations at lithium metal|solid electrolyte interfaces. A
garnet (LLZO) solid electrolyte is chosen as the model
electrolyte to image because it is one of the most stable solid
electrolytes, and it has minimal interphase formation. In order
to process the low-contrast images (lithium metal and pores),
advanced image processing and machine learning methods
were developed for eﬀective segmentation to extract
quantitative metrics of the electrodes (current density,
porosity, and their spatial distribution) during cycling (Figure
1c−e). Furthermore, in situ experiments allow for tracking Li
metal morphological transformations at stripping and plating
electrodes simultaneously. Advanced visualization combined
with electrochemistry represents an important pathway toward
resolving the role non-equilibrium defects, and microstructure
heterogenities impact rate capabilities of lithium metal anodes.
Spatial variations in microstructrural properties of the solid
electrolyte are correlated to the hot spot generation within the
lithium metal (Figure 1a). Mesoscale simulations of the solid
electrolyte reveal heterogeneous transport and mechanical
properties. Failure onset at Li|SE interfaces occurs at regions
with lower transport and mechanical properties.
X-ray imaging relies on absorption and phase contrast to
distinguish materials in the ﬁeld-of-view of the beam.
Absorption contrast captures diﬀerences in the attenuation of
the X-rays along the trajectory from the source to the detector.
The attenuation depends on the spatial density of the material,

observations (Figure 1a), there are no in situ experimental
observations that track pore evolution dynamics and gradients
within lithium metal electrodes.
High-resolution imaging of lithium metal at buried solid|
solid interfaces is challenging because low atomic number
elements weakly interact with experimental probes. Additionally, for in situ and operando imaging, proximity to highly
absorbing/scattering materials (steel current collector, LLZO
electrolyte) signiﬁcantly impedes extracting morphological
information from lithium metal. Maintaining a stable, air-free
environment during operation is also a key experimental
challenge. Filament formation is typically characterized by ex
situ optical/electron microscopy due to these experimental
challenges.20,21 Recent operando optical imaging of Li|LLZO|
Li systems demonstrated how the morphology of the ﬁlament
diﬀered depending on the operating regime (e.g., current
density) which suggests that there are a variety of failure
mechanisms.9 While microscopy and optical imaging oﬀer
valuable material insights, it is challenging to resolve dynamic
material processes that occur in subsurface and bulk materials.
Synchrotron X-ray tomography (XRT) is a potential method
to resolve three-dimensional morphological transformations
with adequate spatial and temporal resolutions relevant to
solid-state batteries.4,22 Recently, XRT was used to track
morphological variation in Na metal anodes during cycling
which showed clear evidence of a pore formation mechanism.15 There is some literature that leverages synchrotron
imaging to evaluate transformations in lithium metal,4,23,24 but
the reported studies use low-density systems (graphite,
polymer) in combination with lithium metal. Enabling lithium
9535

https://dx.doi.org/10.1021/acsaem.0c02053
ACS Appl. Energy Mater. 2020, 3, 9534−9542

ACS Applied Energy Materials

www.acsaem.org

Letter

Figure 2. (a) Schematic diagram showing sections imaged from the two lithium metal electrodes in the Li|LLZO|Li system. Pore density diﬀerence
maps are evaluated by averaging over a transverse thickness of approximately 500 μm. (b) Porosity variation of a single electrode at subsequent
electrochemical cycling stages. This porosity is estimated near the solid electrolyte interface. This quantiﬁcation is carried out on segmented Li
metal images obtained from the convolutional neural network. Spatial pore density diﬀerence distribution for the (c) top and (d) bottom electrodes
at various electrochemical cycling stages. Identical preprocessing, segmentation, and postprocessing steps are employed for all the individual data
sets to enable comparison.

without adequate phase contrast. The careful combination of
absorption and phase contrast and experimental design enables
lithium metal imaging at buried solid|solid interfaces.
Monochromatic, high-energy X-rays (E = 76.2 keV) are
employed for imaging the Li|LLZO|Li system. High monochromaticity (ΔE/E ≈ 10−3) allows us to distinguish lowdensity phases (voids/Li metal). The transverse sample
thickness was reduced to about 1.5 mm to match the ﬁeldof-view. The sample−detector distance was selected to ensure
optimum phase contrast. A GRIDREC reconstruction
algorithm was used to ensure high-quality reconstructions.26
Reconstruction across diﬀerent electrochemical steps shows
marked diﬀerences in the lithium metal electrode (Figure 1d
and Figures S1 and S2). Optimized experimental and
reconstruction protocols enable visualizing the morphology
variation in lithium metal as well as the presence of pores
within the electrode. Semicircular domains (Figure 1c) are
visualized in lithium metal on plating as well as stripping. This
morphology closely resembles lithium ion ﬂux proﬁles around
a hot spot at the electrode|electrolyte interface (Figure S3).
Such deposition morphologies were postulated in an earlier
study.27 This is the ﬁrst mesoscale experimental observation of
such morphologies in lithium metal electrodes at solid
electrolyte interfaces. Stripping from the same electrode leads
to formation of a similar semicircular feature with the presence
of voids (darker regions) near the interface (Figure 1d).
Regions in the center of a stripping hot spot would have higher
mass ﬂux leaving the domain leading to the generation of voids
due to a ﬂux imbalance.

the depth of the sample, and the incident X-ray wavelength.
Assuming there is one material in the X-ray beam, this
attenuation is described by the Beer−Lambert law:
I(x , y , λ) = I0(x , y)exp[−(μ0λ − μ hλ )T0(x , y)]

(1)

where I is the attenuated intensity, I0 is the incident intensity,
μ0λ is the attenuation coeﬃcient of air, μhλ is the attenuation
coeﬃcient of sample for X-rays of wavelength λ, and T0 is the
projected thickness through point (x, y) in the direction of z,
which is the propagation direction of the X-ray beam. In
addition to attenuation, X-rays will undergo a phase shift after
traversing a material. The phase shift is determined by the real
part of the complex refractive index of the material which
depends on the incident X-ray wavelength and local electron
density. The phase shift imparted by the sample to the X-ray is
given by25

∫O dz δ(x , y , z , λ)

Φ(x , y , λ) = −k

(2)

where Φ is the phase shift, δ is the real part of the complex
refractive index (in terms of n = 1 − δ + iβ), k is a
proportionality constant, and the integration is carried out over
the extent of object O along the optical axis. While it is not
possible to directly measure the phase of the transmitted Xrays, the interference pattern is captured and reconstructed.
The phase contrast is enhanced speciﬁcally at the interfaces
between materials. Distinguishing low-density phases (pores,
lithium metal) is challenging for larger sample sizes as well as
9536
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conﬁgured speciﬁcally to track lithium metal enables
quantitative assessment of this phenomena. Higher mass ﬂux
at the interface due to high local current density, inadequate
metal diﬀusion and creep ﬂow can lead to generation of these
voids. Normalized porosity measured near the interface (10
μm) clearly reﬂects this phenomenological model proposed,
with plating showing a reduction in porosity and stripping
leading to an increase in porosity in the lithium metal (Figure
2b). Further, the importance of the developed convolutional
neural network in discerning the pore features in lithium metal
is investigated by the quantiﬁcation of porosity of binarized Li
metal images. The Otsu thresholding algorithm was employed
for thresholding, and the results show no trends during cycling
(Figure S14). Comparing the quantiﬁcation results from the
two methods (binarization, CNN) clearly showcases the
usefulness of advanced ML methods in discerning pores
from Li metal.
This behavior is also reﬂected over the entire electrode
section as well with porosity increases from the plating step to
the stripping step (Figure S5a). Pristine lithium metal
demonstrates a single modal porosity probability distribution
while the plated and stripped samples have a nonuniform
(trimodal) distribution. The trimodal distribution indicates
larger spatial variation (variance) within the electrode section
introduced due to electrochemical cycling. Additionally, the
pore distribution along the electrode depth can be visualized
using the segmented data (Figure S5b). Individual data points
in this graph are obtained by averaging the porosity over a 10
μm thickness. The porosity at the Li|SE is greater than in the
bulk metal regions. The high porosity at the interface suggests
the formation of voids and interfacial delamination. Electrochemical cycling induced changes in the porosity depth proﬁle
are identiﬁed closer to the solid electrolyte interface. Porosity
values at the current collector are consistent across the
electrochemical steps suggesting that this region does not
undergo active morphological changes during cycling. These
results match well with the anticipated ﬂux proﬁles in the
vicinity of interfacial hot spots (Figure S3c) wherein ﬂux
gradients are concentrated near the solid electrolyte interface
with less impact of the hot spot near the current collector end.
Such behavior is only expected in systems with a thick lithium
foil electrode (higher excess lithium). As we examine systems
with limited or no excess lithium, morphological changes are
expected to propagate through the entire bulk of lithium metal.
These morphological characterizations of bulk lithium metal
are made possible due to the careful experimental design and
the developed machine learning segmentation methods.
Synchrotron XRT coupled with machine learning methods is
likely to prove to be an essential tool for assessing and
decoupling the eﬀects of microstructure, operating conditions,
and interfacial kinetics on the lithium metal anode.
A critical current density of approximately 26 μA cm−2 was
identiﬁed from the in situ experiments (Figure S6). It is
important to note here that enabling Li metal visualization for
in situ conditions by synchrotron XRT is extremely challenging
due to the limitations in terms of sample size, environment,
and operating parameters. A brief summary of literature reveals
a large variance in the reported critical current densities
ranging from several μA cm−2 to mA cm−2 (Figure S13). The
latter are generally reported at high stack pressures and
elevated temperatures. Additionally, several studies also
employ interlayers at the Li|LLZO interface (ZnO, Al2O3,
Au) to enable a high critical current density. The metrics

Quantiﬁcation of microstructural properties (pores/voids)
in the lithium electrode requires a rigorous and consistent
segmentation procedure. Conventional thresholding methods
cannot segment the phases (pores vs lithium) reliably (Figure
1c), and manual segmentation of the entire data set is
prohibitive. The convolutional neural network is a machine
learning method widely used for semantic segmentation in a
wide range of disciplines that enable pixel-level classiﬁcation of
large data sets. We implemented a resnet34 based deep
convolution neural network for enabling lithium metal
segmentation. The neural network processed individual
cross-sectional images of lithium metal to yield a highconﬁdence segmented image (Figure 1e). Improvement in
ﬁdelity and accuracy of void phase identiﬁcation for the
machine learned segmentation is apparent in comparison to
the conventional binarization process. Conventional binarization identiﬁes a signiﬁcant number of pixels as pores in the
pristine sample, which are wrongly segmented while missing
several, signiﬁcant pore features in the stripping electrode.
These images clearly highlight the importance of combining
synchrotron XRT with machine learning methods to eﬀectively
track transformations within the lithium metal anode. Machine
learning methods required approximately 0.3 s for individual
slice segmentation, with greater than 80% conﬁdence (Figure
S4). The segmentation times are an order of magnitude smaller
than those typically needed for manual labeling of these images
while the conﬁdence statistics are competitive with the
segmentation conﬁdence obtained by state-of-the-art networks
on standard data sets.28 The neural network was trained on
800 images from one electrode in a single electrochemical
cycle and validated on an additional 200 additional images
from the same electrode. Training and validation labeled
images were generated by computationally edge-segmented
and manually corrected images. The quantiﬁcation metrics
discussed are obtained from the segmented images obtained by
applying the trained network to all the subsequent data sets. It
should be noted that the segmentation introduces some error
in quantiﬁcation (80% conﬁdence). Absolute quantiﬁcation is
not advised; however, relative trends between successive
electrochemical steps can be ascertained. Preprocessing,
segmentation, and postprocessing steps are identical for all
the evaluated data sets enabling a comparative evaluation.
The complete Li|LLZO|Li cell is imaged in a single scan
allowing for simultaneous tracking of both the deposition and
the dissolution electrodes (Figure 2a). This is crucial for
identifying key diﬀerences in morphological evolution and
corresponding kinetics at the two electrodes simultaneously.
Cross-sectional images of the lithium metal electrodes are
cropped out from the reconstructions as identiﬁed for both
electrodes (Figure 2a). A spatial pore density distribution is
evaluated by averaging over a 500 μm depth of lithium metal
electrode of such sections. The diﬀerences in the spatial pore
density between successive electrochemical steps are visualized
for the top and bottom electrodes (Figure 2c,d). Both
electrodes show a highly heterogeneous distribution of the
porosity change, spatially suggesting that the interfacial kinetics
are highly nonuniform. Additionally, the two electrodes show
complementary behaviors of porosity diﬀerences consistent
with the electrochemical phenomena occurring at the two
electrodes. A mass transport imbalance at the Li|SE interface is
widely postulated to generate voids at the interface in solidstate batteries.16,27 So far, limited cross-sectional imaging
evidence is provided for this mechanism.16 In situ tomography
9537
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Figure 3. (a) Schematic diagram describing the current density quantiﬁcation method. Diﬀerences in lithium electrode thickness are evaluated at
each location across the electrode area. The local current density is proportional to the diﬀerence of the thickness of lithium electrode in successive
image sets. (b) Current density maps for plating and stripping steps of a single electrode. (c) Expanded region identiﬁed as the region possessing
potential hot spots, and the corresponding sectional images are from the raw tomography data. Regions with uniform current density show
evidence of planar deposition, while the locations with lower current density directly correlate to the presence of pores/voids within the electrode.
Additionally, diﬀerences in the subsurface electrolyte microstructre in these sections are clearly visible.

reported in this study arise from a model Li|LLZO|Li system
run at a signiﬁcantly lower stack (kPa range) and the challenge
of assembling a cell at the relevant physical dimensions (1.5
mm diameter). Achieving the operating conditions reported
for the high critical current density requires an extensive
experimental setup that is harder to couple with an in situ cell
compatible with the beamline endstation. Interfacial resistances
(≈2000 Ω cm−2) observed here are consistent with the reports
for lower stack pressure systems. Further, low initial polarization is comparable to previous ex situ measurements3 and
indicates an eﬀective Li|LLZO|Li system for the characterization study. Thus, the results described here are characteristic
transformations of lithium metal and solid electrolyte interface.
An in situ tomography data set can generally be large in size
particularly if the sample is large and many electrochemical
steps are probed. A typical tomography scan of a symmetric
cell results in a data set greater than 30 GB. Tracking pixellevel changes in morphology of lithium metal across these data
sets is prohibitive. An analytical approach was developed to
enable faster analysis via ﬁnding regions of interest (Figure 3a).
Regions of interest are considered the location where either
pores form in lithium metal, delamination may occur, and/or
nucleation sites are present for ﬁlament formation. To identify
these regions of interest, we quantiﬁed a spatial current density
proﬁle across the lithium metal. This can be estimated by

tracking the thickness of the electrode over diﬀerent
electrochemical steps given as22
ji , j =

(t 2, i , j − t1, i , j)F
ΔtVLi

(3)

where ji,j is the spatial current density at a location speciﬁed by
coordinates i and j, t2,i,j and t1,i,j are the thicknesses of a lithium
metal electrode at steps 1 and 2, F is Faraday’s constant, Δt is
the time duration of electrochemical cycle, and VLi is the molar
volume of lithium. The thickness of the lithium metal electrode
was estimated by measuring intensity line proﬁles at each
location through the depth of the sample. Distinct absorption
contrast between steel (current collector) and the LLZO
electrolyte enables identiﬁcation of the electrode thickness.
This measurement can be easily automated enabling faster
tracking of the data sets by providing qualitative information
for easier identiﬁcation of hot spots. Speciﬁcally, with the
current data set, mapping the current density over a 1 mm2
area for both electrodes in a symmetric cell takes ≈20 min.
Spatial current density maps for the plating and stripping cycle
show a signiﬁcant variation (Figure 3b). Most of the lithium
metal shows a uniform current density and is denoted by
green/blue (Figure 3b,c). There are isolated spots that
demonstrate either a greater than average current density
9538

https://dx.doi.org/10.1021/acsaem.0c02053
ACS Appl. Energy Mater. 2020, 3, 9534−9542

ACS Applied Energy Materials

www.acsaem.org

Letter

Figure 4. (a) Spatial microstructural variation within the sample evaluated across multiple electrochemical cycling steps. Normalized porosity is
plotted which is deﬁned as the ratio of the local porosity to the average electrolyte porosity. Spatial resolution of 36 μm was used to assess the
microstructural variation through the depth of the electrolyte. (b) Subsurface porosity map measured through the depth of the sample for the
pristine and the failed electrolyte pellet. (c) Bulk pellet porosity and interfacial porosity evaluated across each cycling step. Interfacial regions of 100
μm are considered for this analysis to correlate with the results obtained from the tortuosity factor calculations. (d) Microstructure factor (ratio of
local property/bulk property) estimated along the X direction (along Li|SE|Li) of the domain from the tomography and synthetic data set. The
tomography data set uses the binarized reconstruction images as input for the simulations, while the synthetic data set uses isotropic domains
generated from the quantiﬁed physical parameters.

stripping (Figure 4a). The nominally X-ray transparent region
(generically porosity) includes pores and voids as well as
lithium deposition, as these materials are diﬃcult to distinguish
within the bulk electrolyte. Modulation within this region can
be interpreted as the presence of electrochemically active
lithium metal within the bulk electrolyte. The normalized pore
density depth proﬁle also shows spatial variation within the
electrolyte domain with interfaces being more porous
compared to the bulk. Higher amounts of the X-ray
transparent region at the interfaces can arise from crack/void
generation from the mechanical stresses at the interface as well
as from ﬁlament generation. Increasing the current density
from 6 to 25 μA cm−2 on second plating/stripping cycles leads
to greater penetration of the higher-porosity regions into the
bulk. This can reﬂect potential ﬁlament/crack propagation
within the bulk. The spatial distribution is practically
symmetric across the electrolyte depth suggesting identical
mechanisms at both the plating and stripping electrodes. While
the lithium metal electrode undergoes distinct morphological
changes (void formation on stripping, nonplanar deposition on
plating), the nominally identical response of the LLZO
electrolyte interfaces suggest they are inﬂuenced by the same
underlying mechanics. Ion transport to and removal from the
LLZO matrix at the interfaces causes stress generation within
the solid electrolyte material. These phenomena lead to

(yellow) or a lower than average current density (blue). A
potential hot spot region (yellow) is identiﬁed from the current
density plots for further analysis of the raw projections (Figure
3c). A comparison of pristine and plating morphologies of the
identiﬁed section shows the presence of interfacial pores as
well as globular depositions. In addition to diﬀerent plating
morphologies, a clear diﬀerence in the electrolyte microstructure is observed for the hot spot region identiﬁed. Analysis
of additional hot spot regions across multiple cycles shows
consistent results (Figures S7 and S8). Spatial current density
mapping aids in identifying local hot spots. Combining spatial
current density mapping with imaging allows for directly
tracking meso- and microstuctural properties that may impact
the formation of hot spots while reducing the analysis time and
computational power required for assessment of in situ
tomography data.
Morphological changes captured in the lithium metal are
intimately linked to the underlying solid electrolyte and the Li|
SE interface. Understanding and evaluating the transformations in the electrolyte microstructure can help in identifying
the origins of morphological transformations observed in the
lithium metal electrode. The average porosity of the pristine
pellet was ≈5%, indicating well-sintered, dense pellets.
Normalized porosity shows a cyclic behavior with electrochemical cycles which decreases on plating and increases on
9539
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the simulated domain to the theoretical value for LLZO. Mean,
maximum, and minimum microstructure factors have been
calculated during electrochemical cycling for both the synthetic
and experimental data sets. A strong impact of sample
microstructure anisotropy is seen in the tomography data set
with X direction showing a markedly higher variation across
diﬀerent electrochemical steps in microstructure factor
compared to the Y and Z directions (Figure 4d and Figure
S12). In contrast, the synthetic data (isotropic domains) show
only a small variation linked to the changes in the eﬀective
microstructure. Additionally, the tomography domains show a
higher spread (minimum, maximum) compared to the
isotropic domains signifying a large heterogeneity in local
transport and mechanical properties. Identical behavior is seen
for the for multiple Li|LLZO systems studied, with
comparatively lower anisotropy related ﬂuctuations (variations
along X, Y, and Z direction). These results clearly show that
macroscopic properties of conductivity and Young’s modulus
are aﬀected by microstructural heterogeneity. Higher plating
density is anticipated in regions around the domains showing
lower transport properties to ensure mass balance across the
interface. High plating density around these regions leads to
stress accumulation which can subsequently lead to cracking/
ﬁlament propagation through the electrolyte at the regions
with the lower eﬀective properties. The investigation of
electrolyte microstructure yields strong evidence for origins
of the heterogeneous current density observed in the lithium
metal electrodes. Microstructural variation in the solid
electrolyte leads to regions with lower transport and
mechanical properties that can act as nucleation sites for
hot/cold spots at the Li|SE interface.
Careful experimental design enables high-resolution X-ray
imaging of lithium metal. Advanced machine learning methods
enable segmentation of lithium and pores from the
reconstructions of in situ conditions. This data provides
physical insight into microstructure transformation in lithium
metal and the solid electrolyte upon cycling. Heterogeneous
interfacial kinetics are identiﬁed in lithium metal along with a
validation of pore formation hypothesis on dissolution. Hot
spots in lithium metal electrodes are correlated with the
presence of anisotropic microstructures within the solid
electrolyte. Mesoscale modeling results conclusively show
local variations in eﬀective properties of the electrolyte at the
electrode interface. Local domains showing lower eﬀective
properties are construed to be regions where failure modes are
initiated due to stress and ﬂux distributions around these
regions. Lithium metal electrode kinetics at solid electrolyte
interfaces are distinct from liquid electrolytes. The imaging
resolution and contrast described here lay the groundwork for
future studies capable of resolving the role of microstructure
heterogeneities in lithium metal which impact electrodeposition stability and rate performance.

microstructural variations as evidenced by the tomography
results. Further work on evaluating the spatially resolved, grainlevel chemomechanical response is required to understand the
identical mechanical behavior at plating and stripping
interfaces.
Subsurface porosity maps reﬂect the porosity averaged
through the Z direction (sample depth) at each pixel along the
lateral (XY) section. The solid electrolyte shows a systematic
increase in the subsurface porosity consistent with the
mechanism of ﬁlament propagation (Figure 4b and Figure
S9).3 The location and size of the X-ray transparent region
(porosity) across the pellet as well as in the interfacial regions
show a cyclic behavior with electrochemical steps (Figure 4c
and Figure S9). Average porosity clearly reﬂects a diﬀerence in
the microstructure between successive electrochemical steps in
the interfacial regions which is eﬀectively captured in the
simulations. It is known that single ion conductors theoretically
do not show concentration gradients due to the unity
transference numbers. However, the presence of pores has
been identiﬁed to strongly inﬂuence transport and failure
mechanisms.3,29 The subsurface porosity maps clearly highlight
the spatial microstructural variation, speciﬁcally at the
interfacial regions. Additionally, tortuosity factors are extracted
in the bulk and interfacial region of the solid electrolyte.
Tortuosity factors are determined along the Z direction which
coincides with the electric ﬁeld direction in the cell (Figure
S10a). Normalized tortuosity shown here is the relative change
in local tortuosity factor compared to a completely solid
domain (tortuosity factor = 1). This metric reﬂects the degree
of obstruction the ions experience when traversing through the
solid electrolyte. High-tortuosity regions lead to a lower
eﬀective lithium ion ﬂux through the domain as given by30
ρeff = −D bulk

ϵ Δc
τ 2 Δx

Letter

(4)

where Dbulk is the eﬀective diﬀusion coeﬃcient in the bulk, ϵ is
the porosity, τ is the tortuosity, and Δc is the eﬀective
Δx
concentration gradient. Regions of lower tortuosity surrounded
by high-tortuosity domains correspond to hot spots as lithium
ion ﬂux through the low-tortuosity domains will be higher to
ensure mass balance through the cell section. Variations in
tortuosity factors in the sample at individual plating and
stripping steps indicate a strong heterogeneity in the
underlying microstructure (Figure S11). Tortuosity factor
maps provide evidence for transport heterogeneity due to the
underlying microstructure variations. Hot spot generation
leading to void and ﬁlament formation within the lithium metal
electrode is linked with the microstructural heterogeneity
identiﬁed in the solid electrolyte.
To further ascertain the inﬂuence of the spatial heterogeneity, mesoscale modeling was carried out for representative
simulation domains from the interfacial region of the LLZO
electrolyte. Two data set formulations were used: (a)
tomography data which employed the imaged domain directly
and (b) synthetic data which employed isotropic domains
generated from physical parameters (porosity, pore size, and
grain size) identiﬁed from the experimental results. Mesoscale
modeling enables explicit deﬁnitions of grains, pores, as well as
grain boundaries to ascertain eﬀective bulk properties of
materials (Figure S10b). The microstructure factor (Mx, My,
and Mz) is deﬁned as the ratio of the local conductivity/
Young’s modulus estimated along the X, Y, and Z direction in
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