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ABSTRACT: All-solid-state batteries (ASSBs) offer high safety
and energy density, but their degradation and failure
mechanisms remain poorly understood due to the buried
interfaces within solid-state electrodes and electrolytes. Local
probing methods are crucial for addressing key challenges such
as interfacial instabilities, dendrite growth, and chemo-
mechanical degradation. State-of-the-art imaging techniques
provide critical insights into morphological, structural, and
compositional evolution of the ubiquitous interfaces in ASSBs.
This review highlights recent progress in cutting-edge visual-
ization techniques, including neutron imaging, X-ray tomog-
raphy, focused ion beam scanning electron microscopy, and
cryogenic electron microscopy, which reveal microstructural
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and chemical changes in ASSBs at scales from the atomic to the macroscopic level. We particularly focus on the elusive failure
behaviors at lithium anodes, composite cathodes, solid-state electrolytes, and beyond. Additionally, we discuss the strengths
and limitations of each technique, aiming to enhance the understanding of ASSB operation and degradation mechanisms to
advance the development of high-energy-density, high-safety ASSBs.

ver the past three decades, lithium-ion batteries (LIBs)
O have been instrumental in revolutionizing various

aspects of our lives owing to their high flexibility and
scalability.' > However, as LIBs approach their theoretical
energy density limit of approximately 300 Wh kg™" due to the
performance limitations of battery materials (LiCoO,,
LiMn,O,, LiFePO,, graphite, etc.), they are unable to meet
the ever-increasing demands (e.g, for the long-range required by
electric vehicles), which now exceeds 500 Wh kg_l.6_9
Additionally, the use of a liquid electrolyte containing flammable
organic solvents (diethyl carbonate, ethylene carbonate, ethyl
methyl carbonate, etc.) in LIBs poses a significant safety risk,
with incidents of fire or explosion not uncommon.

In contrast, all-solid-state batteries (ASSBs), employing solid-
state electrolytes (SSEs) instead of organic liquid electrolytes
(LEs), hold the promise of higher energy densities in the case of
using lithium anode while also addressing safety concerns such
as flammability and electrolyte leakage. However, in practical
applications, ASSBs generally suffer from rapid capacity decay,
higher polarization, and poor cycling capacity. This is mainly
caused by the widespread interfacial issues compared to LE-
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based batteries.'’”'> Specifically, factors such as grain

boundaries, loose physical contacts, and (electro-)chemical
reactions contribute to increased resistance at interfaces/
interphases of anode—electrolyte (Li/SSE), cathode—electro-
lyte (cathode/SSE), and cathode active materials—electrolyte
(CAMs/SSE), hindering the charge (electron and ion)
transfer.'>'* Moreover, while rigid SSEs are less resistant to
stress originating from solid electrodes compared to flowable
LEs, the accumulation of mechanical stresses within ASSBs
upon long cycling results in crack propagation.'*™"” These
cracks significantly impair the cycling performance of ASSBs by
obstructing electron and ion conduction pathways. Hence, a
comprehensive understanding of the intricate Li/SSE interfacial
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degradation and ionic diffusion behavior in SSEs at the micro/
nano-scale is imperative to enhance ASSB performance.'®"’
However, interpreting interfacial reactions and failure
mechanisms in ASSBs poses significant challenges due to the
complicated electro-chemo-mechanical interplay ranging from
the atomic to micrometer and cell levels. Moreover, conven-
tional characterization methods often struggle to detect the
buried interface within ASSBs, and cell disassembly can destroy
the integrity of the interfaces, making the results inaccurate.”’
Additionally, revealing the kinetics of electrochemical reactions
in ASSBs requires a comprehensive understanding that spans the
fields of electrochemistry, materials science, and mechanics. The
presence of ubiquitous interfaces within ASSBs further
complicates the characterization and understanding of these
intricate reactions. Thus, a multidisciplinary approach is
essential to elucidating the underlying mechanisms governing
the electrochemical processes in these advanced energy storage
systems. Particularly, advanced visualization tools hold signifi-
cant promise for facilitating the observation of internal structural
evolution within sealed cells. (1) Neutron imaging (NI) has
emerged as a powerful technique for characterizing ASSBs,
offering distinct advantages due to the high penetration depth of
neutrons and their sensitivity to light elements, such as lithium

Collectively, sophisticated imaging
methodologies enable researchers to
gain profound insights into the dy-
namic processes occurring at multiple
scales, thereby enhancing understand-
ing of the fundamental mechanisms
governing the various ASSBs systems.
The capacity to visualize internal
changes is pivotal for advancing the
design and optimization of energy
storage technologies.

(Li). This nondestructive method allows for the examination of
bulk solid electrodes and the internal distribution of Li within
cells, providing critical insights into phenomena such as Li
stripping/plating, Li dendrite formation, and Li dynamics under
the different states of charge within ASSBs. Notably, neutron
tomography can generate three-dimensional (3D) images,
thereby revealing the internal structure and identifying potential
defects or degradation processes within the battery.”" (2) In
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Figure 1. Schematic representation of imaging characterization principles. The techniques are presented in descending order of resolution. Top
left includes thermal neutron interactions with nuclei, and their attenuation is independent of the atomic number across the periodic table; the
neutron beamline station setup is also presented. Top right features X-ray interactions with outer electron shells (for 150 kV X-ray), which
produce an increasing attenuation coefficient with the atomic number in the periodic table, and a schematic demonstration of a synchrotron X-
ray tomographic beamline station. Bottom right shows the working principle of the FIB-SEM and the related interactions of the incident
electron-beam to the specimen. Bottom left includes the cryo-TEM sample transfer holder, a schematic of TEM working principles, and

associated electron-beam interactions with matter.
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addition, synchrotron X-ray tomography (XRT), made possible
by advancements in synchrotron light sources, facilitates high-
resolution characterization of ASSB components and enables
real-time monitoring of interface evolution under operando or in
situ conditions. This technique elucidates how electrochemical
processes impact individual cell components in real-time
operational scenarios. The high penetration capabilities of
synchrotron X-rays are essential for nondestructively detecting
internal structures, particularly in tomography, where 3D
information is acquired as the sample rotates.””** (3)
Furthermore, advanced electron-based imaging techniques,
such as focused ion beam scanning electron microscopy (FIB-
SEM) and cryogenic electron transmission microscopy (cryo-
TEM), provide complementary insights into structural interface
evolution from atomic to nanoscale and offer quantitative
information on changes in chemical composition.”*~*’
Collectively, these sophisticated imaging methodologies enable
researchers to gain profound insights into the dynamic processes
occurring at multiple scales, thereby enhancing our under-
standing of the fundamental mechanisms governing the various
ASSBs systems. The capacity to visualize internal changes is
pivotal for advancing the design and optimization of energy
storage technologies.

In this review, we highlight the fundamental principles,
advancements, and developments of state-of-the-art imaging
techniques, including NI, XRT, FIB-SEM, and cryo-TEM,
employed in ASSBs across multiscale spatial resolution. These
imaging methods are expected to elucidate charge transport
behaviors and short-circuit failure mechanisms at the anode/
SSE interface and at the cathode/SSE interface. Such insights
can be correlated to electrochemical performance, thereby
enhancing our understanding of the working and degradation
mechanisms of ASSBs. Additionally, we provide a comprehen-
sive summary and discussion of the advantages and limitations of
emerging imaging techniques. We expect that these discussions
will enrich researchers’ perspectives, deepen the understanding
of the operational mechanisms of ASSBs, foster interdisciplinary
interest among scientists, and inspire innovative solutions to the
challenges currently facing ASSB technologies.

B FUNDAMENTALS OF ADVANCED IMAGING
TECHNIQUES

Understanding the mechanisms that govern interface ion
transport, electrode microstructure formation, and electro-
chemical kinetics across multiple scales—atomic, nanometric,
microscopic, and macroscopic—is critical for the development
of high-performance ASSBs. Advanced imaging techniques
facilitate intuitive investigations with multiscale spatial reso-
lution, enabling precise monitoring of internal electrochemical
reaction processes in ASSBs. However, the implementation of
these techniques in ASSBs remains in its early stages.
Consequently, a thorough understanding of advanced imaging
methods is essential for advancing the characterization of ASSBs.
This section reviews the imaging fundamentals, operational
workflows, advantages, and future challenges of various
advanced neutron-, X-ray-, and electron-based imaging
techniques, organized by imaging resolution from large to
small (i.e., from millimeter to atomic scale), as summarized in
Figure 1.
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Understanding the mechanisms that
govern interface ion transport, elec-
trode microstructure formation, and
electrochemical kinetics across multiple
scales—atomic, nanometric, micro-
scopic, and macroscopic—is critical for
the development of high-performance
ASSBs.

B FUNDAMENTALS OF NEUTRON IMAGING

Interaction of Neutrons with Matter. Neutrons, being
electrically neutral, interact with matter primarily through
nuclear interactions rather than electromagnetic forces. Their
behavior in matter depends on their energy, ranging from cold to
thermal neutrons (~meV to eV).”” Unlike charged particles,
neutrons primarily interact through nuclear forces, making them
less likely to interact with matter and more capable of deep
penetration. As a result, the interaction of neutrons with various
elements differs significantly across the periodic table (Figure 1,
top left) and can vary considerably between isotopes of the same
element.”’ When neutrons collide with atomic nuclei, they can
scatter (either elastically or inelastically) or be absorbed,
triggering nuclear reactions. In elastic scattering, neutrons
rebound off the nucleus without energy transfer, whereas
inelastic scattering involves energy transfer that excites the
nucleus. Absorption events may lead to nuclear fission,
activation (making the nucleus radioactive), or the emission of
particles like protons or alpha particles.*” The likelihood of these
interactions is quantified by the neutron cross-section, which
varies depending on the neutron energy and the target material.

Given that atomic nuclei are much smaller than their electron
shells, neutron absorption is relatively weak in many common
materials. This property enables neutrons to penetrate several
millimeters to centimeters into metal layers, making them an
effective probe for examining electrode materials in equipment
that controls pressure, temperature, and other conditions.*
Additionally, neutrons are highly sensitive to light elements such
as hydrogen (H) and Li, providing exceptional potential for the
spatially resolved detection of these elements in bulk
components of ASSBs. Furthermore, the sensitivity of neutrons
to light elements can be enhanced or reduced by selectively
enriching or depleting certain isotopes. Isotopes of the same
element—sharing the same number of protons but differing in
neutron count—exhibit distinct neutron scattering and
absorption characteristics.”® For instance, the two primary
isotopes of Li, °Li and Li, exhibit significant differences in
neutron absorption coeflicients, as °Li has a much larger
absorption cross section than “Li. This characteristic can be
leveraged to investigate the Li diffusion process in Li solid-state
batteries by detecting the movement of °Li or "Li.”*’

Neutron Imaging. Neutron imaging (NI), pioneered by
Kallman and Kuhn in 1935 in Germany, is a noninvasive method
for investigating the bulk structural information within the
batteries. Specifically, neutron imaging encompasses neutron
radiography, which captures two-dimensional (2D) images, and
neutron tomography, which can visualize 3D volumes, both
offering nondestructive insights into the dynamic electrode
evolution through operando and in situ methods. Conventional
neutron attenuation radiography involves transmitting a
collimated beam of thermal neutrons (wavelengths approx-
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imately 1.0—2.5 A) or cold neutrons (wavelengths greater than
2.5 A) through a sample and capturing the attenuated beam with
a position-sensitive detector, as illustrated in Figure 1 (top
left).”* According to the Lambert—Beer law (detailed
explanation in next section), the ratio of transmitted to incident
beam intensity is an exponential function of the thickness
attenuation coefficient of the sample for a given neutron energy.
In neutron tomography, the sample is incrementally rotated
around a fixed, usually vertical, axis within the beam. A position-
sensitive detector captured a projection image at each angular
increment. A set of projections spanning an angular range of
180° or 360° is used as input for mathematical reconstruction,
typically employing the back projection algorithm, to determine
the 3D distribution of attenuation coeflicients within the sample
volume.”* NI has been recognized as a direct and effective
method for assessing Li-ion transport,™ spatial distribution,*®
and concentration changes®’ during cell cycling, largely due to
its deep penetration and sensitivity to Li. These capabilities are
crucial for optimizing the battery performance. However, its
application in ASSBs remains in its early stages due to limited
global access to neutron-related techniques and moderate spatial
resolution of around 10 pm.* Overcoming the resolution
limitations of neutron imaging is challenging because it requires
intense radiation sources to produce sufficient signal per pixel.
Neutron sources, however, are typically up to 4 orders of
magnitude less intense than synchrotron radiation sources,
making it unlikely for neutron imaging to attain the resolution
levels of X-ray imaging. As a result, X-ray tomography, with its
ability to achieve resolutions down to 1 ym, has rapidly become
a complementary technique to NI In the following section, the
advancements of X-ray tomography techniques are summarized,
emphasizing their role in broadening the scope of imaging
methods for battery research.**

B FUNDAMENTALS OF SYNCHROTRON X-RAY
TOMOGRAPHY

Interaction of Synchrotron X-rays with Matter.
Synchrotron X-rays are a form of electromagnetic radiation
with high energy and short wavelengths, typically in the range of
0.01 to 10 nm. Unlike neutrons, X-rays primarily interact with
the outer electron shells of the atoms, providing excellent
contrast for heavy elements and high-resolution imaging. When
a parallel beam of X-rays passes through a medium, it interacts
with the material in a variety of ways, mainly by absorption,
scattering, and transmission. Specifically, (1) denser materials or
those with higher atomic numbers absorb more X-rays. This
occurs because these materials have more electrons that can
interact with the X-rays, resulting in higher absorption.
Therefore, the absorption of X-rays by an element in the
periodic table increases proportionally with its atomic number,
as demonstrated in Figure 1 (top right). The absorbed X-rays do
not pass through the material, creating contrast in the resulting
image based on the varying densities and compositions of the
materials. (2) Scattering happens when X-rays change direction
upon colliding with electrons in the material. This interaction
causes the X-rays to deviate from their original path, leading to a
decrease in image clarity. Similar to neutrons, scattering can be
further categorized into coherent (elastic) scattering, where the
energy of X-ray remains the same, and incoherent (inelastic)
scattering, where the X-ray loses energy. (3) Transmission refers
to the X-rays that are neither absorbed nor scattered and
continue to pass through the object. The extent of transmission
depends on the density, atomic number, and thickness of the
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sample. Materials with lower density, lower atomic numbers,
and thinner structures allow more X-rays to transmit through
them, resulting in lighter areas on the X-ray imaging projections.

Synchrotron X-ray tomography, which we will focus on here,
is a 3D imaging technique usually based on the absorption
characteristics of different materials to X-rays. A detailed
elucidation of the interaction mechanism of the X-rays with
the sample material is essential before the principle of X-ray
tomography is presented. The intensity and phase variations of
an electromagnetic X-ray wave as it travels through an object
vary with the complex refractive index, n:

n=(1-25)+ip (1)

Here, the real part () is the refractive decrement indicating the
phase shift as the X-ray propagates through the materials, while
the imaginary part (/) is the attenuation (absorption) part of n
related to the linear absorption coeflicient u by

4r

k=77 @
Here, A represents the X-ray wavelength. From eq 2, X-ray
attenuation coeflicients vary for different materials with different
P-values. The 5-value for various materials represents the degree
of phase shift of the incident X-rays. Given these two different
attenuation mechanisms of X-rays traveling through the
material, the attenuation contrast and phase contrast of different
materials can be employed for synchrotron X-ray tomography.
Specifically, attenuation contrast tomography reveals the
internal structure of a material by measuring variations in X-
ray absorption related to density and composition. In contrast,
phase contrast tomography improves image resolution by
detecting shifts in the phase of X-rays as they traverse the
material, making it especially effective for capturing fine details
in low-density or soft materials.

Attenuation Contrast Tomography. As the X-rays
traverse the sample mounted on the rotation stage (a typical
beamline station shown in Figure 1 (top right)), the attenuated
X-ray beam is captured at different angles by the detector
system. Within the detector, a scintillator converts the X-rays to
visible light, which is then projected onto a detector. This
detector reads out the projection image for further digital
processing by a computer. The intensity I of an X-ray beam after
passing through an object of thickness d, characterized by the
linear X-ray attenuation coeflicient y, is described by the Beer—
Lambert Law (also applies to neutron beam):

d

1= 1™ hvis )
where I is the intensity of the incident X-ray beam, I is the
intensity of the transmitted X-ray beam, pudx is the linear
attenuation coefficient which varies with the density of material
and the energy of X-ray, and f udx is the integral of the
attenuation coefficient along the path of the X-ray beam through
the object. In attenuation contrast tomography, the main
interaction between X-rays and the sample is absorption. When
no absorption edge is present at the X-ray energy of interest (E),
the imaginary part of the refractive index, 3, can be represented
as indicated in eq 4:

= h4c4p z3(1]

2 EF;

(4)

Here, h is the Planck constant, ¢ is the speed of light, p, is the
sample’s electron density, and Z is the atomic number of

https://doi.org/10.1021/acsenergylett.4c02476
ACS Energy Lett. 2025, 10, 496—525


http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.4c02476?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Energy Letters

http://pubs.acs.org/journal/aelccp

Review

materials. According to eq 4, B is proportional to the cube of the
atomic number (Z*). Consequently, for materials composed of
heavy elements, image contrast mainly arises from the variations
in /3 values between phases. The difference in contrast between
the two phases is given by Af = 3, — f,.

Phase Contrast Tomography. Conversely, for phases with
light elements and low atomic numbers (such as H or Li),
attenuation contrast tomography is ineffective in distinguishing
different components. In these situations, phase contrast
tomography is a more suitable technique. The real part of the
refractive index, §, can be described by eq S:

22

5= p

8w eym, " E 5)
In this equation, g represents the vacuum dielectric constant
and m, is the electron mass. This indicates that ¢ is independent
of atomic number Z, with the difference between phases given by
A6 = 8, — 0,. For light elements, the variation in 6 between
materials is several orders of magnitude greater than that in f.
Consequently, phase contrast tomography can significantly
enhance the image contrast of samples containing light
elements, such as Li or carbon.

Data Acquisition and Measurement Workflow. Achiev-
ing high-quality synchrotron XRT data requires careful
consideration of critical factors, such as sample requirements
and beamline equipment parameters. The following workflow is
recommended before conducting synchrotron X-ray tomo-
graphic measurements. This workflow also applies to the
measurement and acquisition of neutron imaging data, and the
detailed process is presented as an example of a synchrotron X-
ray tomography measurement.

Sample Size and Fields of View. Selecting the appropriate
sample size and field of view (FOV) is crucial for balancing
spatial resolution, transmission, and therefore possible image
contrast with the region of interest (ROI). The sample size must
be compatible with the beamline setup to ensure the optimal
imaging. For high-resolution scans with a spatial resolution
below 1 pm, smaller samples, typically a few millimeters in size,
are preferred for detailed imaging of microstructures. Con-
versely, larger samples may be necessary when examining the
overall architecture of components such as ASSBs and pouch
cells. In micro-XRT and nano-XRT systems, the FOV is
generally on a micrometer to millimeter scale, allowing for high-
resolution imaging. For larger samples, if a ROI region exceeds
the FOV, stitching techniques can be employed to combine
multiple scans into a comprehensive data set.

Compatibility with In Situ Devices and Beamline Facilities.
Tomographic measurements can be conducted in three modes:
ex situ, in situ, and operando, depending on experimental
expectations:

(a) For ex situ measurements, a single scan test is performed
for each cell by scanning multiple cells at specific
electrochemical states.

(b) In situ testing involves performing multiple scans of the

same cell at different cycle states, enabling detailed

examination of changes over time without disassembling
the cell.

Operando measurements provide real-time monitoring of

a cell while it is operational, capturing dynamic phase and

structural changes during electrochemical reactions.

(c)

Operando testing, while incredibly informative, also poses
significant challenges. The high cost of trial-and-error means
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that any interruption, such as instability of the in situ cell setup or
failure of the equipment on the beamline, can lead to premature
suspension of the cell cycling process. Such interruptions may
prevent the collection of complete and useful data, highlighting
the importance of stable and reliable in situ equipment and
setups. While it is challenging to establish a functional and stable
setup/cell on sufficiently small scales to enable microstructure
imaging, a few types of tomographic cells have been designed
and have been shown to be effective and practical in
tomographic measurements.’*~*’ Such a design needs to be
further optimized for different research systems, especially
ASSBs as required.

Determination and Consideration of Measurement
Parameters. The energy and brilliance of the incident X-rays
must be carefully selected based on the absorption character-
istics of the sample. For ASSBs, typical energy ranges from 5 to
100 keV are used. Higher-energy X-rays can penetrate thicker
samples and denser materials but may result in reduced contrast.
A transmission value of approximately 30% is optimal for
obtaining projection images with good attenuation contrast and
desirable results for battery samples.”' After determining the X-
ray energy, the beam brilliance—defined as the number of
photons per second within 0.1% of the central wavelength
bandwidth, factoring in angular divergence, beam cross-
sectional area, and the camera configuration—highly impacts
the exposure time needed to achieve a satisfactory signal-to-
noise ratio and overall acquisition time. Longer exposure times
and a higher number of projections can enhance the image
quality but increase the acquisition time. Temporal resolution is
the third critical factor for tomographic imaging. The scan time,
influenced by exposure time and the number of projections,
must be short enough to capture dynamics accurately for in situ
and operando measurements. However, a higher temporal
resolution can result in increased image noise.

Data Reconstruction and Postprocessing. Upon com-
pleting the tomographic measurement, accurate reconstruction
and meticulous postprocessing are essential for extracting
meaningful information from the imaging data. Commonly
used algorithms, such as filtered back projection (FBP) and
iterative reconstruction, convert the 2D projections into 3D
volumetric data. Iterative reconstruction methods often deliver
superior image quality by minimizing noise and reducing
artifacts. It is crucial to detect and correct common issues such as
ring artifacts and noise to preserve data integrity. Once the 3D
volume is reconstructed, the segmentation process is carried out
to distinguish and separate various regions, phases, or
components within the sample. This step is especially significant
in imaging ASSBs, as it allows for the extraction of key features,
such as porosity, grain boundaries, cracks, voids, and other
defects or signs of degradation. Following segmentation,
quantitative analysis is conducted to derive specific character-
istics describing the evolution of internal microstructures,
including particle size and distribution, crack propagation,
interfacial properties, etc. These extracted characteristics are
then correlated with SSB performance to provide insights into
the working and degradation mechanisms and to guide high-
performance SSB design.

Overall, by carefully considering sample size, FOV, operando/
in situ device compatibility, measurement parameters, and data
processing techniques, researchers can maximize the potential of
synchrotron X-ray tomography. Ongoing advancements in this
field will continue to enhance its application in ASSB research,
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offering deeper understanding and innovative solutions for
material characterization.

B FUNDAMENTALS OF ELECTRON-BASED IMAGING

Electron-beam imaging techniques play a pivotal role in
advancing the understanding of ASSBs at the nanoscale.
ASSBs are characterized by solid—solid interfaces between the
solid electrolyte, electrodes, and interlayers, where intricate
mechanical, chemical, and electrochemical reactions occur.
These interfaces, ranging from the atomic scale to a few
nanometers, fall below the resolution limits of X-ray
tomography, which typically resolves features in the hundreds
of nanometers range.

Due to high-resolution 3D imaging capacities, the FIB-SEM
tomography technique has been effectively utilized to examine
the interface contact, void formation, crack propagation, and
dendrite growth within ASSBs. Cryo-TEM, on the other hand,
provides atomic-scale insights into the evolution of solid-
electrolyte interphase (SEI), defect formation, and grain
boundaries (GB) diffusion inside ASSBs. This section explores
the fundamentals of these two advanced electron imaging
techniques, FIB-SEM and cryo-TEM, along with their opera-
tional workflows to foster a deeper understanding of the fine
structures within ASSBs.

Interaction of Electron Beam with Matter. The electron
beam used in electron microscopy is generated in an electron
gun, typically using either a thermionic source, such as a
tungsten filament, or a field emission source. The electrons are
then accelerated by high voltage, ranging from kilovolts (kV) to
several hundred kV, and focused through electromagnetic
lenses, as displayed in Figure 1 (bottom right). When the
accelerated electron beam interacts with matter, a variety of
electrostatic (Coulomb) interactions occur, generating signals
that provide critical information about the surface morphology,
composition, and structure of the sample. These interactions, as
illustrated in Figure 1 (bottom right), are broadly categorized
into elastic and inelastic scattering. Elastic scattering results
primarily in the emission of backscattered electrons (BSEs) and
the formation of diffraction patterns, both crucial for composi-
tional contrast and crystallographic analysis. In contrast,
inelastic scattering produces secondary electrons (SEs),
characteristic X-rays, and Auger electrons, which are commonly
used for surface imaging, elemental analysis, and spectroscopy.

These electron microscopy techniques exploit these inter-
actions to provide detailed insights into solid electrode materials
at nano- to atomic scales, making them invaluable tools that
complement neutron and X-ray imaging. As charged particles,
electrons interact more intensely with matter compared with
neutrons and X-rays, resulting in a shallower penetration depth
and enhanced contrast across various imaging modes. As a
result, when transmission imaging is required, the samples must
be exceptionally thin to allow electrons to pass through.

B FUNDAMENTALS OF FIB-SEM TOMOGRAPHY AND
OPERATIONAL WORKFLOW

Fundamentals of FIB-SEM Tomography. FIB-SEM
tomography is a dual-beam technique that combines two
powerful functionalities: a focused ion beam (FIB) for sample
modification and milling and scanning electron microscopy
(SEM) for high-resolution imaging. The FIB system employs
heavy ions (typically gallium) to precisely mill or sputter thin
layers from the sample. This controlled layer-by-layer removal is
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essential for revealing subsurface structures. After each layer is
removed, the SEM captures a high-resolution image of the newly
exposed surface. The SEM operates by scanning the surface with
a focused electron beam, generating signals such as SE and BSE,
as shown in Figure 1 (bottom right). These signals are pivotal for
producing high-resolution images and extracting the composi-
tional information. The resolution achievable in SEM can be
estimated using the Rayleigh criterion:

J= 0.614

NA (6)
where d is the resolution, 4 is the wavelength of the electron
beam, and NA is the numerical aperture of the lens system. This
formula underscores the dependence of resolution on both the
electron wavelength and the optical capabilities of the system.
The integration of FIB and SEM enables simultaneous imaging,
milling, and material modification, making this technique
particularly useful for high-resolution 3D imaging, site-specific
sample preparation, and microstructural analysis in fields, such
as materials science and ASSB research.

FIB-SEM Sample Preparation. Sample preparation for
FIB-SEM is a critical step that directly impacts the quality of
both imaging and analysis. Proper preparation ensures that
samples can be imaged and processed without significant
damage or artifacts, allowing for a detailed analysis of
microstructures, interfaces, and defects in ASSBs. Several
parameters must be considered before ion beam milling,
including sample sensitivity to ion beam damage, sample
conductivity, and vacuum compatibility. For instance, samples
from ASSBs, particularly those at the interface of the Li anode
and SSEs, are highly sensitive to ion beam damage. In such cases,
low ion energies must be used to preserve the structural integrity
of the sample. Sample preparation should also occur under
vacuum conditions, as exposure to air can lead to dehydration or
other structural changes, potentially affecting the properties of
the material. Additionally, nonconductive samples can accumu-
late charge during SEM imaging. To mitigate this, a conductive
layer (such as carbon or gold) is often sputtered onto the sample
before measurement.

FIB-SEM Sample Transferring. Transferring samples
between milling and imaging stages in FIB-SEM is straightfor-
ward because the entire process occurs within a vacuum
chamber. However, precautions must be taken to avoid
contamination and ensure proper alignment when switching
between ion beam milling and SEM imaging. Sample holders
and stages are designed for easy access to both beams, enabling
precise control over sample orientation and movement during
the milling and imaging processes.

FIB-SEM Sample Imaging and Data Analysis. FIB-SEM
offers high-resolution imaging of surface topographies and cross
sections through the SEM component. SE imaging provides a
detailed surface morphology, while BSE allows for composi-
tional contrast. By repeating the milling process iteratively, a
series of 2D images is produced. These images are then aligned
and reconstructed into a 3D visualization using specialized
software such as Amira, Image]/Fiji, and MATLAB, among
others. The alignment and reconstruction process is powered by
advanced algorithms, often based on principles such as Fourier
transforms, which manipulate spatial frequency components to
enhance the accuracy of the 3D reconstruction. These
algorithms ensure that the resulting 3D model accurately
reflects the internal structure of the sample.

https://doi.org/10.1021/acsenergylett.4c02476
ACS Energy Lett. 2025, 10, 496—525


http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.4c02476?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Energy Letters

http://pubs.acs.org/journal/aelccp

Review

From these 3D reconstructions, quantitative metrics such as
the pore size distribution, GB characteristics, and phase
distribution can be extracted. Such analyses are critical for
understanding failure mechanisms and optimizing materials in
ASSBs. The capability of FIB-SEM to visualize complex
structures at tens-of-nanometer resolution fills the gap between
XRT and TEM, making it an invaluable tool for advanced
materials research and analysis.

B FUNDAMENTALS OF CRYO-TEM AND
OPERATIONAL WORKFLOW

Fundamentals of Cryo-TEM. Cryo-TEM is a specialized
form of TEM that allows high-resolution imaging by trans-
mitting an electron beam through a frozen, hydrated
sample.*”*" The imaging can be performed in either bright-
field mode, where transmitted electrons are detected, or dark-
field mode, which captures scattered electrons (as illustrated in
Figure 1, bottom left). Cryo-TEM is particularly valuable for
investigating beam-sensitive materials, such as Li deposition,
SEI, cathode-electrolyte interphase (CEI), and other thermally
unstable components within ASSBs. By preserving samples in
their native, frozen-hydrated state, cryo-TEM avoids artifacts
caused by dehydration or chemical fixation, allowing researchers
to study delicate structures without compromising their
integrity.

Cryo-TEM Sample Preparation. Vitrification is a critical
step in cryo-TEM sample preparation, as it ensures that the
sample is frozen rapidly enough to prevent the formation of ice
crystals, which could damage delicate structures and obscure
fine details. By freezing the sample into an amorphous, glass-like
state, vitrification preserves the native structure of materials for
high-resolution imaging. Once vitrified, the sample is mounted
onto a specialized cryo-TEM grid, which holds the ultrathin
sample sections during imaging.

Sample thickness is crucial for cryo-TEM, as the electron
beam must pass through the sample to form high-quality images.
Typically, the sample must be less than 100 nm thick. For solid-
state battery materials, FIB-SEM can be employed to prepare
ultrathin lamellae, ensuring that the samples are suitable for
cryo-TEM analysis. Additionally, an innovative approach
integrates the TEM grid as part of the current collector of
batteries, enabling the direct plating of Li onto the grid for more
accurate studies of electrode stripping and plating behavior
during cycling. Careful handling is essential, particularly for
sensitive battery electrolytes, to prevent alteration of the
structure during preparation.

Cryo-TEM Sample Transferring. Transferring cryo-TEM
samples is more challenging than conventional TEM due to the
need to maintain cryogenic temperatures throughout the
process. After vitrification, samples are transferred into the
cryo-TEM using specialized cryoholders (as shown in Figure 1,
bottom left), which keep the sample at liquid nitrogen
temperatures (about —196 °C). This temperature is necessary
to prevent ice recrystallization and maintain the structural
integrity of the sample. The transfer process must be carefully
controlled to avoid any exposure to air or moisture, which could
lead to contamination or structural compromise.

Cryo-TEM Imaging and Data Analysis. Cryo-TEM offers
similar capabilities to conventional TEM, with additional
advantages for materials that are sensitive to a beam. The
technique allows the acquisition of data on morphology,
crystalline structure (using high-resolution transmission elec-
tron microscopy (HRTEM)), elemental distribution (through
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energy-dispersive spectroscopy (EDS)), and electronic struc-
ture (via electron energy loss spectroscopy (EELS)).“S’46
Importantly, cryo-TEM minimizes artifacts, making it ideal for
analyzing sensitive materials, particularly for battery compo-
nents. Image contrast in cryo-TEM is derived from variations in
electron scattering that reflect differences in the sample density,
thickness, and composition. Since samples are highly susceptible
to radiation damage, low-dose imaging is crucial. Phase contrast
is a key technique used to enhance visibility in low-contrast
samples. By leveraging the phase shifts of electron waves caused
by differences in sample thickness and density, we can reveal
subtle structural details. Techniques such as defocusing the
objective lens or using phase plates allow researchers to exploit
these phase differences, enhancing the visualization of features
that would otherwise remain indistinguishable.

The interpretation of cryo-TEM data involves sophisticated
analytical processes to elucidate complex sample structures. Due
to the low-dose imaging conditions, acquired images are
inherently noisy and require rigorous processing. Techniques
such as noise reduction, contrast enhancement, and filtering are
applied to improve image clarity and fidelity. For samples
requiring 3D insights, cryo-TEM tomography is employed. This
involves capturing a series of 2D images commonly using a tilt
range of at least +60°, which are computationally reconstructed
into a 3D volume. This reconstruction enables a detailed
examination of molecular and atomic architectures. Advanced
software tools such as IMOD, RELION, EMAN?2, et al. facilitate
the analysis of these 3D structures, providing critical insights
into the organization and interactions within battery interfaces,
ultimately advancing our understanding of their working
mechanisms.

B COMPARISON OF THREE IMAGING MODES

Neutrons, X-rays, and electrons interact with matter in distinct
ways. By comparison of the mass attenuation coeflicients of
various elements for neutrons and X-rays, the following
conclusions can be made:

(a) Neutrons exhibit high sensitivity to certain light elements.
These elements absorb X-rays weakly and therefore
provide poor contrast in X-ray imaging but offer excellent
contrast in neutron imaging.

(b) Neutron attenuation coefficients are not strongly depend-
ent on atomic number. This character facilitates contrast
discrimination between neighboring elements. In con-
trast, X-rays display similar absorption characteristics for
neighboring elements with increasing atomic number,
such as aluminum/silicon (Al/Si) or manganese/iron

(Mn/Fe).

Neutrons can usually penetrate thicker layers of metals
such as Fe, copper (Cu) and lead (Pb), which cannot be
penetrated by standard X-ray imaging equipment at
energies of hundreds of keV.

(c)

d) Neutrons can distinguish between isotopes, such as
g p
protium/deuterium ('H/?H) or lithium-6/lithium-7
(°Li/"Li), a capability that X-rays lack.

The main differences between neutron, X-ray, and electron
imaging modes are summarized in Table 1. The variations in
interaction strength explain why electrons are ideal for imaging
thin samples with the highest resolution, neutrons are suited for
thicker samples at lower resolutions, and X-rays occupy an
intermediate position. The unique interaction of neutrons is
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Table 1. Main Characteristics of the Interaction between
Neutrons, X-rays, and Electrons with Solid Matter

Neutrons
(thermal) X-rays (100 keV)  Electrons (100 keV)
Interaction Nuclear: Electromagnetic Coulomb with
principle nuclei with electrons electrons and
Magnetic: nuclei
electrons
Function #(Z)  Irregular Regular Regular
Sensitivity to Yes No No
low Z
Interaction of ~ Weak Medium Very strong
strength
Detection Centimeters Millimeters Nanometers
depth
Typical sample  10—500 mm  1—10 mm 10—100 nm
thickness

particularly beneficial for imaging light elements and magnetic
structures.

Despite the power of modern imaging technologies, each
modality has intrinsic limitations that researchers continue to
address. In the case of NI, the primary challenge has traditionally
been its lower spatial resolution compared to those of other
imaging techniques. Recent innovations, however, have
mitigated these issues. The development of novel neutron
detectors, employing improved scintillation materials and
advanced semiconductor technologies, has enhanced the spatial
resolution. These detectors are more efficient at capturing
neutron interactions, significantly reducing noise, and providing
clearer, more detailed images. For XRT, challenges remain in
noninvasively capturing the rapid dynamics processes that occur
during the operation of ASSBs. Critical electrochemical
phenomena such as the Li dendrite nucleation, crack
propagation, and hard short circuits within ASSBs often occur
on very short time scales, usually requiring subsecond temporal
resolution for accurate observation. Achieving this level of
temporal resolution is complicated by the trade-offs between
spatial resolution and image quality. Faster imaging typically
necessitates a higher X-ray flux, which can introduce noise and
degrade the quality of the reconstructed images. However, the
development of high-brightness synchrotron sources and
advances in semiconductor-based X-ray detector technology
have substantially enhanced temporal resolution. These
detectors capture finer details by minimizing noise and
improving the photon detection efficiency.

In FIB-SEM, mitigating sample damage during measurement
remains a major challenge. Traditional Ga ion sources,
commonly employed for material milling, can induce amorph-
ization, implantation of ions, or localized heating, altering the
native structure of sensitive battery materials. This issue is
particularly acute when studying Li metal, sulfides, or other
sensitive materials, as their chemical and structural integrity is
critical to understanding their behavior in real electrochemical
conditions. Moreover, the limited volume of material accessible
to conventional FIB-SEM systems restricts their utility for large-
scale investigations. For instance, in thick electrode layers used
in next-generation batteries, localized analysis may fail to
provide a representative understanding of the bulk material
properties. This is a significant limitation when evaluating
degradation mechanisms, dendrite formation, or particle-level
interactions across an entire solid electrode. For cryo-TEM,
radiation damage from high-energy electron beams poses a
significant obstacle. Prolonged exposure during imaging can
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degrade sensitive materials such as Li metal, polymer electro-
lytes, or sulfide-based solid electrolytes, all of which play critical
roles in advanced batteries. Moreover, the complex of cryo-TEM
sample preparation presents another challenge. Maintaining
cryogenic temperatures throughout the sample preparation
process is essential to preventing material degradation and
unwanted reactions with atmospheric moisture or oxygen. This
intricate procedure requires specialized equipment and
expertise, reducing throughput and limiting its adoption for
routine battery research.

Recent advancements in both FIB-SEM and cryo-TEM have
addressed these challenges. In FIB-SEM, the adoption of
cryogenic conditions has proven to be effective in minimizing
beam-induced damage. Cryo-FIB-SEM allows the preparation
of samples in their native state, preserving sensitive materials
such as Li deposits. Furthermore, plasma-focused ion beam
systems, which employ ions such as xenon or argon instead of
Ga, have enhanced milling efficiency, enabling the analysis of
larger sample volumes and improving the characterization of
thick electrodes and bulk materials. Similarly, cryo-TEM has
benefited from significant innovations, particularly through the
integration of cryo-FIB techniques for precise sample prepara-
tion. These methods facilitate the extraction of lamellae from
specific regions of interest, while maintaining the native
structure and interfaces of the material. Advances in detector
technology and optimized imaging protocols have also mitigated
radiation damage, allowing for longer imaging sessions and
higher-quality data acquisition. Together, these developments
are expanding the capabilities of FIB-SEM and cryo-TEM,
enabling a more accurate and comprehensive characterization of
battery materials and interfaces.

B RECENT ADVANCEMENTS AND PROGRESS OF
IMAGING CHARACTERIZATION IN ASSBS

Recent Progress in Neutron Imaging. NI is an advanced
technique that utilizes neutrons to detect the internal structures
of samples on a macroscopic scale. This rapidly evolving method
has emerged as a powerful and nondestructive tool, particularly
in the field of energy storage.%47 Unlike X-rays, which are
primarily absorbed by heavier elements, neutrons exhibit greater
sensitivity to light-Z elements such as H and Li. This
characteristic renders NI exceptionally valuable for investigating
the dynamics of Li metal SSBs, particularly in monitoring the
distribution of the Li gradient throughout the cell volume.

NI can visualize the Li diffusion and electrolyte consumption
within the solid-state electrodes and SSEs,**™>° enhancing our
understanding of Li behavior during charging and discharging
cycles. Additionally, this technique enables the tracking of the
spatial distribution and deformation of Li metal anodes, factors
that are intricately linked to the cycling performance of ASSBs.”"
By providing insights into these critical processes, the NI
contributes significantly to the advancement of battery
technology and the optimization of energy storage systems.

Li-lon Gradient Distribution in ASSBs. Although both
LIBs and ASSBs are generally regarded as “black box” systems,
ubiquitous interfaces within ASSBs complicate direct detection
more than in LIBs, thereby hindering the observation and
understanding of their workings mechanisms and degradation
pathways.>” Specifically, the phenomena occurring in ASSBs—
such as ion transport, phase transitions, and electrochemical
chemical reactions—occur within solid materials and at their
interfaces and are therefore difficult to observe without
advanced techniques. Given that the reactions occurring in
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Figure 2. (a and b) The schematic demonstration of the cell and the setup for NI, 3D tomographic image of °Li propagation and the mean
neutron attenuation (Z,,,,) changes across the cell at various discharge states. Reproduced with permission.** Available under CC BY 4.0.
Copyright 2023, Wiley-VCH GmbH. (c and d) The dynamics of Li gradient distribution exhibited by operando NI and 3D rendering images of
the discharged and recharged states. Reproduced with permission.*® Available under a CC BY 4.0. Copyright 2023, Wiley-VCH GmbH.

ASSBs encompass a complex interplay of chemistry, electro-
chemistry, and mechanics, the ability to visualize these processes
is crucial for a comprehensive investigation. Consequently,
developing nondestructive and noninvasive tools for operando
visualization is essential for comprehending the complicated
electro-chemo-mechanical reaction mechanisms inherent to
ASSBs.

Our colleagues, Bradbury et al, employed advanced NI
techniques to monitor Li-ion transport across multiple layers
within a closed all-solid-state Li—S battery (In/Li| Li;PS;CL1 S/
C/LigPSCl) system (ASLSBs).”* They designed a column cell
that could be positioned on a rotational stage (Figure 2a), which
allowed for enhanced experimental flexibility and enabled spatial
analysis of the sample from multiple angles. As the neutron beam
traverses the sample, elements can be distinguished based on
their differing interactions with neutrons. This interaction leads
to varying contrasts between elements with high neutron
absorption and those with low absorption. The two primary
isotopes of Li, °Li and Li, can be used to enhance neutron
contrast due to their markedly different neutron absorption
characteristics: °Li exhibits approximately 7.6% absorption,
while "Li accounts for about 92.4%. This distinction enabled the
clear demonstration of dynamic attenuation changes across the
cell compared to its pristine state.””> The authors tracked °Li
diffusion through the SSE, employing 3D reconstructions to
illustrate Li-ion transport and variations in the isotope ratio
(Figure 2b, top). This powerful visualization technique
effectively mapped the concentration gradients and Li transport
pathways within the system. After charge/discharge cycling,
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certain regions of the SSE separator approached an equilibrium
distribution of Li, but significant differences remained at the
interface. Neutron attenuation as a function of depth (d) was
compared for different depths of discharge (DoD) over two
cycles, with quantitative results further illustrating the
inhomogeneity of variations in the SSE separator (Figure 2b,
bottom).

In addition, Bradbury et al. used the NI technique to monitor
the spatial distribution of Li and identify the rate-limiting steps
in the ASLSBs. This analysis is crucial for pinpointing critical
bottlenecks and facilitating the design of highly loaded
composite cathodes. Figure 2¢ presents operando 2D neutron
radiography images of ASLSB at various DoD.** The rate of
change in neutron attenuation can be calculated and is depicted
using different color brightness levels, effectively demonstrating
the local dynamic transport of Li through the composite
cathodes. Notably, the “reaction front”, which corresponds to
the maximum attenuation rate, gradually advances from the SSE
side toward the current collector upon discharging. While 2D
radiography provides dynamic information on Li-ion transport
as a function of d, 3D neutron tomography is reconstructed by
collecting a set of 2D images as the cell rotates. To directly
observe changes in the Li distribution throughout the volume,
the authors subtracted the pristine state from both the fully
discharged (top) and charged (middle) states (Figure 2d). The
loss of Li on the anode side due to discharge and charge cycles
leads to a negative attenuation change, while the separator
region, shown in gray, exhibits zero net change in Li amount,
indicating a stable Li concentration within the SSE. In the fully
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Figure 3. (a) 2D neutron radiography images of ASLMB to discern each component based on neutron attenuation differentiation. (b)
Quantified neutron transmission along the labeled region of the ASLMB cross section. (c) Dynamic evolution of Li during charging.
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discharged state, an increase in Li concentration within the
composite sulfur cathode suggests the formation of Li,S. In the
charged state, the Li concentration in the cathode region
remains elevated compared to the initial state, implying that Li,S
has not been completely reduced back to S—a phenomenon
that is closely correlated with the capacity loss. As shown in the
right panel of Figure 2d, the composite cathode exhibits a
heterogeneous Li distribution. It is noteworthy that on the
cathode side, from d, to d,,, the peak of the attenuation change
(Figure 2d) in the charged state is closer to the current collector
than that in the discharged state. This difference, represented by
the green plot, suggests that Li" ions migrate back to the Li
anode during charging, with Li losses primarily originating from
the composite cathode near the SSE separator side rather than
from the current collector side. In the composite cathode, the
electronic conductivity near the collector side is superior near
the SSE separator side, while the ionic conductivity is greater
near the SSE separator side. When the effective electronic
conductivity exceeds the ionic conductivity, a “reaction front”
phenomenon occurs, migrating from the separator side to the
collector side, which is consistent with experimental observa-
tions. This further impedes delithiation from the collector side,
contributing to a heterogeneous distribution of Li and
exacerbating Li loss.

To enhance the compatibility of the Li anode with sulfide-type
SSE, Cao et al. introduced a mixed ionic-electronic conductor
(MIEC) and employed operando NI to study Li dynamics.”
Figure 3a shows the 2D neutron radiograph image of the
ASLMB, revealing a layered structure. The neutron transmission
distribution along the axial direction can help distinguish the
interfaces between adjacent layers (Figure 3b). The trans-
mission change ratio, Tr,/Tr, was employed to assess the
evolution of the Li concentration. This ASLMB failed after 180
min of charging, with the voltage quickly dropping to a low
value, indicating a “hard short”. Figure 3b presents time-stamped
images after processing the transmission data in Figure 3a. The
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fluctuations in the transmission change ratio, along with the
corresponding colors, clearly illustrate the changes in Li
concentration: when Tr,/Tr, > 1, indicating reduced Li
concentration, the region is shown in bright colors; when Tr,/
Tr, < 1, indicating increased Li concentration, the region
appears darker; when Tr,/Try = 1, a gray color signifies no
change in Li concentration. Due to the low contrast in these
images, transmission intensity mapping was used to provide
more detail (Figure 3c). The colors represent changes in Li
transmission: blue indicates Li depletion (Tr,/Tr, > 1), red
means Li enrichment (Tr,/Tr, < 1), and green shows no change
in Li concentration (Tr,/Tr, = 1). This investigation reveals that
while the cathode experiences lithium depletion, the anode
exhibits lithium accumulation. Specifically, the charging process
unfolds in three distinct stages (Figure 3c). At Stage I (0—90
min), the Li concentration increases primarily at the Li-graphitel
SE interface. As Li-graphite partially penetrates the SSE layer,
surface voids accommodate plated lithium (Li’), leading to Li
enrichment on the SSE side. At Stage II (90—180 min), Li
continues to concentrate at the Li-graphitelSE interface, within
the Li-graphite interface, and in the Li° regions, indicating that
Li* ions can migrate across the Li-graphite layer. At Stage III
(after 180 min), the ASLMB experiences short circuits.
Although charging continues, the cell exhibits an inverse Li
concentration trend: the anode loses Li, and the cathode gains it.

In addition to operando 2D neutron radiography imaging, ex
situ 3D CT scans of the ASLMB were performed before and after
the electrochemical test to capture the spatial evolution of Li.>'
The 3D structure of the ASLMB before cycling is illustrated,
showing a clear depiction of the ASLMB. Following the
electrochemical reaction, the changes in Li concentration were
analyzed by using subtraction treatment, revealing Li enrich-
ment on the anode side. To examine this in more detail, three
slices from 3D tomography data were used to extract the cross-
sectional morphology of the Li. It was observed that Li expanded
at the top and bottom while shrinking in the middle. The
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expansion in the top region contributed to the deformation of
the Li. Cross-section of ASLMB'’s tomography image shows the
positions of different components. In summary, NI enables
nondestructive monitoring of Li concentration changes through
2D radiography and allows the tracking of Li spatial changes via
3D CT. Additionally, Li deformation has been observed using
this technique, highlighting the crucial role of external pressure
in reducing dendrite growth rates.

However, it is important to acknowledge the limitations of
even the most advanced technology. For instance, detecting Li
dendrites within SSEs remains a significant challenge due to the
limited spatial resolution of NI techniques and the microscale
size of pores or cracks within these materials. Fortunately, XRT
offers a promising solution to these limitations by providing
higher resolution and detailed morphological information,
making it an invaluable tool for investigating the buried
interfaces within ASSBs. Notably, XRT can achieve a spatial
resolution on the order of tens of nanometers, effectively
bridging the gap left by NI (>10 ym). The integration of these
complementary methods is expected to offer crucial insights into
the morphological and structural evolution of the interfaces
within ASSBs at scales ranging from macroscopic to micro-
scopic.

Recent Progress in Synchrotron X-ray Tomography. X-
ray tomography (XRT) emerges as an advanced imaging
technique capable of visualizing the internal 3D structure of
samples.”” By capturing detailed cross-sectional images of an
object from various angles and reconstructing the 3D images
through computer algogithms, XRT can nondestructively image
the buried interfaces,”>>° which is expected to be a powerful tool
for studying and understanding the working and failure
mechanisms of ASSBs.*"*” In this section, we highlight recent
studies employing XRT to probe the structural evolution and
chemical stability of the SSEs, Li anode, and cathode as well as
their interfaces within ASSBs.

SSE Cracking and Failure Mechanism. The nonflam-
mable SSEs are thought to mechanically prevent the propagation
of Li dendrites, particularly for inorganic SSEs with relatively
high shear modulus (G). Employing the linear elasticity theory,
Monroe and Newman reported that SSE has a G-value twice that
of metallic Li (Gy; ~ 4 GPa), which should be sufficient to inhibit
dendrite growth.”® According to the Monroe—Newman theory,
SSEs with Gggp greater than 8 GPa can prevent dendrite
formation. Most oxide-based SSEs have a G-value between 40
and 60 GPa, which is 10 times higher than that of Li metal;
therefore, they should theoretically be hard enough to inhibit
dendrite penetration.

However, commonly used SSEs, such as oxide-based
Li;La;Zr,0,, (LLZO) and sulfide-based Li;,GeP,S,, (LGPS),
fail to effectively suppress Li dendrite growth.®” This limitation
is particularly evident in sulfide-based SSEs due to their
relatively low shear modulus (G pg = 7.1 + 0.3 GPa). It should
be noted that the criterion proposed by Monroe and Newman,
which is based on shear modulus, is mainly applicable to
polymer electrolytes and SSEs that lack inhomogeneities or
defects.”””" This criterion, therefore, has limited applicability in
understanding dendrite growth mechanisms. Li dendrites tend
to form within SSEs, particularly at GB, voids, and other defects.
Thus, understanding the mechanical properties of SSEs and
their role in Li metal nucleation and penetration becomes
critical.

We summarize the key mechanical properties of SSEs in Table
2, highlighting the significant discrepancies between different
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Table 2. Summary of Mechanical Properties of Different SSEs

Young’s Fracture

Modulus (E, Hardness toughness SZKIC,
Solid-state electrolytes GPa) (H, GPa) MPa-m'/?) ref.
Li; sAlysGe, s(PO,)5 75—-101 3.7-53 - 59
(LAGP)
Li; 3ALy3Ti, ,(PO,); 81-115 7.1 1.1 60
(LATP)
LigeLasZt, sT204012 151-157 5.1 128 61,
(LLZTO) 62
LigoyAlp 13LasZ1,05 135-140  43-9.1 1-13 63
(LALZO)
LigsLag s, TiO; 186-200  — 0.89—1.34 64
(LLTO)
Li;LayZr,0p, (LLZO) 140 73-89  087-107 63
LiTi,(PO,), 1437 - - 65
LigPSX (X = CL Br,I)  22-30 - - 65
Li;GeP,S,, 372 - - 66
Li;PO, 77 3.9 - 67
Li,S—P,S; 18 - 023+ 004 68
Li,PO,N, 77 4 - 67

SSE types. Specifically, oxide-based SSEs demonstrate much
greater stiffness compared to sulfide-based SSEs. For instance,
Young’s modulus (E), which reflects a material’s resistance to
elastic deformation, can be converted into G using the equation
G = E/2 (1 + v), where v is Poisson’s ratio.”” The differences in
mechanical properties among SSEs underscore their varying
capacities to resist fracture (Table 2), as illustrated by fracture
toughness (Kjc). When the electrochemically induced stress
exceeds the Kj¢ threshold of an SSE, cracks may form, impeding
local ionic migration and increasing cell polarization.”

It is worth noting that the heterogeneity of electrolytes—such
as porosity, defects, SSE density, and grain size—can lead to
variations in the mechanical stress distribution and fracture
behavior within SSEs. Fortunately, XRT can provide a
nondestructive characterization by leveraging the different
attenuation coeflicients of X-rays for various materials, as
described by the Lambert—Beer law.”>”* Due to the differing X-
ray attenuation properties of various materials and components,
XRT can effectively reveal buried structures such as voids,
cracks, Li dendrites, and newly formed interphases that
contribute to battery degradation.

Dixit et al.”* systematically investigated the effects of these
factors on interphase chemistry and fracture inhomogeneities. In
their study, kinetically metastable interphases were engineered
by iodine doping (LPS:0.SLiI), and microstructural control was
achieved through milling (Lil-AT) and annealing (Lil-AN)
techniques. In situ XRT was used to visualize the facture
initiation and propagation in various samples (A-LPS,
LPS:0.5Lil, Lil-AT and Lil-AN). As shown in Figure 4a, two
primary failure modes were identified across all samples, i.e., (I)
edge-chipping failure at the Li/SSE interface and (II) vertical
crack propagation from the edge-chip along the SSE thickness.
While the crack formation mechanisms were consistent across
the four LPS materials, the extent of crack propagation varied
significantly, suggesting that lateral fractures in LPS tend to
expand more aggressively in regions of higher porosity, which is
influenced by microstructural heterogeneity. Increased porosity
enhances local curvature, which, in turn, increases local current
density and electric field, thereby accelerating crack propagation.
Hatzell et al.”* explored pore connectivity in ceramic electro-
lytes, such as LLZO, using XRT. Their finding revealed that
samples sintered at 1150 °C exhibited reduced porosity and a
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broader distribution of pore sizes compared to those sintered at
1050 °C (Figure 4b). Additionally, structural changes in LLZO
SSEs caused by electrochemical cycling were monitored,
confirming improvements in the pore connectivity. These void
regions contribute to the formation of highly tortuous channels
within the SSEs, leading to increased local concentration and
polarization gradients, which ultimately promote the formation
and growth of Li dendrites.

Additionally, the tortuosity of SSEs has a profound effect on
Li-ion transport behavior. To evaluate tortuosity comprehen-
sively, Hatzell et al.”> employed a combination of computational
fluid dynamic simulations and XRT data analysis to study the
tortuosity of LLZO sintered at temperatures ranging from 1050
to 1150 °C (Figure 4c). Specifically, XRT was utilized to extract
segmented binary phase structures, which were then imported
into COMSOL for a detailed analysis. Their results demon-
strated that LLZO synthesized at 1150 °C exhibited significant
anisotropy and tortuosity, leading to an inhomogeneous
distribution of ion flux and a pronounced local polarization
gradient. However, achieving fully dense electrolytes with zero
porosity remains extremely challenging, which requires high-
energy and high-temperature sintering processes or novel
fabrication techniques. Therefore, tuning the microstructure of
SSEs, particularly by controlling the pore size and distribution, is
anticipated to be crucial for realizing high-performance ASSBs.

Previous studies have primarily focused on the structural and
morphological changes within bulk LLZO electrolytes and pore
regions, while the propagation of Li dendrites and voids in SSBs
has been less explored. Distinguishing Li dendrites from
neighboring voids or cracks is particularly challenging. First,
the image contrast between Li and voids in dense SSEs is
minimal due to their similar low X-ray attenuation. Second,
imaging dense SSEs, especially those with garnet electrolytes
containing high Z-elements (such as La, Zr, and doped Ta or
Ge), requires high-energy X-rays, while visualizing Li metal
typically necessitates low-energy X-rays, complicating the
differentiation among Li dendrites, pores, and cracks.
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Notably, Hao et al.’® used high-resolution X-ray nano
computed tomography to observe the 3D morphology of Li
protrusions (“dendrites”) within garnet-based
Lig¢LasZr, ¢Tag401, (LLZTO). Improved image contrast
allowed for clear segmentation of Li, LLZTO, and cracks
(Figure Sa). They found that Li protrusions primarily propagate
intergranularly along GB in LLZTO, forming wave-like patterns.
Interestingly, Li protrusions preferentially grew in regions with a
lower curvature within the cracks. Quantitative analysis revealed
that 82.0% of cracks were filled with Li, compared to 57.3% of
the pores formed during fabrication, indicating that Li is more
likely to fill cracks than pre-existing pores. This suggests that
simply reducing the porosity of the LLZTO may not completely
prevent Li dendrite propagation.

To further investigate the relationship between crack
development and Li dendrite growth during battery operation,
in situ phase-contrast XRT has been used to visualize the
progression of Li dendrites in Li/LigPSsCl/Li cells.””*’ During
Li plating, conical pothole-like cracks, termed spallation,
emerged near the Li,PSCl/plated electrode interface and
propagated through the ceramic electrolyte ahead of the Li
dendrites. The spallation continued to grow as more Li was
plated into the cracks, ultimately causing a short circuit when the
cracks were fully occupied by Li. Similarly, Hao et al. used in situ
XRT” to observe thin-sheet cracks originating from the Li/
Li;PS, interface, which penetrated the SSE after the 2nd plating
and led to a short-circuit after the 14th plating (Figure Sb). They
noted that Li growth lagged behind crack propagation, resulting
in hollow cracks on the cathode side. A groundbreaking study by
Ning et al.’* has shown that Li dendrite initiation and
propagation are two separate processes, each critically
contributing to battery failure. Operando XRT imaging revealed
that dendrite initiation occurs when Li deposits in the subsurface
pores and causes microcracks. By identifying the factors that
influence both processes, such as the local fracture strength at
GB, SSE porosity, current density, stack pressure, and the
macroscopic fracture toughness of SSEs, researchers can better
target methods to mitigate dendrite growth.
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To prevent Li dendrite propagation, Hu et al.”® evaluated should be noted that the correlation between Li protrusion
multilayer SSE structures using different solid electrolytes, such growth and crack propagation is complicated, involving
as Li;ScClgand Li;(GeP,S,,, as inner layers sandwiched between concurrent electrochemical and mechanical processes. Oper-
outer layers of argyrodite LigPS;Cl due to their high ionic ando XRT was used to investigate the mechanical responses of
conductivities. Li;PS, was also studied as an inner layer due to its Li;oGeP,S;, (LGPS) during cycling.”” The electrochemical
elastic modulus similar to that of LisPS;ClL Both Li;ScClg and reduction of LGPS during Li plating led to the formation of low-
Li;(GeP,S,, effectively deflected Li dendrite cracks at the density domains at the Li/SSE interface (Figure 5d), inducing
interface with LisPSsCl, due to significant differences in Young’s compressive stress on LGPS and ultimately leading to cracking.
modulus, creating a weak mechanical interface (Figure Sc). It The critical shear stress for fracture was estimated at
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approximately 0.8 + 0.2 GPa, much lower than the shear
modulus required to prevent dendrite formation. This suggests
that electrochemical instability at the Li/SSE interface
significantly compromises mechanical stability, promoting
dendrite formation.®>**

In NASICON-type SSEs, Li penetration and interphase
growth induce significant volume expansion, creating internal
stress that damages the SSE and increases resistance. In situ XRT
visualizations of Lij, Al,Ge,_.(PO,); (LAGP) SSEs revealed a
dramatic volume expansion of approximately 130% during
interphase growth. This expansion was shown to create web-like
cracks, which primarily contribute to increased impedance
rather than being directly caused by the resistance of the
interphase itself (Figure Se).*” Simulations of mechanical stress
in the LAGP further elucidated the role of internal stresses in
crack formation. Radial and circumferential stress components
were identified as key drivers, with stress concentrations at the
reacted interphase edge acting as the initiation sites for radial
crack propagation throughout the SSEs. Similarly, in LiSnPS
SSEs, the mechanical stresses were observed and quantified
following a single discharge.”’ High-resolution 3D renderings
and 2D resliced images from XRT revealed significant
mechanical deformation in the LiSnPS SSE. These included
irregular cracks within the SSE and wedge-shaped cracks along
the SSE interface. The formation of these cracks was attributed
to accumulated strain energy and electro-chemo-mechanical
coupling. Calculations further revealed that mechanical stresses
induced by an overpotential of A® = 100 mV were sufficient to
initiate and propagate cracks within the SSE, ultimately
compromising its structural integrity.

Li/SSE Interface. The utilization of Li metal anodes
represents a promising avenue for enhancing the energy density
of the ASSBs. However, the integration of Li metal with SSEs
introduces a range of structural degradations at their interfaces,
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which are among the primary causes of cell short-circuit. The
nondestructive capabilities of XRT provide a powerful means of
probing the Li/SSE interfaces, enabling 3D visualization of
buried interfaces without requiring cell disassembly.””*® Recent
advancements in XRT have facilitated the identification of
several types of morphological degradations at the Li/SSE
interfaces including Li dendrite nucleation/propagation, inter-
phase growth, and void formation. These insights are critical for
understanding and addressing interfacial challenges in improv-
ing the stability and performance of ASSBs.

Formation of Li Dendrites at the Li/SSE Interface. Harry et
al.** utilized XRT to investigate the morphology of dendrites in
Li/polymer/Li batteries cycled at 90 °C. Their findings revealed
that dendritic structures were embedded within the Li electrode,
indicating that the formation of these subsurface structures
drives early dendrite development. This highlights the
importance of eliminating internal cavities in Li electrodes to
prevent dendrite growth. Similarly, Sun et al. used in situ XRT to
observe morphological and compositional changes occurring at
the indium—Ilithium/thio-LISION (InLi/LISION) electrolyte
interface,”” revealing the growth of InLi protrusions. These
studies emphasize the need for time-resolved probes to
understand the redox processes and ion transport dynamics in
ASSBs.**

Instabilities of Li/SSE Interface. The interface between Li
and the SSEs is a critical source of instability in ASSBs. Most
SSEs, including NASICON-type and sulfide-based SSEs, are
chemically unstable when in contact with Li metal, leading to the
formation of an interphase at the Li/SSE interface. The
morphology, structure, and ion transport properties of this
interphase play a pivotal role in determining the electrochemical
performance of ASSBs.”””>** Specifically, Li/SSE interfaces can
be categorized into three types based on their thermodynamic
and kinetic stability: (1) thermodynamically stable interfaces
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without interphase formation, (2) unstable interfaces with a
mixed ionic-electronic conductor (MCI) interphase, and (3)
unstable interfaces with an ion-conducting, electronically
insulating interphase (Figure 6a).”””* Each type presents
distinct challenges and imglications for battery performance.

Lewis and co-workers” demonstrated the formation of an
MCI at the Li/Lij,Al,,Ge,((PO,); (Li/LAGP) interface,
where Li-ions and electrons reduce LAGP at the interphase
boundaries, causing interphase layer growth. Preferential Li
deposition occurs in regions with shorter transport paths, as
illustrated by pathway 1 in Figure 6b, resulting in uneven
interphase development.”> Over time, as the entire SSE is
reduced to MCI, a short circuit occurs, making the failure of the
cell.*” Similar behavior has been observed in sulfide-based SSEs,
such as Li;PS,, where contact with Li leads to the decomposition
of Li;PS, into Li,S and Li;P, forming an ionically conductive but
electronically insulating reduction layer. While the reduction
layer initially prevents continuous interphase growth, repeated
decomposition and the associated volumetric expansion create
cracks in the SSE. These cracks allow Li penetration into the
electrolyte, ultimately resulting in short circuits. This behavior
highlights the need for improved chemical and mechanical
stability at the Li/SSE interface to prevent degradation and
ensure long-term battery performance.

Formation of Voids at the Interface. In addition to short
circuits resulting from interphase formation, void formation at
the Li/SSE interface during Li stripping poses a significant
challenge to the practical implementation of ASSBs.”*”” Voids
develop when Li is stripped from the interface more quickly than
it can be replenished, leading to nonuniform deposition during
subsequent plating.”® Over time, these voids exacerbate contact
loss, increase localized current densities, and ultimately promote
dendrite formation and battery failure. The interplay between
void formation and interphase evolution further accelerates the
degradation process. Operando XRT investigations by Lewis et
al.’’ demonstrated that voids at the Li/SSE interface led to
increased surface roughness, reduced contact area, and higher
interface resistance as illustrated by the following equation:”

il
A

. @)
Here, R is the resistance, A is the contact area, p is the resistivity,
and [ is the length. This progression creates a self-reinforcing
cycle of deterioration, with void-induced roughness worsening
the uniformity of Li deposition and interphase development.
Addressing void formation has been the focus of various studies,
with one proposed solution being the application of stack
pressure to imlprove Li/SSE contact and reduce interfacial
resistance.”” """ For example, Kasemchainan et al.”® demon-
strated that increasing stack pressure improved the critical
current density (CCD), below which dendrite formation does
not occur. Their findings showed that a stack pressure of 3 MPa
allowed for a maximum current density of 0.2 mA cm™ without
void formation. However, an excessive stack pressure can have
detrimental effects. Masias et al,'’” observed that applying
pressure beyond the yield strength of Li (~0.8 MPa) caused Li
metal to undergo creep, leading to mechanical instability and
premature cell failure. LePage and co-workers'® further
investigated Li creep behavior, identifying two primary creep
mechanisms: diffusional creep, which occurs at very low stresses
due to atomic diffusion along grain boundaries, and power-law
creep, which dominates at higher stress levels due to its strong
stress dependence.””
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To evaluate the influence of stack pressure on the electro-
chemical performance of ASSBs, researchers studied three
symmetric Li/LigPS;Cl/Li cells under varying stack pressure of
S MPa (low), 25 MPa (intermediate) and 75 MPa (high) as
displayed in Figure 6d.”> Under a low stack pressure of S MPa,
the cells achieved stable plating and stripping cycles for over
1000 h without short-circuiting. At 25 MPa, the cell was
operated for 48 h before failure. In contrast, high stack pressure
(75 MPa) caused mechanical short-circuiting even before
cycling began, as the stress—approximately 100 times higher
than the yield strength of Li—accelerated the formation of
conductive pathways via power-law creep. XRT results further
revealed that excessive stack pressure could fracture SSEs,
exacerbating mechanical degradation (Figure 6e). However, the
stack pressure applied to ASSBs is not constant during cycling
due to the volume changes in the solid electrodes, indicating that
the internal stack pressure within the cell may differ from the
initially applied stack pressure.*””>'%* Real-time monitoring of
stack pressure in ASSBs with LiPSCl and Li,,SnP,S,, (LSPS) by
Chanhee et al.'"’' revealed its dynamic nature and its correlation
with interphase formation and morphological evolution. Their
study demonstrated that at the Li/LSPS interface, the formation
of a thick MCI interphase (type IT) during cell operation leads to
a significant volume reduction in the cell stack due to partial
molar volume mismatches. This results in a decrease in the stack
pressure within the confined cell system. Conversely, a thin,
electronically insulating interphase (type III) at the Li/LPSCI
interface results in minimal volume reduction and better
pressure. These findings underscore that changes in stack
pressure are closely tied to the chemical stability of the Li/SSE
interface.

Stack pressure also plays a crucial role in the cycling
performance of garnet-type oxide electrolytes (LLZO), which
are highly stable against Li metal.'”> Wang et al.”” evaluated the
influence of stack pressure and current density on the response
of potential of symmetric Li/LLZO/Li cells during galvanostatic
cycling. They found that at current densities exceeding 0.1 mA
cm™2, a substantial potential increase was observed at low stack
pressures, whereas the potential remained relatively stable under
higher stack pressures. This observation suggests a critical stack
pressure, defined as the pressure at which the incoming Li flux
supplied by stack pressure balances the Li flux dissolving and
migrating through the LLZO. Below the threshold, inadequate
stack pressure fails to replenish Li at Li/LLZO interface,
allowing voids to form and grow. Above the critical stack
pressure, sufficient stack pressure promotes Li creep toward the
interface, preventing substantial void formation. The formation
of voids at the interface of ASSBs is thus detrimental, which may
dramatically reduce the Coulombic efficiency and cycle life of
the cell. However, it has been revealed here that voids can only
develop and result in significant impact on potential behavior at
stack pressures lower than the critical stack pressure. This
implies that the applied stack pressure is a critical parameter
when engineering ASSBs for long life and high-rate capability. In
summary, external stack pressure applied to ASSBs appears to be
a double-edged sword. On the one hand, it is necessary to
prevent the formation of voids during Li stripping.'°>'®” On the
other hand, both experimental”* and theoretical'*® investiga-
tions demonstrate that excessive pressure can accelerate
premature cell failure by amplifying mechanical stress. Thus,
optimizing stack pressure is crucial for balancing improved
interfacial stability with minimized mechanical degradation,
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Figure 7. (a) Ex situ XRT image slices of the pristine and postcharged In/LGPS/LCO SSBs. Reproduced with permission.'* Copyright 2017,
The Royal Society of Chemistry. (b) Pressure change profiles of an LTO/LGPS/LCO SSB during galvanostatic cycling. Reproduced with
permission.'** Copyright 2017, The Royal Society of Chemistry. (c) Schematic diagrams of cell setups and 3D microstructure reconstructions
of the distribution of active material in different regions. Reproduced with permission.''* Copyright 2020, American Chemical Society. (d and
e) The virtual cross sections of the CuS cathode particles show the microstructure in different SOC states during first discharge and charging
and 3D volume rendering of lithiated Cu$, cracks, and Cu inclusion. Reproduced with permission.*’ Available under a CC BY 4.0. Copyright
2022, Wiley-VCH GmbH.
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ultimately enhancing the performance and longevity of the strain and stress between the CAMs and SSEs.'” In the
ASSB:s. confined environment of ASSBs, this mechanical stress is
Cathode/SSE Interface. Compared with the Li/SSEs exacerbated by the rigid coupling between CAMs and SSEs,
interface, the degradation mechanisms at the cathode in unlike conventional liquid electrolyte batteries where chemical
ASSBs have received less attention. Unlike liquid electrolytes, expansion or compression of CAMs can be more easily
which offer excellent wettability, the SSEs suffer from poor accommodated and buffered.”>"''’ This mechanical strain
solid—solid contact due to their rigidity. To overcome this underscores the advantages of sulfide-based SSEs, which have
limitation, composite cathodes are fabricated by intermixing a lower Young’s modulus (18—25 GPa) and greater
ionic and electronic conductors (SSEs and conductive compressibility compared to the oxide-based SSEs.''' The
additives) with cathode active materials (CAMs) to establish lower rigidity of sulfide SSEs offers flexibility and deformability,
efficient conductive pathways for both Li* ions and electrons. helping to reduce mechanical stress and maintain close ionic
However, challenges such as uneven mixing, mutual diffusion of contact during cathode material expansion. In contrast, oxide-
ions, and mechanical failure can arise during preparation and based SSEs, such as garnet oxides, have a much higher Young’s
cycling, negatively affecting electrochemical performance. modulus (up to 150 GPa), making them more rigid and less
Understanding the structural and morphological evolution at capable of maintaining continuous Li-ion pathways within the
the interface between SSEs and CAM:s is crucial for unveiling the CAM."'? However, while sulfide-based SSEs offer greater
degradation mechanism in ASSBs. plasticity, their lower hardness and fracture toughness can lead
During cycling, the original composition and structure of the to the formation of brittle cracks, as noted by McGrogan et al."*?
ASSB system undergo dynamic changes, leading to issues such The volume expansion and pressure buildup in the In/
as cracking in the active materials, volumetric changes, and other Li;(GeP,S;,/LiCoO, (In/LGPS/LCO) cells have been directly
chemical or mechanical transformations. For example, the observed by monitoring pressure variations and dilatometric
lithiation and delithiation processes induce phase transitions height changes during galvanostatic cycling.'”* XRT revealed
that result in lattice expansion and contraction, creating internal bending and cracking at the nonpressurized edges of the SSB,
511 https://doi.org/10.1021/acsenergylett.4c02476
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Figure 8. (al) A schematic showing the in situ cell setup and formation of a bowl-shaped crack. (a2, a3) SEM images depicting the formation of a
bowl-shaped crack on the surface of the LLZTO. (a4) A cross-sectional view highlighting the bowl-shaped crack, where the yellow and red
dotted lines indicate the crack on the top surface and within the cross section, respectively. (a$) A magnified view of the bowl-shaped crack in
the cross-sectional region. (b) SEM images showing Li propagation through the LLZTO grains. Reproduced with permission.'”® Copyright
2021, Royal Society of Chemistry. (c) Cross-sectional FIB-SEM images of a secondary Li droplet and pores with filled Li. Reproduced with
permission.'>* Copyright 2021, Elsevier. (d) A full 3D tomographic rendering of the porous indium metal and segmented SEM images.
Reproduced with permission.'* Copyright 2020, American Chemical Society.

indicating significant volume expansion and pressure changes
(Figure 7a). These pressure variations are primarily attributed to
the volumetric expansion of LCO during delithiation within the
composite cathode and the volume change associated with the
conversion of indium from a tetragonal to a cubic alloy InLi;_,
phase. However, interpreting the data is complicated by
simultaneous expansion of both the anode and cathode during
charging. To isolate the impact of cathode expansion on battery
performance, a zero-strain Li,TisO;, (LTO) anode was
substituted for Li metal, creating LTO/LGPS/LCO SSBs
(Figure 7b). This configuration ensured that pressure changes
were solely due to the cathode material. Results showed reduced
pressure fluctuations at higher cycling rates, confirming that
LCO expansion degrades cell performance. The layered
structure of LCO undergoes unit cell expansion during the
delithiation process as the removal of Li* ions reduces the
screening effect on the negatively charged CoOg layers, causing
lattice expansion along the c-axis.'"”

Neumann et al."** conducted 3D microstructure simulations
using XRT-derived data from f-Li;PS,/Li(Nig¢Mny,Cog,) O,
(B-LPS/NMC622) composite cathodes (Figure 7c). Their
findings suggest that poor electronic conductivity, due to limited
contact area between the NMC and the current collector, leads
to a self-accelerating decrease in specific capacity under high-
current conditions. Additionally, particle delamination studies
showed that high discharge rates cause overpotential and
capacity loss due to NMC expansion within the composite
cathode, which compresses the electrolyte matrix."'®""” This
generates significant interfacial stress at the reaction sites,
limiting Li* ion intercalation and potentially fracturing the SSE
matrix. During delithiation, the shrinkage of NMC particles
causes delamination from the SSE matrix, increasing interfacial
resistance and accelerating capacity decay in SSBs.! "'’ These
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detrimental effects are common in conventional cathode
materials.

In contrast to layered cathodes, conversion-type cathodes, like
copper sulfide (CuS), with a high theoretical capacity density of
up to 561 mAh g~!, have been widely studied.'**~"** Zhang et al.
investigated CuS/p-Li;PS,/Li SSB and identified phase trans-
formations and crack formation within the CuS cathode
particles.”” They found micrometer-sized Cu inclusions,
indicative of phase evolution within the CAMs. XRT analysis
showed the cracks predominantly aligned in the x—y plane,
perpendicular to the applied pressure (Figure 7d,e). Impor-
tantly, increasing the stack pressure from 26 to 40 MPa was
shown to suppress crack formation, demonstrating that
mechanical optimization can mitigate these issues.

In summary, localized and buried interfaces pose significant
challenges to the development of ASSBs. Advanced XRT
techniques provide invaluable insights into the morphological
and structural changes in Li anodes, SSEs, and composite
cathodes. XRT enables intuitive visualization of buried
structures, such as voids, cracks, Li dendrites, and newly formed
interphases, all of which contribute to battery degradation.
While XRT is a powerful tool for examining ubiquitous
interfaces, it has limitations. XRT is not well-suited to
determining the phase distribution of individual components
in composite cathodes, a key factor in interfacial reactions. XRT
also struggles with distinguishing the morphology of metallic Li
from the surrounding ceramic materials with high-Z elements
due to limited resolution and the low phase contrast of low-Z
materials. In contrast, FIB-SEM, combined with elemental
mapping (via energy-dispersive spectroscopy or EDS), can
effectively address these challenges. It offers higher resolution
and provides detailed phase distribution information, making it
an invaluable tool for investigating the chemical and structural
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Figure 9. (a) Cross-sectional FIB-SEM and EDS images of the evolution of spallation cracks at three different cycled stages of LiMg/LLZTO/Li
ASSBs and 3D demonstrations of the surface cracks on the LLZTO surface. Reproduced with permission.'”® Available under CC BY 3.0.
Copyright 2024, Royal Society of Chemistry. (b) The FIB-SEM depth profiles of Li filament inside the LLZTO SSE after plating and
quantitative analysis of the region of cracks, Li filaments, and defects in the SSEs. Reproduced with permission.'*” Copyright 2024, American
Chemical Society. (c) 3D rendering structure of pores networks inside the LPS pellets at relative densities of 89.2%, 95.3%, and 99.9%,
respectively. Reproduced with permission.>* Available under a CC BY 4.0. Copyright 2024, Springer Nature.

evolution of ASSBs. Notably, FIB-SEM can realize a spatial
resolution of greater than 1 nm, effectively bridging the gap
between XRT (>10 nm) and NI (>10 gm). The integration of
these methods offers crucial insights into the morphological,
structural, and compositional evolution of the interfaces in
ASSBs, spanning scales from the micro- to nanometer range.

Recent Progress in Focused lon Beam Scanning
Electron Microscopy. FIB-SEM can reach spatial resolution
in the nanometer range, enabling detailed investigations of local
microstructure transformation, elemental mapping (EDS), etc.
Additionally, the high vacuum environment (~107° Pa)
required for FIB-SEM testing is well suited to the study of
SSEs that are sensitive to air. Furthermore, FIB-SEM enables
both surface imaging (SEM mode) and depth imaging through
the sample, making it possible to unveil the 3D localized and
buried information on the batteries. This section primarily
summarizes research progress concerning the FIB-SEM
technique and their associated application in ASSBs, encom-
passing dendrite growth along the SSEs and the formation of
cracks within both cathode particles and SSEs.

Li/SSE Interface. Segmenting Li, cracks, and pores within
SSEs presents significant challenges due to their buried nature.
To address this, advanced FIB tomography techniques have
been employed to observe these substances on the nanoscale.
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Using FIB-SEM (Figure 8al), Zhao et al."** investigated the
mechanisms of Li deposition and its correlation with crack
formation in garnet LLZTO. Their observations revealed the
formation of a fine line crack with a closed-loop profile on the
upper surface of the LLZTO (Figure 8a2—a4). During
electrochemical cycling, Li metal emerged along the crack line,
eventually extruding onto the surface of the LLZTO (Figure
8a2). As the Li extrusion continued, the crack line progressively
widened, leading to the formation of a Li metal ring on the
surface (Figure 8a2—a4). To further investigate the depth and
structure of these surface cracks, the authors used FIB to mill a
trench perpendicular to the LLZTO surface (Figure 8a4,a$).
Notably, they identified a reproducible “bowl-shape” crack
beneath the Pt electrode (Figure 8a4,a$), illustrating the 3D
near-surface crack geometry. Their findings suggest that Li
predominantly propagates along transcrystalline cracks in
LLZTO (Figure 8b). These cracks appear to originate within
the interior of the LLZTO, below the electrode surface, and
propagate outward in a curved trajectory toward the surface. The
resulting bowl-shaped cracks resemble hydraulic fractures
caused by high fluid pressure on the internal crack surfaces,
indicating that the pressure generated by Li deposition is the
primary driver of crack initiation and propagation. This
hypothesis is further supported by the observation that Li
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Reproduced with permission.'** Copyright 2018, American Chemical Society. (b) The visualization of the two reconstructed NMC cathodes,
with f-LPS and LPSI as solid electrolytes and the corresponding spatial distribution of voids in the f-LPS and LPSI sample. Reproduced with
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(d) Quantitative analytical procedure for the 3D structural properties of composite cathodes in SSBs. Reproduced with permission.

Copyright 2020, Elsevier.
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flowed between the crack flanks, leading to crack widening and
expansion as lithium deposition continued.

The inherent mechanical properties of the Li metal are also
critical to the performance of ASSBs. The mechanisms of Li
penetration in molten Li/LLZO system were elucidated by
Bryan et al."** using an in-plane cell configuration (Figure 8c).
As the current density increased, secondary Li droplets were
extruded from the surface of LLZO near the plated electrodes.
Their findings demonstrated that molten Li propagation
involves cycles of pressure buildup and release, allowing pressure
relaxation within the Li anode. This mechanism helps to prevent
LLZO fracture and Li filament formation, resulting in a
significant increase in the CCD near the melting point of Li.
Notably, this CCD was an order of magnitude higher than that
of solid Li, owing to the altered mechanical properties of molten
Li. Similarly, Kazyak et al,'*® utilizing an in-plane cell
visualization setup, showed that Li stripping from the solid Li
anode creates voids, while the plated side maintains intimate
contact between the solid Li electrode and LLZO SSEs at the
interface. These voids were identified as the primary cause of the
increased interfacial impedance, hindering charge transfer
kinetics.

By chemically dealloying the Li—In alloy in dry methanol,
researchers constructed a porous In metal anode (Figure 8d),
which effectively accommodated the volume expansion
associated with electrochemical lithiation and delithiation.'*®
This strategy mitigated chemo-mechanical failure while
maintaining a continuous electrically and ionically conductive
network. Notably, the cycling stability of the porous In anode
was significantly better than that of dense In in ASSBs, showing
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great promise for the use of porous metals in these systems.'*°

Moreover, appropriate external pressure and interfacial
optimization strategies have proven effective in enhancing
electro-chemo-mechanical interactions.'”” The applied pressure
directly influences the CCD and the growth of Li dendrites. It is
important to note that external pressure plays a significant role in
the performance of ASSBs. Additionally, optimizing the
interface between the Li electrode and the SSE is critical for
accelerating the commercial development of ASSBs.

Li Penetration within SSEs. Recent observations suggest
that Li metal can plate within SSEs as a result of electric current
leakage in hidden pores or along grain boundaries."*'~"*?
Siniscalchi et al."*® provided direct experimental evidence using
FIB tomography, showing Li deposition on both the surface and
subsurface of LLZTO after Li plating. In their study, magnesium
(Mg) was used as a tracer element, confirming that pure Li metal
could electroplate in isolated subsurface pores. This led to
pressure buildup, which ultimately triggered the initiation of
dendrites, as displayed in Figure 9a. This investigation provides
critical insights into the relationship between isolated Li
deposition and the nucleation of Li dendrites, thereby advancing
our understanding of the recently proposed mechanism of
dendritic initiation in SSEs.** The evolution of isolated Li
dendrites within SSEs, a key aspect of the dendritic propagation
process, was recently explored by Cao et al.'*’ Their findings
revealed that Li filaments grow within LLZTO but may
unexpectedly self-dissolve (stage A-B in Figure 9b) when the
current density decreases, even without reversing the current
direction. However, despite the dissolution of Li filaments, the
resulting cracks significantly reduce the mechanical strength of
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the SSE. Additionally, through a coupled electro-chemo-
mechanical model, the authors demonstrated that filament
growth is strongly influenced by the competition between the
electrochemical driving force and the mechanical resistive force.

These studies underscore that Li penetration in SSBs is
intricately linked to several factors, including the mechanical
properties of Li, nonuniform plating at the Li/SSE interface,
interlayer optimization, and microstructural defects on the
surface and subsurface of the SSE. However, there is still no
consensus on the failure mechanisms across different SSE
materials. Diallo et al."** proposed four failure mechanisms due
to Li dendrite growth by studying the microstructural
characteristics of 75%Li,S-25%P,S; (LPS) with varying relative
densities (Figure 9c). The first failure mechanism involves the
propagation of Li filaments through a network of percolating
pores, driven by the low overpotential required for filament
growth, which is particularly prevalent in SSE pellets that do not
reach the critical density threshold (>95%). The second
mechanism involves the chemical instability between the SSE
material and Li, leading to the formation of SEI. While this
chemical reaction is relatively limited in the current LPS system
due to the rapid stabilization of the SEI layer, it remains a
significant factor in other SSB systems. The third mechanism
concerns the electronic conductivity of the SSEs, which
facilitates isolated Li deposition in pores, eventually leading to
short circuits as these pores become interconnected. This effect
is minimized in the presence of percolating pores. Lastly, the
fourth mechanism is related to the fracture of the SSE under high
current densities, particularly when the material has low fracture
toughness. This failure mode is most frequently observed in
dense SSE pellets without percolating pores at elevated current
densities.

These four mechanisms are often intertwined, and it is crucial
to note that the first mechanism (percolating pores) is highly
dependent on the microstructure of the SSE pellets, whereas the
other three mechanisms are influenced by the intrinsic material
properties of the SSE itself. Therefore, these findings are not
limited to sulfide-based systems. The critical density threshold
(~95% for LPS) identified for mitigating percolating pore
formation is likely applicable to other SSE materials as well.

Cathode Active Materials (CAMs)/SSEs Interface. Solid-
state composite cathodes have more complex structural features
and differ significantly from a conventional liquid electrolyte-
based cathode. The FIB analysis technique is expected to reveal
the phase distribution of individual components in composite
cathodes and to provide quantitative information associated
with the microstructure of each component, such as volume,
pore, connectivity, and tortuosity."** In addition, the effective
reaction sites, i.e., the active interfaces formed by each
component, can be precisely confirmed through a 3D
reconstructed structure (Figure 10a). Kroll et al. elucidated
the impact of morphology and ionic conductivity of the small
mesoporous 3-Li;PS, and large nonporous Li;PS,-Lil (LPSI) on
ASSB performance using FIB."*> Specifically, the shape of the
SSEs affects the microstructure of the composite cathodes and,
in particular, has a significant effect on Li-ion transport pathways
within the electrode, the actual contact area between the active
materials (NMC) and SSEs, and the distribution of (undesir-
able) voids (Figure 10b). Although LPSI has a high ionic
conductivity, it still cannot avoid the performance degradation
due to increased ion transport tortuosity caused by the large SSE
particle size and undesirable voids. This study revealed the
importance of qualitative and quantitative analysis of morpho-
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logical features, which enable understanding of kinetic
limitations in ASSBs. In order to analyze the effect of composite
cathode microstructure on the ionic transport properties,
Hlushkou et al.'*® used both impedance spectroscopy measure-
ments and numerical simulations based on reconstructed
microstructures to obtain ion transport tortuosity values,
respectively. The authors proposed that the voids in the
composite electrode exerted a significant influence on the ion
transport path (Figure 10c), and therefore, a low volume
fraction is the key to achieving efficient ASSBs. To optimize
interfacial contact area between NCM and LPS, Nakamura et
al."*” presented a dry coating strategy to produce an NMC@LPS
core—shell composite particle. This electrode structure (Figure
10d) achieves a well-percolated ion transport pathway,
significantly improving the rate capability and cycle performance
of the ASSBs.

In summary, FIB-SEM, combined with elemental mapping
through EDS, effectively addresses the challenges in unveiling
chemical reactions within ASSBs. Advanced FIB-SEM techni-
ques provide a higher resolution and detailed phase distribution
information. This makes it an invaluable tool for investigating
the chemical and structural evolution of ASSBs.

While advanced FIB-SEM techniques have proven highly
effective in capturing the structural and morphological evolution
of the Li anode, SSEs, cathode, and their interfaces within
ASSBs, they fall short in providing localized chemical
information at the atomic scale."”® Fortunately, Cryo-TEM
techniques can significantly realize chemical and structural
characterization of Li metal and interphase at the atomic level,
effectively bridging the gap between FIB-SEM (>1 nm) and
XRT (>10 nm) and spanning scales from the nanometer to atom
range.

Recent Progress in Cryogenic Transmission Electron
Microscopy (Cryo-TEM). TEM is distinguished by its
exceptional high-resolution visualization capabilities.”” How-
ever, its application in studying Li metal and its SEI is
significantly limited by the thermal instability of Li and its
sensitivity to electron beam irradiation. Cryo-TEM, initially
utilized in structural biology, presents a promising solution. By
operating at cryogenic temperatures, cryo-TEM significantly
reduces beam-induced damage, making it indispensable for
atomic-level characterization of Li metal. Recently integrated
into battery research, cryo-TEM demonstrates exceptional
capability in preservin% and investigating Li metal structurally
and chemically.**"****° The application of cryo-TEM in battery
research is centered around two main areas: visualization of the
SEI and CEI, and elucidation of the chemistry of the Li/SSE
interface at the atomic scale.

SEl and CEl Chemistry of ASSBs. The composition—
property—function relationship of SEI in liquid LIBs has been
extensively investigated over the last four decades, as the SEI is
believed to be the key to the performance, safety, and cycle life of
the battery."*'~'** Two widely accepted models of SEI, the
mosaic SEI and the multilayer SEI, were established by Peled et
al."** and Aurbach et al,"*" respectively. These models serve to
elucidate the structural and chemical transformation mecha-
nisms within the SEI. Compared to their liquid electrolyte
counterparts, most SSEs exhibit thermodynamic instability
when in contact with Li metal. This instability leads to the
formation of a complex interphase, similar to the SEI observed in
liquid electrolyte systems. The possibility of SSEs to develop SEI
when in contact with Li metal has been theoretically predicted
for various conventional SSEs, including LLZO, LGPS, LPS, and
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Figure 12. (a) TEM images of the SPE electrolyte interface without sputtering Pt after Li deposition and corresponding HRTEM image of
interface contained crystalline Li, Li,O, LiOH, and an amorphous component. Reproduced with permission.'*> Copyright 2020, The Royal
Society of Chemistry. (b) SPE electrolyte interface with S nm sputtered Pt after Li deposition and HRTEM image of interface contained
crystalline Li, Li,O, LiOH, Pt, and amorphous solid polymer electrolytes. Reproduced with permission.'>> Copyright 2020, The Royal Society
of Chemistry. (c) The crystalline particles include Li,O, Li,CO;, and LiOH in the Li metal interface, the corresponding FFT and schematic
demonstration of the mosaic structure corresponding to the identified interface. Reproduced with permission.'>* Copyright 2020, Wiley-VCH
GmbH. (d) Cryo-TEM results of the Li/LLZTO interface and the corresponding elemental mapping distribution results and EDPs results for
regions 1 and 2. Reproduced with permission.">” Copyright 2022, Wiley-VCH GmbH.

amorphous Li phosphine oxynitride (LiPON), and subse-
quently validated through experimental findings.**'*¢~'*¢
Despite considerable research efforts focused on the evolution
of the Li/SSE interface, the formation mechanism of the SEI in

ASSBs remains elusive.
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Motivated by the impressive electrochemical performance of
thin-film LiPON solid batteries, Cheng et al."*’ adopted cryo-
TEM techniques to explore the characteristics of the stable Li/
LiPON interphase. Their observations revealed a dense 76 nm-
thick interphase composed of Li,O, LizN, and Li;PO,. This
finding suggests a multilayer mosaic SEI structure characterized
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by concentration gradients of nitrogen (N) and phosphorus (P)
within an amorphous matrix (Figure 11). Such a thin interphase,
with a gradient structure of ion-conducting but electron-
insulating components, can impede further decomposition of
the SSEs due to the presence of equilibrium phases such as Li, O,
Li;N, and Li;PO,. However, this passivation effect cannot be
achieved when the decomposition products are MCI. For
instance, the reduction of compounds like Li (GeP,S;, and
Lij sLay sTiO; by Li metal yields a conductive Li—Ge alloy and a
titanate interfacial phase, which fails to mitigate successive
decompositions.'*” In terms of the composition of successful
SEI in liquid batteries, the main components within the SEIs
include alkyl Li species, LiF, Li,O, and Li,CO;. Among these,
LiF stands out as a favored SEI component due to its lower
electronic conductivity and higher thermodynamic stability to Li
metal, thereby exerting a passivating effect.

Meng’s research group used LiNij;sMn,;O,/LiPON/Li
(LNMO/LiPON/Li) thin-film full cells to investigate the
chemistry of CEI and understand the origin of a stable
interphase existing between the LNMO and LiPON inter-
face.>° Remarkably, the LNMO/LiPON interface maintained
intimate contact without exhibiting voids or cracks, even after
500 cycles. In addition, there is a significant difference between
the crystalline and amorphous domains of the LNMO/LiPON
interface in the cryo-TEM images, and these studies provide
evidence of the long-term structural stability of the LNMO/
LiPON interface. The stability of the LNMO/LiPON interface
can be ascribed to the inherent structural resilience of LNMO
and LiPON. An artificial deposition of LiPON layers on the
cathode surface is regarded as a straightforward protection
strategy to mitigate the interfacial reactions between the
electrochemically less stable SSEs and the highly oxidative
cathode material. These stable interphases observed at Li/
LiPON and LNMO/LiPON interfaces offer invaluable insights
for further investigation of other SSE interphases in ASSB
systems.

Atomic-Scale Li/SSE Interfacial Chemistry. Only a few
battery systems can achieve the same excellent electrochemical
performance as LiPON thin-film batteries. Interface issues
between SSEs and Li anodes remain an obstacle to the
development of ASSBs. In the case of poly(ethylene oxide)
(PEO) electrolytes containing LIN(SO,CF;), (LiTESI) salts,
contact with Li metal leads to immediate oxidation, generating
Li,O along with H, and C,H,.">"">* This reaction, coupled with
the repeated interaction of fresh solid polymer electrolyte (SPE)
with Li, results in thickening of the Li/PEO interface, leading to
high electrochemical impedance and uneven surface morphol-
ogy.

The cryo-TEM technique enabled the atomic-scale observa-
tion of Li anode and its interfacial structures in SPEs. Sheng et
al."** found that the deposited Li grew rapidly at the Li/PEO
interface, forming a blocky, porous structure as displayed in
Figure 12a. Through further examination of the Li/PEO
interface, they unveiled a mosaic structure at the atomic scale,
with Li, LiOH, Li,O, and Li,COj; crystalline grains dispersed
within the amorphous phase (Figure 12¢)."** Additionally, Li
metal close to PEO tends to form polycrystalline particles rather
than single crystalline Li. This observation suggests violent side
reactions between Li metal and PEO, compromising interfacial
contact and recyclability. Consequently, efforts to stabilize
ASSBs have focused on modifying the Li/PEO interface guided
by cryo-TEM visualization.

517

Leveraging the superior ionic/electronic conductivity of
lithium—platinum (Li—Pt) alloyslss’156 (LisPt, Li,Pt, etc.),
Tao’s group introduced a thin Pt nanointerlayer between the
Li anode and PEO-based electrolyte."> Cryo-TEM analysis
confirmed the formation of amorphous Li—Pt alloy nano-
particles at the Li/PEO interface (Figure 12b), reducing
interfacial impedance and enhancing ionic/electronic con-
ductivity. As a result, a more homogeneous and dense Li
deposition at the interface is obtained.'>® Furthermore, the
introduction of a Li,S additive facilitated the decomposition of
N(CF;S0,),” (TFSI") and promoted the formation of LiF
nanocrystals at the Li/PEO interface, which prevents C—O
bond breakage and enhances cyclability and stability.

Similarly, Dai et al.">” developed a LiF-rich interlayer at the
Li/LLZTO interface to enhance the ASSB performance. An
interlayer (Figure 12d) was formed in situ through a conversion
reaction between high-temperature molten Li and thin
fluorinated graphite (CF,) to improve the Li/LLZTO interface.
Cryo-TEM analysis revealed the presence of LiF nanocrystals
within an amorphous carbon matrix, facilitating homogeneous
Li-ion transport and preventing dendrite growth in LLZTO.
This complex structure of amorphous carbon and LiF governs
the homogeneous transport of Li" jons at the Li/LLZTO
interface, preventing the growth of Li dendrites in LLZTO, thus
improving the CCD and the electrochemical stability of ASSBs.

In addition, to gain insights into the evolution and failure
mechanisms of the sensitive Li/sulfide electrolyte interface, Guo
et al."*® employed cryo-TEM measurement to provide atomic-
scale chemical and structural information regarding the Li/
Li,SnS, (Li/LSS) interface. Following Li deposition, porous
lumpy Li formations were observed, analogous to those found at
the Li/PEO interface.'> This undesirable Li deposition is
attributed to the side reactions occurring between Li and the
LSS electrolyte. A mosaic structure of randomly dispersed Li,S
and Sn,S; crystals is directly identified at the interface by high-
resolution TEM, which correlates with the appearance of an
interfacial adverse reaction (2Li + 2Li,SnS, = 5Li,S + Sn,S,) at
the Li/LSS interface. This continuous growth of the unstable
interface leads to an increase in the Li* ion conduction barrier,
which, together with the subsequent preferential deposition of
Li along the interfacial conductive byproducts to the GD of the
bulk electrolyte, results in rapid depletion of the active Li source
and cell failure.

B SUMMARY AND OUTLOOK

This review highlights the fundamentals and workflows of the
state-of-the-art imaging techniques and their associated
applications (Figure 13), shedding light on the buried and
widespread interfacial evolution within solid-state electrodes
and elucidating critical working and failure mechanisms in all-
solid-state batteries (ASSBs). We summarized and detailed
recent advancements in neutron imaging (NI), X-ray tomog-
raphy (XRT), focused ion beam scanning electron microscopes
(FIB-SEM), and cryogenic transmission electron microscopy
(cryo-TEM), discussing their capabilities, limitations, and
potential for further development and effective implementation.

A comparative analysis of these imaging techniques, presented
in Table 3, underscores the advantages of synchrotron-based NI
and XRT in enabling operando research. These methods
complement each other in studying ASSBs. NI excels in
penetrating deep into thick materials and detecting lithium-ion
transport and distribution in solid state electrolytes (SSEs),
though its current limitations include lower spatial resolution
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Advanced imaging
characterization
in ASSBs

Operando

Ex-situ

Figure 13. Summary of the state-of-art imaging characterization
techniques used in ASSBs.

(>10 pm) and higher costs. XRT provides two-dimensional/
three-dimensional (2D/3D) and four-dimensional (4D, i.e., 3D
plus time) insights into the structural and morphological
evolution of battery materials, making it ideal for nondestructive
micro- and mesoscale studies. Integrating these two techniques
with advanced data analysis will offer a more comprehensive
understanding of ASSBs, which will drive innovation and
enhance both battery performance and safety. However,
application of these two techniques in solid-state electro-
chemistry necessitates further refinement, particularly in
achieving high temporal resolution to capture instantaneous
phase changes during charge/discharge cycles. The forthcoming
fourth generation of synchrotron light sources holds promise for
enhancing temporal resolution and enabling transient detection,
thereby driving advancements in materials science and energy
storage.

During operando measurements, successive and massive 3D
image data sets can be generated, necessitating automated batch
processing for efficient analysis. Tomographic artifacts caused by
beam damage also pose challenges, requiring complementary
tools such as artificial intelligence (AI) for processing NI and
XRT results and advancing SSB research.'”*">'%° Segmenting
tomographic images of cell characterization is a critical step that
significantly affects the outcomes of materials characterization
and electrochemical simulations. However, manually labeling
large operando data sets from synchrotron facilities is time-
consuming, and these data sets are often difficult to segment
using traditional histogram-based methods.'®'%* In such cases,
machine learning provides a robust solution by leveraging large
data sets from in situ/operando experiments, significantl
improving the efficiency and accuracy of data processing,' ™%
For instance, Liu et al.'®® introduced a deep learning-based
approach for image jitter correction, improvinég tomographic
reconstructions quality. Similarly, Su et al.'®® proposed a
convolutional neural network-based approach to achieve high
accuracy with minimal labeled data, predicting volumes of
billions of voxels in mere minutes. Beyond imaging, machine
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Table 3. Comparison of Four Different Imaging Techniques

Spatial
resolution

Imaging
techniques

NI

Imaging information

Limitations

Advantages

Scale resolution

and isotopic composition; mechanical and structural

3D visualization; Li gradient distribution of the cell; elemental
changes

Limited spatial resolution; longer exposure times;
radiation safety concerns

Nondestructive; 3D information; in situ and operando experiment;
deep penetration; sensitive to isotope and light elements

>10 ym

Macroscopic
scales

Low spatial resolution; contrast limitations; 3D structure; structural and morphology evolution

Nondestructive; 3D information; in situ and operando experiment;

>10 nm

XRT

Micro- and

information of electrode and interface

special cell design; high threshold for data

analysis

rapid imaging

mesoscopic

scales

Surface; depth information; elemental mapping

Destructive; difficult transfer sample; local

High spatial resolution; 3D imaging; adjustable magnification;

>1 nm

FIB-SEM

Atomic and

nanoscale

information of sample

ability to install accessories

Surface/lattice; structure and composition of crystalline
preparation; not applicable for in situ/operando  particles and SEI

High requirement and cost for sample
experiments

>0.01 nm  Atomic resolution; suitable for sensitive energy materials; elemental
analysis

Cryo-
TEM
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learning is increasingly recognized as a critical modeling tool in
the field of energy storage. It holds significant potential for
accurately determining key battery metrics, such as the state of
charge, state of health, and remaining lifetime.'®” We expect that
machine learning will drive significant advances in the emerging
field of ASSBs.

Advances in battery research require a
deeper understanding of the mobility
of electrons and ions, incorporating
insights from materials science, physics,
and chemistry. These multi-scale ap-
proaches enable us to connect atomic,
particle, and electrode-level processes,
offering a complete picture of the bulk
reactions occurring within ASSBs and
driving future innovations in energy
storage.

At the atomic and nanoscale levels, FIB-SEM and cryo-TEM
techniques offer novel perspectives on investigating the
interfacial reaction dynamics in ASSBs. Although these methods
require post-mortem characterization due to their destructive
nature, they provide invaluable insights into the intrinsic
mechanisms of battery materials. For FIB-SEM that usually
employs Ga ion to uncover the inner structure of the specimen,
beam damage could exist especially when high milling current is
used and/or beam-sensitive specimen is used, such as a lithium
anode. In these cases, FIB milling parameter should be
optimized, or FIB-SEM equipped with cryogenic sample
environment (i.e., cryo-FIB) may be adopted.'” Cryo-TEM
preserves lithium metal in its native state, enabling the study of
localized nano- and microstructures and guiding the con-
struction of stable solid-electrolyte interfaces (SEIs). Moreover,
advancements in cryo-electron microscopy, inspired by bio-
logical research, hold great potential for achieving high-
resolution imaging of battery materials in their native state,
allowing for a comprehensive investigation of atomic-level
chemistry and structure. With that said, to ensure “real” SEI and
nanoscale information is unraveled, attention should still be
given during the whole workflow from TEM sample preparation
and sample transfer to image data acquiring and data
analysis. 7"

As discussed in this review, various imaging techniques have
been applied to cutting-edge research areas in ASSBs, yielding
significant discoveries and insights into different scientific case
studies. While these methods have been independently
validated, each has its own advantages and limitations. Their
effective integration holds the potential to unlock unprece-
dented scientific opportunities. While certain modalities can be
combined within a single terminal station, others must be
performed sequentially due to physical constraints. A
comprehensive yet tailored experimental design is, therefore,
essential for each case study. Feasible strategies could be that
nondestructive imaging techniques like NI and XRT are first
conducted under in situ or operando conditions with 3D imaging
data sets acquired together with electrochemical performance,
followed by characterization like FIB-SEM and TEM that is
destructive or usually post-mortem analysis. In situ and operando
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cells are crucial to acquire reliable and desired data sets. Relevant
cell designs have been well summarized in reviews'”'”" where
readers are directed. Note that for image reconstruction, several
open-source algorithms are available, like Tomopy, ASTRA
Toolbox, PyHST2, and so on. While for image process and
analysis, free software like Image] (or Fiji) and 3D Slicer are
good options for 2D and 3D image analysis, respectively. In
addition, commercial software like Avizo, VGStudio, and
Dragonfly offer platforms that integrate basic and advanced
functions, including image processing, 3D visualization, 2D/3D
analysis, and so on. With these tools available, challenges still
exist on how to integrate and analyze multimodel imaging data
sets across multiscale, to comprehensively unravel the electro-
chemo-mechanical interplay and the degradation and failure
mechanisms. This necessitates multidisciplinary input and the
teamwork of experts from material/chemistry, characterization
techniques, and image analysis.

One of the critical challenges for ASSBs moving forward is
optimizing the stack pressure. Future research should focus on
refining pressure regulation techniques to maintain an optimal
balance, avoiding both void formation and mechanical stress-
induced failures. Additionally, exploring the effects of stack
pressure across a wider range of SSE materials will be vital in
generalizing findings beyond specific systems, such as oxide-type
SSEs. As our understanding of electro-chemo-mechanical
interactions in ASSBs deepens, advancements in interfacial
engineering and pressure management will be essential for
extending battery life and improving performance under high
charge/discharge rates.

In summary, the integration of advanced imaging character-
ization techniques has propelled the development of battery
materials, offering insights into complex electro-chemo-
mechanical mechanisms in ASSBs. These multiscale approaches,
ranging from atomic to electrode levels, provide a holistic
perspective on bulk reactions, facilitating the engineering and
advancement of ASSBs. They help answer a range of questions,
such as the following: What changes in chemistry and structure
govern the bulk reaction in ASSBs, including those involving Li,
SSEs, and cathodes? How do Li transformations propagate
within the SSEs? How do interfacial reactions evolve across the
electrode architecture? At the atomic level, cryo-TEM provides
invaluable insight into the fundamental transformations
occurring at the Li/SSEs (SEIs) and cathode/SSEs (CEls)
interfaces. On the particle level, chemical mapping—achievable
through advanced techniques like FIB-SEM—offers critical
information on how lithium transformations propagate within
SSEs. At the electrode level, NI and XRT are indispensable for
providing an intuitive, comprehensive view of the structural
changes occurring during battery operation. Advances in battery
research require a deeper understanding of the mobility of
electrons and ions, incorporating insights from materials science,
physics, and chemistry. These multiscale approaches enable us
to connect atomic, particle, and electrode-level processes,
offering a complete picture of the bulk reactions occurring
within ASSBs and driving future innovations in energy storage.
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