Published on 24 Fuulbana 2025. Downloaded on 13/11/2025 11:53:31 PM.

Nanoscale
Horizons

REVIEW

\ '.) Check for updates ‘

Cite this: DOI: 10.1039/d5nh00009b

Received 6th January 2025,
Accepted 24th September 2025

DOI: 10.1039/d5nh00009b

rsc.li/nanoscale-horizons

¥ ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal

A microscopic view of solid-state lithium batteries
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The demand for safe energy storage with high energy density is growing, and as conventional lithium-ion
batteries with liquid electrolytes are nearing their performance limits, solid-state Li batteries have emerged as
promising successors. Solid-state batteries offer higher energy density, enhanced safety, and faster charge
rates. However, their commercialization remains constrained by solid/solid interface processes, including
dendrite  formation, chemically or mechanically unstable electrolyte/electrode interfaces, and
inhomogeneous cathodic reactions. Advanced micro- and nanoscale characterization techniques are
essential for unveiling the mechanistic origins of solid-state battery degradation and performing real-time
monitoring of local changes within battery materials, which reveal critical insights into dynamic interfacial
processes during operation. Such knowledge may unlock the full potential of solid-state batteries by guiding
the development of new materials, battery architectures, and microstructures for achieving improved
performance and durability. This review surveys research on solid-state battery materials and examines how
various micro- and nanoscale characterization techniques can be used to diagnose degradation phenomena
and develop strategies to mitigate degradation. We review recent studies with a particular focus on (i) grain
and phase boundaries in solid-state electrolytes, (i) dendrite formation, (iii) the structure and evolution of
solid electrolyte interphases, (iv) lithiation-induced heterogeneities in the anode active materials, (v) cathode
electrolyte interfacial phenomena, and (vi) contact loss within cathode composites and the resulting spatial
heterogeneities revealed through state-of-charge mapping. Finally, we discuss how future developments in
characterization methods can enable gaining a deeper insight into the operation and degradation of solid-

state batteries.
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1. Introduction

Conventional lithium-ion batteries (LIBs) with liquid electro-
lytes are widely regarded as the most robust electrochemical
energy storage technology, serving a variety of sectors including
electrification of transportation and grid-scale applications."?
LIBs are valued for their reliable performance, long lifespan,
and high cycling capability, as well as their notable energy and
power densities."” Since Sony’s first demonstration in 1991, the
commercial success and scalability of LIBs have resulted in a
doubling of specific energy and energy density, now reaching
up to 270 Wh kg™ and 650 Wh L™, respectively.> Concurrently,
the production cost of LIBs has plummeted by an impressive
98% to lower than 100 USD per kwWh.> However, current
projections suggest that LIBs are approaching their peak per-
formance while the demand for energy storage solutions with
higher safety and energy density grows.” This motivates explor-
ing alternative technologies as potential successors to LIBs.? In
this context, the development of solid-state Li batteries (SSBs),
in which the flammable liquid electrolyte is replaced with a
solid-state electrolyte (SSE), is proposed as one of the most
significant steps in transitioning from LIBs to the next genera-
tion of batteries."” The SSB technology has the potential to
offer various advantages over conventional LIBs, including
higher energy and power density, safe operation without flam-
mable liquid electrolytes, prevention of cross-talk between
electrodes, a wider operating temperature range, and faster
charging rates." However, to date, there has been limited
evidence demonstrating the full potential of SSB technology
for commercial applications.' Several reasons, such as high
stacking pressure required for stable long-term operation® and
the difficulty as well as the high cost of scaling up manufactur-
ing of SSEs,* are among the major contributors. However, the
root cause of many scientific and technical challenges hinder-
ing the full utilization of SSB technology can be summarized in
one word: interfaces. Fast charge transport across the interfaces
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between the SSEs and electrodes, combined with stable
chemical and mechanical interactions, is vital for achieving
long-term, reliable performance in SSBs. Yet, many of these
interfaces suffer from issues that significantly restrict the
performance of the batteries.

To unlock the full potential of SSBs, it is essential to
thoroughly understand the mechanisms driving interfacial
degradation and use this knowledge to develop improved
material chemistries, structures, and architectures. However,
the buried nature of many of these phenomena, coupled with
their microscopic origin, hinders the effective utilization of
conventional material characterization and electrochemical
techniques, which are often only sensitive to the macroscale
or surface-near regions. Local characterization is thus crucial
for devising strategies that mitigate degradation, enhance
efficiency, and ensure durability in SSBs.> Here, we present
recent progress in micro- and nanoscale characterization tech-
niques applied on SSBs to gain insights into solid-state pro-
cesses as well as degradational phenomena in battery
materials. Initially, a succinct overview of SSBs will be provided,
highlighting the solid-state processes occurring within their
components, materials, and interfaces. Following this, various
microscopic characterization techniques will be briefly intro-
duced. Building on these foundational elements, we highlight
recent progress in applying micro- and nanoscale characteriza-
tion techniques to unravel key processes governing the perfor-
mance and stability of SSBs. These include: (i) the role of grain
and phase boundaries in SSEs, (ii) the formation and propaga-
tion of dendrites, (iii) the structure and evolution of solid
electrolyte interphases (SEIs), (iv) lithiation induced heteroge-
neities in anode active materials, (v) interfacial phenomena at
cathode electrolyte interfaces (CEI), and (vi) contact loss within
the cathode composite layer, and the development of chemical
and electrochemical heterogeneities in cathode layers as
revealed through state-of-charge mapping.

2. Solid state batteries

In SSBs, the liquid electrolyte is replaced by a SSE, which offers
several potential key advantages over conventional LIBs, posi-
tioning these solid-state electrochemical devices as a potential
“holy grail” of next-generation energy storage solutions.
However, this replacement also transforms liquid/solid inter-
faces into solid/solid ones, which introduces numerous
challenges."””> Most importantly, the robust contact and fast
transport kinetics of ionic charge carriers in liquid electrolyte-
based systems are generally replaced by slow transport kinetics
in mechanically and electrochemically poorly contacted solid/
solid interfaces, leading to undesirable effects on battery per-
formance and lifespan.”? Even though fast ionically conducting
SSEs are being developed, the benefits are still not high enough
to overcome the kinetically sluggish nature of the solid/solid
interfaces.>* These buried solid/solid interfaces are challen-
ging to probe due to their limited accessibility using conven-
tional characterization tools. Nonetheless, they serve as critical
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hotspots where dynamic processes drive degradation in battery
performance.” Therefore, the identification and characteriza-
tion of these processes are key to realizing a long lifetime
in SSBs.

Solid/solid interfaces and their associated degradation pro-
cesses can be categorized into three main groups: (i) solid-state
processes within SSEs, (ii) anode/SSE interfaces, and (iii) cath-
ode/SSE interfaces, each presenting distinct properties and
challenges. We will explore these interfaces and their issues
in detail in the following sections.

2.1. Solid-state processes within SSEs

Solid-state processes at the internal interfaces in SSEs play a
significant role in determining the ionic conductivity, mechan-
ical stability, and material cost."® Fig. 1 illustrates some of
these key interfacial features, including distinct grain boundary
properties relative to the bulk material as well as phase bound-
aries between different phases in hybrid organic-inorganic
electrolytes. In inorganic SSEs, grain boundaries are typically
the primary paths for electronic leakage due to their high
electronic conductivity and reduced band gap, making these
interfaces preferential sites for metal plating.” At the same
time, ionic transport across grain boundaries often limits the
overall ionic conductivity of the SSEs.® A deeper understanding
of the dynamics behind ionic and electronic transport along
and across grain boundaries can offer valuable insights for
enhancing the ionic conductivity, preventing plating of inactive
metal islands within SSEs, and ultimately help avoid short-
circuiting caused by dendrites.*”° Dendrites and filaments are
often used interchangeably,' but in this manuscript we adopt
the use of dendrites, as they are the more common terminology
despite their physical geometries may include non-dendritic
morphologies such as mosses, whiskers, and globules."' In
addition to grain boundaries, phase boundaries are particularly
important in hybrid organic-inorganic composite electrolytes,
where the confined contact area between the polymers and
inorganic compounds acts as the primary pathway for ion
conduction.®® Furthermore, similar to the grain boundaries
in inorganic compounds, these phase boundaries also facilitate
non-uniformities in electronic current leakage, which can lead
to dendrite formation via the same mechanism.*’

2.2. Anode/SSE interface

The potential use of high-capacity anodes with low potentials,
such as Li-metal or silicon-based alloys, is considered one of
the major advantages of SSB technology compared to LIBs.'
These anodes enable higher energy density and faster charge/
discharge rates." However, the use of Li-metal or alloys comes
with significant drawbacks that can limit the reversible opera-
tion and lifespan of SSBs, especially at high current densities.
Fig. 1 illustrates some of these interfacial degradation phenom-
ena, including volume changes in the anode active material
and the associated microcracking, and inhomogeneous metal
plating leading to dendrite and pore formation, as well as the
formation of an insulating SEI. One of the most critical issues
in both Li-metal and silicon-based anodes is the high volume
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changes at the anode/SSE interface during charge/discharge
cycles, which can lead to mechanical degradation and micro-
cracking due to the solid/solid nature of the interface."***?
Additionally, inhomogeneous metal plating and stripping
cause uneven current distribution, pore formation, and nuclea-
tion sites for dendrites, which can eventually short-circuit the
battery.'> While dendrite growth is generally considered less
prevalent in SSEs than in conventional batteries with liquid
electrolytes, it remains a major degradation mechanism in
SSBs.'” Some studies even argue that, due to the widespread
use of Li-metal anodes in SSBs, dendrite growth may pose
greater challenges in these cells compared to conventional
LIBs."*™® The adverse effects of both dendrite growth as well
as volume changes can be mitigated by applying high stack
pressure to maintain mechanical integrity of the anode/SSE
interface and reduce uneven current distribution, but this
approach increases the cost and complexity."” Another
approach is to use Li-alloys, interfacial layers, or anode scaf-
folds that can accommodate volume changes while simulta-
neously distributing the current more evenly.'” Furthermore,
many SSE materials, such as halides, thiophosphates, and even
oxides, are chemically incompatible with Li-metal, leading to
the formation of SEIs.""'®'° The SEIs are often insulating and
consequently increase cell resistance and reduce Dbattery
performance.’'®'® However, SEI formation is a complex phe-
nomenon that can produce interfacial phases with a wide range
of ionic and electronic conductivities. Some SEIs, such as those
formed by the reduction of cations like Ge** and Ti*" to their
metallic form, are highly electronically conductive and thus
continue to grow unchecked during operation.>®

2.3. Cathode/SSE interface

Due to the relatively poor ionic and electronic conductivity in
cathode active materials (CAMs) and inadequate interfacial
properties, the cathode layer is typically a composite
material.”* This composite includes CAMs, an electronic con-
ductor such as carbon-black, an ionic conductor like SSE, and
other potential additives or binders. As shown schematically in
Fig. 1, both the highly ionic conducting SSE and high-capacity
anode layers are relatively thin compared to the composite
cathode layer." As a result, the cathode layer dominates the SSB
cell in terms of volume, weight, and the number of interfaces.’
Simultaneously, due to the use of high-capacity Li-metal
anodes, the cell capacity is usually bottlenecked by the lower
theoretical capacity of CAMs. This is because the total amount
of charge a battery can store depends on the electrode that
holds the least charge. While Li-metal can store a very large
amount of Li", the cathode can only accommodate a smaller
number of ions, effectively limiting the overall capacity of the
cell. These factors eventually determine the specific energy and
energy density of the cell, as both scale with the overall
cell’s capacity, and are inversely related to the cell’s weight
and volume, respectively." Similar to conventional batteries
using liquid electrolytes, the functionality of CAMs in terms
of reversible lithiation/delithiation is of utmost importance for
the stable cycling of SSBs.>"?*> During cycling, most of the
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Fig. 1 Overview of interfacial degradation phenomena in solid-state batteries along with their approximate characteristic length scales and the most
relevant micro- and nanoscale characterization techniques. Each technique is detailed with its specific applications and properties it can assess in solid-
state battery research, along with information about its resolution and typical high-resolution field of view. References for the individual techniques are
provided in Table S1 in the SI.
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existing CAMs go through a considerable amount of volume
change, although comparatively smaller than anode active
materials." In batteries with liquid electrolytes volume changes
can be mitigated by the ability of the CAM to easily move
through the liquid.>® However, due to the solid/solid nature of
the CAM/SSE interface, the same volume change can cause a
significant amount of local strain, which deteriorates the
mechanical integrity of the cathode layer by crack formation
and contact loss, as shown in Fig. 1."** Additionally, the
formation of a CEI also plays a critical role in determining
the SSB performance as it introduces changes in interfacial
ionic and electronic transport. Interdiffusion of ionic species,
e.g. transition metals between the SSE and CAM particles,
occurring primarily during fabrication or sintering, further
affects the overall battery efficiency.”"** Therefore, the
chemical compatibility of SSEs and CAMs is among the most
important parameters to consider during the material selection
stage.”’ To achieve high-performance SSBs, it is crucial to
develop a comprehensive understanding of the chemical and
physical properties at the cathode/electrolyte interface. Equally
important is the ability to maintain fast ion and electron
transport across this interface, which is often more critical
than simply combining the fastest SSE with a high-capacity
CAM.*

3. Micro- and nanoscale
characterization techniques

Several categories of micro- and nanoscale characterization
techniques have been used for investigating battery materials,
interfaces, components, and processes. The main groups
include electron-based,>** light-based,”>*” and scanning
probe-based®**° techniques. Techniques based on magnetic
fields, such as nuclear magnetic imaging, are also gaining
popularity, but they often lack the resolution to spatially resolve
the local processes®® with a few exceptions such as scanning
magnetometry.®> Most microscopy techniques represent a
trade-off between a large field-of-view and a high spatial and
temporal resolution, and often require specialized sample
preparation or synchrotron access.>> The methods can be used
post-mortem, in situ, or operando, revealing temporal informa-
tion regarding the evolution of material structures, interfaces,
and kinetic processes during battery operation.> The ideal
in situ or operando measurement setups should be capable
of penetrating standard pouch or stainless steel encased
cells without requiring sophisticated modifications while also
being non-invasive and offering high spatial and temporal
resolution.”®

In SSB research, utilization of advanced micro- and nano-
scale characterization techniques and upgrading existing tech-
niques with enhanced functionality are essential to understand
and optimize battery performance.’ Among the prominent
methods, light-based techniques, such as X-ray computed
tomography (CT), scanning transmission X-ray microscopy
(STXM), and X-ray absorption near edge structure (XANES)

This journal is © The Royal Society of Chemistry 2025
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spectroscopy, offer unique advantages.” These techniques
enable high-resolution 3D morphological reconstruction down
to 10 nm spatial resolution,*” allowing researchers to probe the
chemical evolution of the compounds, tracking Li* migration,
assess valence state variations, heterogeneities inside and
between electrode active materials,>*™° as well as in situ mon-
itoring of active material volume changes.>®***” Despite their
power, these techniques often rely on synchrotron sources,
which present technical challenges and limited accessibility
for broader research use in addition to the potentially invasive
nature of the intense light source and the weak scattering
properties of light elements such as Li,>®?>%>730738
Electron-based techniques also play a critical role in
capturing fine structural and compositional details down to
sub-atomic spatial resolution.*>® These techniques have been
employed to investigate mechanical interactions at interfaces,*®
observe chemical and structural changes,*®** and study den-
drite formation in operando.****** However, limitations arise
due to the sensitivity of Li to electron beams, its low scattering
cross-section, the shallow penetration depth of electrons in
solid materials, and the need for complex and invasive sample
preparation for transmission experiments.*® Cryogenic trans-
mission electron microscopy (Cryo-TEM) is particularly
valuable for observing electrochemical processes without exten-
sive sample damage, though beam sensitivity remains a
challenge.® Focused ion beam coupled with scanning electron
microscopy (FIB-SEM), especially with recent advancements in
Xe" plasma FIB for large-volume sectioning, supports detailed
tomographic analysis and is indispensable for investigating
SSB local structures with spatial resolutions below 1 nm.*’
Scanning probe techniques provide additional insights into
surface properties, which aid in the characterization of micro-
and nanoscale properties such as local mechanical and electro-
chemical properties.” With a horizontal resolution of 1-10
nm®?° and a vertical resolution of a few angstroms (A),>*"*8
atomic force microscopy (AFM) can precisely map surface
morphology and track its changes during cycling. AFM has also
been proven useful in studying adhesion and Young’s modulus
in hybrid electrolytes® and evaluating local electrochemical
strain.” Additionally, scanning probe techniques with an elec-
tronically conducting probe can offer information on local
ionic/electronic conductivity and space charge layers.”® Key
limitations of AFM include its inability to provide chemical
information and being limited to surface imaging.***® Further-
more, some processes occur on time scales too short for
conventional low-speed AFM to image.*® Therefore, advancing
to high-speed AFM imaging while retaining high spatial resolu-
tion and employing multi-modal techniques such as AFM
coupled with Raman (AFM-Raman) or infrared spectroscopy
(AFM-IR) would offer significant advantages.>*® Multi-modal
detection of current distributions and redox reactivity with sub-
surface sensitivity was also proposed using a scanning probe
equipped with an atomic-sized magnetic field sensor.*?
Currently, no single technique fulfills all the essential
requirements for micro- and nanoscale SSB analysis. These
include visualizing both electron and ion transport,
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differentiating chemical states like metallic Li from Li", captur-
ing processes across length scales from nanometers to 50 um,
resolving real-time dynamics, non-invasively extracting subsur-
face information, and identifying spatial features critical to SSB
performance. Consequently, a comprehensive approach invol-
ving a combination of experimental techniques, theoretical
modeling, and post-mortem analysis is necessary to reveal the
complex inner workings of SSBs. Furthermore, the integration
of multimodal methods, such as AFM-Raman, AFM-IR and
scanning magnetometry, into battery research represents an
exciting frontier.>?> By pairing many of these multimodal
approaches with artificial intelligence (AI)-driven analysis,
researchers can develop comprehensive models to better under-
stand electrode microstructures, material heterogeneity, and
their impacts on cell performance. This will ultimately support
the design of more efficient battery architectures.”” A summary
of selected battery microscopy techniques for SSB research is
presented in Fig. 1, which also displays their spatial resolution
and field-of-view. For further details and in-depth information,
readers are encouraged to consult the following review

3,5,25,27,47,50-52
papers.

4. A microscopic view of SSBs

The characterization of micro- and nanoscale processes in SSBs
has significantly impacted the battery field by providing insight
into the mechanistic origins underpinning both functional and
degraded SSBs. This section reviews recent progress in various
micro- and nanoscale studies investigating the interfacial pro-
cesses in SSBs depicted in Fig. 1 by sequentially focusing on the
SSEs, anodes, and cathodes.

4.1. SSEs

The two main types of interfaces present in SSEs are grain
boundaries in inorganic materials and phase boundaries in
hybrid organic/inorganic composites. Although Fig. 1 illus-
trates powder-pack based inorganic SSEs that are widely stu-
died in the literature, this review also considers polymer
electrolytes and hybrid organic/inorganic composites due to
their emerging relevance and potential for enabling scalable
SSB designs.

4.1.1. Grain boundaries. Grain boundaries within SSEs are
considered to be bottlenecks for ionic transport kinetics and
the key sites for degradational processes like dendrite growth.®
One of the significant challenges in high-performance SSEs
such as lithium lanthanum zirconium oxide (LLZO) is to
understand the mechanistic origin of preferential propagation
of dendrites through grain boundaries, which requires a thor-
ough multi-scale insight.” Due to the nanometer size nature
and short time scale of most of these processes, high spatial
resolution and in situ/operando methods are required.” Liu
et al” combined in situ transmission electron microscopy
(TEM) with techniques such as electron energy loss spectro-
scopy (EELS) to explore the mechanisms involved in this
process.” The study was conducted on a hot-pressed disc of
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LLZO, which was galvanostatically cycled beyond the critical
current density to short-circuit two Li-metal electrodes.”
Although no secondary or amorphous phases were detected
in the grain boundaries of LLZO, these interfaces were found to
differ significantly from bulk grains in terms of their crystal
structure, exhibiting high-index surfaces with complex orienta-
tions and higher atomic irregularities.” Such complex crystal-
lographic orientations often result in increased reactivity and
distinct electronic or ionic properties.” Additionally, local band
gap measurement using EELS (Fig. 2A) revealed that the grain
boundaries exhibited lower band gap values of 1-3 eV com-
pared to 6 eV observed in LLZO grains.” This phenomenon
resulted in increased electron conduction and preferential
leakage of electronic current through the grain boundaries.
The excess electron availability, along with the reduced grain
boundary potential, facilitates island-like Li-metal plating
along the grain boundaries, ultimately causing a short-circuit
through dendrite growth during battery cycling.” This mecha-
nistic origin complements other proposed mechanisms for
dendrite-induced short-circuits in SSBs, such as heterogeneous
Li-metal plating/stripping and mechanical crack propagation
at the SSE/anode interface.”** To date, there is still no con-
sensus on how dendrites form in SSBs, which highlights a need
for further operando nanoscale characterization.

Grain boundaries in SSEs have also been studied by electro-
chemical strain microscopy.”® Electrochemical strain micro-
scopy involves bringing a conductive tip on a cantilever in
contact with the surface of the sample, applying an alternating
voltage and using the resulting cantilever vibration to measure
the strain response.”® This localized strain response is attrib-
uted to the accumulation or depletion of charge-carrying Li"
underneath the tip due to the voltage perturbation.”® The
resulting vibration amplitude has a linear correlation with both
the local concentration of charge carriers as well as their
diffusivity.>® Since the relaxation time constant depends solely
on the diffusivity of charge carriers, it allows for the decoupling
of local ionic conductivity from charge concentration.>® This
phenomenon makes electrochemical strain microscopy parti-
cularly sensitive to variations in local ionic conductivity, allow-
ing it to be used for mapping this parameter on the surface and
examining its influence on degradational processes in SSBs.>®
Wang et al.>® used electrochemical strain microscopy in order
to assess the variations in the electrochemical response
between the grain and grain boundaries in NASICON-
structured Li; 5Aly 5Ge; 5(PO4);. Fig. 7B(a-c) shows that the
electrochemical strain is markedly higher at the grain bound-
aries compared to the bulk grain. This observation was asso-
ciated with the local accumulation of Li" at the grain
boundaries and a slower transport kinetics at these intrinsic
interfaces.”® Such behavior highlights the importance of
improving the grain boundary conductivity in Li; 5Algs.
Ge, 5(PO,);s-based materials, a challenge that requires a differ-
ent strategy to suppressing the electronic conductivity in LLZO
grain boundaries.?®

4.1.2. Phase boundaries. The emergence of hybrid SSEs
has demonstrated that solid/solid polymer/ceramic interfaces

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Nanoscale characterization of grain boundaries in solid-state electrolytes. (A) High-resolution TEM image of an LLZO grain boundary, with a
bandgap measurement of both the grain boundary and the adjacent grains. Adapted with permission from ref. 7, Copyright 2021 Springer Nature. (B)
Characterization of LijsAlgsGers(PO4)s using electrochemical strain microscopy as demonstrated in (a) topographic image, (b) distribution of
electrochemical strain and (c) line analysis of topography and electrochemical strain performed on the red line illustrated in (a) and (b). Adapted with

permission from ref. 28, Copyright 2020 Elsevier.

are critical spots for the initiation of chemical and mechanical
instabilities during SSB operation.****> Such instabilities are
mostly determined by the nature of ionic transport within these
interfaces, highlighting the necessity of micro- and nanoscale
characterization to understand the kinetics involved.® The
Lewis acid interactions between Li" and the functional groups
in the polymer at the confined polymer/ceramic interface create
conditions where transport kinetics differ significantly from
those in the bulk polymer or inorganic SSE grains.® This
phenomenon usually results in ionic pathways being controlled
by these interfaces, which amplify the heterogeneity in ionic
transport and redox reaction processes.® Such heterogeneity in
ionic transport can be observed specifically at areas in which
the hybrid electrolyte contacts the anode, and ultimately

This journal is © The Royal Society of Chemistry 2025

degrades the battery through various mechanisms including
dendrite formation or augmented cell area-specific resistance.®
Techniques with micro- and nanoscale spatial resolution, such
as AFM and synchrotron X-ray nanotomography, are particu-
larly valuable for providing mechanistic insights into these
processes.®® For instance, Dixit et al® utilized AFM to map
properties such as roughness, adhesion strength, and Young’s
modulus at interfaces between LLZO and polyethylene-oxide
(PEO) of various molecular weights. PEO was mixed with LLZO
and processed into an ink via ball milling and subsequently
tape-cast into a 60 micrometer thick film.® The study concluded
that smoother PEO/LLZO interfaces with low roughness in the
range of 0.5-1 nm can enhance interfacial ionic transport
kinetics by promoting a uniform concentration gradient
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between the organic and inorganic sides of the interface.® In a
similar study,” the ionic and electronic transport properties of
LisPS, and its interface with polyimine were explored using a
conductive AFM imaging setup (c-AFM). The study identified
notable spatial variations in the ionic current of 1 to 2 orders of
magnitude within LizPS,.° These discrepancies arise from the
differences in transport kinetics, which are strongly influenced
by crystalline orientations in the polycrystalline and glassy
LizPS,.° Furthermore, the research highlighted that the ion
transport behavior underwent a sharp shift at the boundary
between the polymer and Li;PS,, which facilitates heteroge-
neous Li-metal plating/stripping. This heterogeneity is, in turn
increasing the likelihood of dendrite formation at the Li-metal/
hybrid-electrolyte interface.” An important implication is that,
in addition to minimizing electronic conductivity at the grain
boundaries or polymer/ceramic interfaces, tailoring microstruc-
tural properties to promote more uniform ion transport is also
crucial for mitigating the growth of dendrites.’

4.2. Anodes

Fig. 1 provides a visual overview of the degradation mechan-
isms of the anode/SSE interface addressed in this section.
These include dendrite formation, the development of a
SEI, and degradation caused by lithiation induced volume
expansion.

4.2.1. Dendrites. Tomography has proven to be an effective
tool for visualizing phenomena such as dendrite growth, crack
generation, temporal evolution of the Li/SSE interface morphol-
ogy, and SEI formation.®” The inclusion of stacking pressure as
a variable in SSB characterization is crucial as sufficient pres-
sure helps to mitigate dendrite formation and ensures that the
Li-metal effectively wets the SSE in the gaps created during
stripping.®® When gaps form at the anode/SSE interface, uni-
form electrochemical plating in those regions during the next
cycle becomes highly unlikely. As a result, Li-metal tends to
accumulate at a few contact points, leading to localized spikes
in current density and stress concentrations. These conditions
promote dendrite nucleation and can ultimately result in its
penetration into the SSE. Stacking pressure, along with the
yield strength of Li-metal, the elastic modulus of the SSE, and
the SSE porosity are key parameters in studies concerning
dendritic short-circuiting.”® Doux et al’® studied how the
mechanical properties of the Li/LigPSsCl interface at varying
stacking pressures influenced the cycle lifetime, as well as
dendrite and SEI formation. After cycling the SSB cell at
25 MPa, the authors detected the propagation of low-density
Li-metal dendrites through the grain boundaries of the SSE
using tomography.>® Simultaneously, diffraction patterns from
the interface revealed the formation of a SEI containing LiCl
and Li,S phases, which was most likely located at the contact
points between Li-metal and LigPSsCL.>® This indicated that the
SEI formation can occur alongside dendrite growth with both
phenomena influencing the progression and suppression of
each other.>®*° Due to their high surface-to-bulk ratio, nano-
scale dendrites promote interfacial reactions and convert a
significant portion of Li-metal and SSE into inactive SEI phases,
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which leads to capacity loss and reduced coulombic
efficiency.®® The Li/LigPS;Cl system was also investigated in
another study using X-ray tomography and spatially resolved X-
ray diffraction (XRD), focusing on the mechanical integrity of
this interface and its effect on dendrite growth.?” In this study,
a symmetric Li/LigPSsCl/Li cell was cycled under constant
current density and at fixed time intervals until short-
circuiting occurred as a result of dendrite growth. The mono-
chromatic X-ray beam was then aligned perpendicularly to the
Li/LigPS;Cl interface and scanned across the cell as shown in
Fig. 3A. The {110} peak of Li-metal was then used to image the
dendrite location with 3 um spatial resolution.>” The study also
showed the complex interplay between the electrical field
distribution, localized Li-metal plating, and conical crack for-
mation at the interface.””

A combination of AFM and environmental-TEM has also
been used for direct imaging of the dendrite nucleation and
growth as displayed in Fig. 3B.°° In this setup, an electroche-
mical cell was established using Li-metal as a counter electrode,
exposing the Li-metal to air to form a LiO, surface layer serving
as the SSE, and finally using a Ni-coated AFM tip as a working
electrode. Electrochemical Li-metal plating on the AFM tip was
performed under potentiostatic conditions. As the tip was in
contact with the LiO, SSE, the growth of Li-metal on the tip and
the resulting expansion of its volume exerted a force that
pushed the cantilever away from the surface of the sample.
This setup enabled simultaneous imaging of dendrite nuclea-
tion and growth (Fig. 3B(a-f)), electrochemical characterization
during plating/stripping, and measurement of the resisting
force against dendrite propagation.®® The latter is measured
via the bending force on the cantilever, which probes the
mechanical resistance that an SSE exerts against dendrite
growth.®® The TEM-based electron diffraction analysis found
that the dendrites grew through several consecutive growth
modes. The first growth mode is a non-directional one, in
which the nucleation process is controlled by the slow transport
kinetics of Li" through the SSE and the minimization of surface
energy, with a preference for {110} terminations (Fig. 3B, panels
a-c). As the dendrite growth progresses, metal deposition
transitions into a directional mode, terminating on the {112}
plane (Fig. 3B(d-f)).*” The study highlighted that elastic
constraints imposed by the SSE can generate sufficient
loads leading to a complete blocking of the nucleation and
growth of the dendrites, or altering the propagation direction
and tortuosity.®® AFM is also used in order to link the mecha-
nism of heterogeneous dendritic growth to the morphological
defects of LLZO during metal plating/stripping in an anode-
free configuration.®® As shown in Fig. 3C, continued Li-metal
deposition led to a significant increase in surface roughness
on the silver current collector. During the subsequent
stripping process, the surface topography changed drastically
compared to the initial state. This study further showed that Li-
metal tends to deposit preferentially on surface defects of
LLZO, such as scratches and pores. This behavior increases
plating/stripping heterogeneity and accelerates short-circuit
formation.
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Fig. 3 Dendrite formation in an anode/SSE interface. (A) Illustration of spatially resolved X-ray diffraction (XRD) mapping and diffraction intensity of the
Li-metal {110} peak, mapped across the sample to reveal the spatial distribution of Li-metal dendrites. Adapted with permission from ref. 57, Copyright
2021 Springer Nature. (B) TEM images of an in situ cell setup show Li-metal deposition through a native Li,O solid electrolyte onto a Ni-coated, negatively

biased AFM tip. A Li whisker forms and deflects the AFM cantilever upwards,

until the compressive force increases, causing the whisker to buckle and

collapse. Adapted with permission from ref. 60, Copyright 2019 Springer Nature. (C) AFM images of the surface of a silver interlayer at different charge/

discharge states following galvanostatic Li-metal deposition at 0.2 mA cm™2

and stripping at 0.1 mA cm™2. The scale bar for every image is 10 pm and

Rims is the root mean square roughness. Adapted with permission from ref. 61, Copyright 2020 Wiley-VCH Verlag Gmbh & Co. KGaA.

4.2.2. SEI formation. The formation of a SEI at the Li/SSE
interface is one of the most prevalent buried degradation
processes. It occurs at the micro- and nanoscale and has a
significant impact on battery performance and lifetime.>® X-ray
tomography stands out as one of the most versatile techniques
for probing buried characteristics of SSB materials, including
SEI formation, detection of voids, and the assessment of
the mechanical integrity via 3D reconstruction of material
structures with nanoscale spatial resolution.’>®>% These

This journal is © The Royal Society of Chemistry 2025

capabilities are particularly valuable, as mechanical disintegra-
tion often occurs alongside SEI formation and dendrite
growth.>>®* In a study by Lewis et al.,*® operando synchrotron
X-ray tomography with a monochromatic beam was utilized to
investigate the temporal evolution of the Li/Li;,SnP,S;, inter-
face as displayed in Fig. 4A. This technique was combined with
galvanostatic cycling of Li/Li;oSnP,S;,/Li symmetrical cells and
tomography scans conducted at fixed 15-minute intervals.”®
The study successfully demonstrated the possibility of resolving
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Fig. 4 SEI formation in an anode/SSE interface. (A) Cross-sectional images obtained from 3D tomographic datasets showing Li-metal electrodes (dark
grey) and Li;oSnP,S12 (LSPS) electrolyte (light grey). Significant morphological changes and an increased volume of voids at the Li/LSPS interface following
cycling at 1 mA cm™2 can be observed. Adapted with permission from ref. 59, Copyright 2021 Springer Nature. (B) Contour plots of “Li NMR spectra
during cycling, shown alongside the charge/discharge profiles of anode-free SSBs employing Li;PsSy; (LPS) as SSE. The “Li chemical shift signal at around
230 ppm is attributed to both active and inactive Li-metal plating. Adapted with permission from ref. 65, Copyright 2023 Springer Nature. (C) (a) Diagram
illustrating the operando HAXPES setup. (b) Detailed schematic of the cell used for operando measurements. (c) S 1s, (d) Li 1s and (e) O 1s HAXPES spectra
were acquired at an excitation energy of 4700 eV using the operando cell. The spectra compare measurements taken on the pristine LigPSsCl at open
circuit voltage (OCV) and after formation of SEI by polarizing the cell at reduced potentials. Adapted with permission from ref. 67, Copyright 2024

American Chemical Society.

interfacial pores as well as SEI formation at the Li/Li;,SnP,S1,
interface using the local Li concentration as the source of
contrast. This achievement was attributed to the use of a
monochromatic beam source which offers enhanced sensitivity
to X-ray absorption.>® During the Li-metal stripping, interfacial
pore formation was the dominant process at the interface.
Conversely, during the reduction step, the formation of a Li-
rich SEI was observed instead of the expected metal plating.
Fig. 4A demonstrates this by the cross-sectional images

Nanoscale Horiz.

obtained from 3D tomographic datasets, which are recorded
before and after cycling symmetrical cells at 1 mA cm ™2 The
increased Li content in this SEI layer, possibly comprising Li,S,
Liz;P and Li-Sn alloys, created a contrast by reducing the
average atomic number compared to Li;oSnP,S;,.>° Excess Li
content within the SEI caused the interfacial layer to expand
and irreversibly consume the Li-metal electrode through sec-
ondary chemical reactions.”® Such a behavior indicated that
short-circuiting due to dendrite growth is not the primary cause

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5nh00009b

Published on 24 Fuulbana 2025. Downloaded on 13/11/2025 11:53:31 PM.

Nanoscale Horizons

of failure in the Li/Li;,SnP,S;, system. Instead, degradation is
primarily driven by parasitic capacity loss due to the consump-
tion of anode active materials during the SEI formation.>®
Furthermore, the SEI formation was linked to volume expan-
sion, which induced compressive stresses that helped close the
voids formed during the stripping process.>®

Other techniques such as operando nuclear magnetic reso-
nance (NMR) were utilized in a study by Liang et al®® to
understand the mechanisms behind capacity loss and SEI
formation. Their study focused on the interface between the
in situ formed Li-metal and sulfide-based SSEs in an anode-free
cell configuration.®® The “Li chemical shift signal at 230 ppm in
the NMR spectra was used as a quantitative indicator of Li-
metal plating. As demonstrated in Fig. 4B, this signal increases
during charge and disappears during discharge, indicating the
deposition and stripping of Li-metal on the copper current
collector, respectively. However, after multiple cycles, the signal
no longer fully disappears during discharge. This suggests that
a portion of the plated Li-metal cannot be stripped and is
therefore considered inactive dead Li-metal. At the same time,
the battery’s capacity decreased with repeated cycling, which is
reflected in a weaker signal during charging as well. The
capacity fade in sulfide-based SSEs such as Li;¢GeP,Si,,
Lig 54511 .74P1 44511.5Clo 3, LigPSsCl, and Li;P;S;; was attributed
to the cumulative effect of SEI formation and dead Li-metal
plating. To disentangle the contributions of these processes,
the authors used NMR signal integration to quantify dead Li-
metal accumulation (as described above) and compared this
with the overall discharge capacity loss. By assuming that total
capacity loss reflects the combined effect of both mechanisms,
nearly all the capacity loss was attributed to SEI formation in
Li;0GeP,S;,, indicating poor interfacial stability with Li-metal.
In contrast, dead Li-metal deposition also played a significant
role in performance degradation for other investigated sulfide
SSEs (Fig. 4B). Furthermore, it was noted that in Li; (GeP,S;,, Li-
metal plating occurred prior to SEI formation and proceeded
with very fast kinetics. This observation differs from a study
reported by Morey et al,°® where the initial degradation was
attributed to direct reduction of the SSE during the charging
process. Here, a LigPS5Cl pellet was placed on top of a Li-metal
foil inside an Ar-filled glovebox. The resulting stack was
mounted on a sample holder, which was then transferred to
Auger and X-ray photoelectron spectroscopy (XPS) instruments
in a protective environment. The exposed surface of the
LigPS5Cl pellet was irradiated with an electron beam to accu-
mulate negative charge, while the Li-metal electrode foil was
grounded.®® This created a potential difference across the SSE
pellet, enabling Li-metal plating on the exposed surface. This
configuration allowed for in situ Auger and XPS measurements
to investigate interfacial processes such as SEI formation and
Li-metal plating, without the need for electrical contacts to the
cell. Both Auger and XPS spectra revealed that the SEI for-
mation occurred via direct reduction of LigPS;Cl to compounds
such as Li,S and LiCl. This SEI formation was subsequently
followed by Li-metal plating on top of the SEI layer,®® further
confirming the correlated occurrence of these two phenomena
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during charge.®® Additionally, the study noted that due to the
longer acquisition time required for XPS compared to Auger
spectroscopy, some of the porous plated Li-metal underwent
slow oxidation to Li,O, attributed to the residual oxygen partial
pressure (9 x 10~° mbar) in the chamber.®¢

In a study by Aktekin et al,®” operando hard X-ray photo-
electron spectroscopy (HAXPES) was employed to understand
the mechanism of LigPS;Cl electrochemical decomposition in
contact with Li-metal and subsequent SEI formation. As shown
in Fig. 4C(a and b), a 6 nm thin film of Ni was deposited on the
surface of the SSE to serve as the working electrode.®” A Li-
metal foil counter electrode was placed on the opposite side of
the SSE. The assembled cell was housed in a chamber typically
used for operando optical imaging.®® High-energy photons from
a synchrotron source were directed at the Ni-coated side of the
SSE. This X-ray source, with a photon energy of 4700 eV,
enabled the acquisition of XPS spectra from the SSE/Ni inter-
face buried 6 nm below the surface. By polarizing the Ni
working electrode from its open circuit condition (1.94 V vs.
Li'/Li) to more reducing potentials in the range of 1.5-0.5 V, the
authors could clearly detect the appearance of new peaks in S
1s, Li 1s and O 1s HAXPES spectra (Fig. 4C(c-€)).®” These new
peaks were attributed to decomposition of LigPSsCl into Li,S
and Li,O. Furthermore, the study demonstrated that a signifi-
cant portion of the SEI could be oxidized to form sulfite,
sulfate, and polysulfide species at high oxidation potentials
up to 4 V. Importantly, this SEI formation/reoxidation process
was shown to be electrochemically reversible and compounds
within the SEI could be regenerated upon reducing the working
electrode during Li-metal plating.®”

As demonstrated in many of the studies discussed here,
stabilizing the SSE against Li-metal and minimizing the for-
mation of an SEI is a crucial strategy for improving the cycling
lifetime of SSBs. One of the most effective ways to enhance the
interfacial stability between the Li-metal and SSE is the intro-
duction of artificial metal interlayers, such as Ag and Au,
between these two components.®® These interlayers not only
protect the SSE from undesirable chemical reactions but also
promote more uniform plating and stripping cycles by alloying
with Li-metal.®® However, these alloys are highly unstable
under ambient conditions, making them difficult to character-
ize ex situ. Yun et al.®® addressed this challenge by developing
an operando XPS technique to investigate these interlayers
during SSB cycling. For their study, the XPS sample holder
was modified with two electrode contacts allowing the LLZO
SSE to be sandwiched between a Li-metal counter electrode and
a metal interlayer serving as the working electrode. The entire
assembly was carried out inside a glovebox, and the sample
holder was transferred to the XPS chamber under vacuum.*®
The XPS measurements were performed under ultra-high
vacuum while the cell was actively cycling. The operando
observation of Li-metal plating/stripping was demonstrated
based on the temporal tracking of Li-metal and Ag peaks in
the XPS spectra. In addition to revealing the plating/stripping
behavior, the XPS data also indicated the progressive formation
of Li,O during cycling. These effects were attributed to residual
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contaminants such as carbonates and metal oxides on the
LLZO and Ag surfaces.”® This ongoing oxidation represents
an undesirable SEI formation, which contributes to increased
interfacial resistance and capacity loss by converting active Li-
alloy into electrochemically inactive oxide compounds, as
shown in the previously discussed studies.

As mentioned in Section 4.1.2, solid polymer electrolytes are
recently receiving attention as an alternative to inorganic SSEs
owing to their flexibility, ease of manufacturing, good inter-
facial contact, and cost efficiency.””””> However, these solid
organic electrolytes face a set of key challenges, including low
ionic conductivity and severe chemical reactivity with Li-metal
anodes resulting in undesired SEI formation.”*”’> The enhance-
ment of the interfacial properties of the Li-metal/organic-
polymer-electrolyte interface and the role of Li,S additives were
explored in a study by Sheng et al.”* In this work, cryo-TEM was
employed to protect the Li-metal/PEO interface from damage
that would typically occur under standard TEM conditions due
to the high reactivity of the Li-metal. The study captured
nanoscale details of the Li-metal/PEO interface, particularly
the formation of LiF nanocrystals at this boundary. These
nanoparticles originated from the accelerated decomposition
of lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salt
within PEO in contact with Li-metal, due to addition of the
Li,S additive. Importantly, they were shown to play a crucial
role in enhancing interfacial stability by preventing further
reactions between the PEO and Li-metal.””

4.2.3. Lithiation induced heterogeneities. Although SSBs
are typically associated with the use of Li-metal as an anode,
other types of active materials based on intercalation and
alloying are also used. Visualization of the lithiation process
in anode materials such as silicon, graphite, and LTO is crucial
for understanding how volume changes, interfacial evolution,
and phase transformations contribute to degradation phenom-
ena in SSBs. This subsection highlights key imaging methodol-
ogies used to study lithiation in these materials and their
relevance to performance-limiting mechanisms.

Carbon allotropes with the capability of reversible intercala-
tion/deintercalation of Li" have played a special role in battery
development.”® The use of graphite as an anode material was a
key factor in the commercial success of LIBs more than 30 years
ago due to its long cycling stability and favorable energy
density.”* Considering the light weight of Li* and the suscepti-
bility of carbon allotropes to knock on damage by electron
beam irradiation, imaging the process of Li" uptake in this
category of anode materials is challenging and usually requires
special measures.”® In order to address this challenge and
protect the samples from beam damage, Kuhne et al”?
employed a low voltage TEM setup with electrons accelerated
by a voltage of 80 kV. This strategy has previously been used for
imaging thick sections (100 nm or above) of organic
materials.”®> Furthermore, spherical and chromatic aberration
corrections were utilized to enhance contrast and resolution.
This study considered an electrochemical cell with two electro-
des comprising Si;N,/graphene and Si;N, as well as a solid
polymer electrolyte applied with a drop casting technique
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(Fig. 5A).”% LiTFSI salt was added to the electrolyte to provide
ionic conductivity and act as a Li" source. Although an organic
solid polymer electrolyte was utilized in this study, the meth-
odology and results translate to SSBs as well. The bilayer
graphene was positioned partially on a hole in the substrate
for electron imaging and EELS data acquisition during the
intercalation.”® The study demonstrated that the intercalated
Li" arrange themselves in a multi-layered close-packed struc-
ture between the graphene sheets. This arrangement allows for
a much higher charge storage capacity than the densest known
configuration in bulk graphite (LiC¢). The findings suggest that
two-dimensional materials like bilayer graphene can host
unique ion storage arrangements that differ from those in their
bulk counterparts.”* In a similar study, the change in spacing
between graphene layers, during intercalation of PFs , and the
consequent mechanical deformations were characterized using
in situ AFM, pointing towards the possibility of using similar
setups for investigation of lithiation phenomena.”®
High-capacity materials often undergo significant volu-
metric changes during cycling, leading to mechanical detach-
ment and microcracking.”” As an example, the anisotropic
swelling of silicon active materials, such as nanowires with
volume expansions up to 300% during lithiation, has been
successfully imaged using TEM.”® This extreme anisotropic
swelling is particularly important in graphite-silicon composite
electrodes since it can cause detachment of silicon active
material particles from the electronically conductive graphite
network, and hence disrupt the electron percolation required
for continued lithiation.”” Therefore, the mechanical stabili-
zation of micrometer-sized active particles by a carbon black-
binder network is crucial to maintain electrochemical activity
in silicon anodes.”” It was demonstrated that the mechanical
disintegration induced by swelling, alongside continuous SEI
growth on silicon particles, are the major contributors to the
capacity fade.”” Imaging and quantifying the detachment of the
carbon black-binder domain from active particles is a signifi-
cant challenge due to the need for precise multi-phase
segmentation.”” Effective analysis requires distinguishing at
least five phases: pore space, silicon particles, graphite parti-
cles, the carbon black-binder domain, and the SEI layer.”” The
primary difficulties arise from the need for high-spatial resolu-
tion to capture the nanometer-sized features of the carbon
black-binder domain and the weak imaging signal from light
elements, which results in poor contrast against graphite
particles in attenuation-based X-ray and electron backscatter
imaging.”” A study by Muller et al.”’ (Fig. 5B) focused on
visualizing and quantifying such detachment using transmis-
sion X-ray tomographic microscopy (TXTM) and developing a
model to describe the interplay between the mechanical and
electrochemical dynamics. In this study, a specific approach
was employed which involved replacing 50 vol% of the carbon-
black with carbon-coated copper nanopatrticles.”” Copper nano-
particles enhance contrast due to their heavier atomic weight
and maintain electrical conductivity comparable to carbon-
black. Furthermore, copper is stable under electrochemical
conditions and does not interfere with the electrochemical

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5nh00009b

Published on 24 Fuulbana 2025. Downloaded on 13/11/2025 11:53:31 PM.

Nanoscale Horizons

View Article Online

Review

A

Bilayer graphene

Pristine Lithiation

Solid polymer electrolyte
encapsulated in a thin
layer of SiOx

Raw data

Silicon
CBD
Graphite

CBD
Graphite
Silicon

Segmentation

Os 170s

288 s

Gap (um)

Effective radius (um)

Li,Ti,0,,

® LiTi

4 sou

Discharged to 50 % Discharged to 1.5V

1.7 pA

Fig. 5 Lithiation induced heterogeneities. (A) Schematic representation of a cell setup designed for in situ TEM analysis. The cell consists of a bilayer
graphene which is partially suspended over a hole in the SisN4-covered Si substrate, as well as a solid polymer electrolyte which is connected to a metallic
counter electrode. The image below shows the results of the TEM measurements, illustrating a Li-crystal developing within the bilayer graphene during
the lithiation process. Adapted with permission from ref. 73, Copyright 2018 Springer Nature. (B) Raw TXTM data of a pristine silicon—graphite electrode
with multi-phase segmentation, highlighting silicon (blue), graphite (dark grey), carbon black-binder (light gray), and pore spaces. Scale bar: 15 pm. The
image below displays the average gap between the silicon particle surfaces and the carbon black-binder domains as a function of particle radius and
cycle number. Scale bar: 5 um. Adapted with permission from ref. 77, Copyright 2018 Springer Nature. (C) Schematic showcasing how conductive atomic
force microscopy (c-AFM) can identify the presence of different phases based on their distinct conductivity properties. 3D topographical c-AFM images
of lithium titanate (LTO) thin-films are presented at various charge states: pristine, 50% discharged, and discharged to 1.5 V. The color gradient reflects the

measured current, as shown by the accompanying scale bar. Adapted with permission from ref. 30, Copyright 2016 American Chemical Society.

performance of the cell.”” The data were acquired on pristine
and cycled electrodes using samples that were vacuum-
infiltrated with epoxy resin for mechanical stability.”” The
setup, including a fast laser-milling apparatus to prepare
samples with a 50 um diameter, achieves a voxel size of
approximately 30 nm. This voxel-size enables high-resolution
3D visualization of electrode microstructures and detachment
phenomena.”” Fig. 5B displays a reconstructed tomogram of a
pristine sample with a four-phase segmentation of silicon
particles, graphite particles, the carbon-black-binder domains,
and pores. By utilizing prior knowledge of the particle size
and porosity, the weakly attenuating graphite particles were

This journal is © The Royal Society of Chemistry 2025

distinguished from the pore space. The segmented tomography
data were used to evaluate the average distance between silicon
particles and the nearest carbon-black-binder domain through
a ray tracing approach. Fig. 5B illustrates that this gap distance
increases with both the radius of the silicon particles and the
number of cycles, with dotted lines providing a visual guide to
these trends.

While silicon has been heavily pursued as a high-capacity
anode material for advanced LIBs, intercalation oxide anodes
such as Li TisO;, (LTO) are often considered inferior due to
their lower capacity and higher voltage compared to graphite.*®
However, the high redox potential of LTO, which lies safely
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within the electrolyte electrochemical stability window, allows
for cycling this material without the formation of detrimental
passivation layers. Furthermore, LTO belongs to the group of
zero-strain electrodes, where the lithiation/delithiation does
not result in any significant change in the volume of
material.”® Therefore, this material offers exceptional stability,
robustness, and safety, which has led to its successful com-
mercialization despite its lower energy density.*® While LTO is
valued for its stability and safety, the precise mechanism
behind the phase transformation between Li,TisO;, and
Li,TisO,, during charge/discharge remains unclear. This diffi-
culty is due to the nearly identical lattice parameters of the two
phases, which makes their separate identification very challen-
ging using diffraction-based techniques.®® A study by Verde
et al®® leveraged the difference in electronic conductivity
between the Li TisO;, and Li;TisO;, phases and used c-AFM
to directly visualize phase formation and distribution at the
nanoscale. Upon discharging LTO to 50% capacity, the surface
morphology remained largely unchanged, but the electronic
conductivity increased significantly. Initially, no current was
measured with c-AFM in the pristine LTO, but current was
detected within individual grains after discharging to 50%
capacity, averaging 0.12 pA um > (Fig. 5C).>° This current
increased to 0.58 wA pum > after further discharge to 1.5 V,
which marks the end of the discharge plateau and an almost
fully discharged state. This indicated that nearly all grains in
the LTO film became electronically conductive following the
completion of the two-phase reaction.’® The current was loca-
lized within discrete grains, suggesting that the Li,Ti;O;, to
Li;TisO,, phase transition occurs through narrow percolation
channels rather than propagating laterally across grains. The
current images revealed well-defined particles with no current
at the grain boundaries, suggesting that the phase transition is
limited to specific structural environments.*®

4.3. Cathodes

As shown in Fig. 1, the main degradation mechanisms at the
cathode/SSE interface in SSBs include the formation of unde-
sired CEI phases and the loss of contact between the electron/
ion-conducting network and the CAMs. This section reviews
recent studies that employ micro- and nanoscale characteriza-
tion techniques to investigate these degradation pathways.
Furthermore, it examines research works focused on state-of-
charge mapping and heterogeneous lithiation within the CAM
particles.

4.3.1. CEI formation. The cathode/SSE interfaces in SSBs
play a crucial role in determining the overall battery perfor-
mance, as they significantly impact the charge transfer
resistance.’® Characterizing this interface with high spatial
resolution is essential for understanding degradation mechan-
isms affecting cathode performance. For instance, TEM-based
techniques are invaluable in these types of studies, since they
offer nanoscale insights into both structural and compositional
aspects of the cathode/SSE interface. Vardar et al.®° investigated
the structural and chemical evolution of the Li,CoO,(LCO)/
LLZO interface as a function of annealing temperature. In
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Fig. 6A, TEM images of the LCO/LLZO interface highlighted
notable morphological transformations, where the initially
continuous interface exhibited increased porosity after anneal-
ing at 500 °C. This change was accompanied by the emergence
of nanocrystalline LCO and formation of a CEI, which is further
confirmed by selected area electron diffraction. The study
identified significant interdiffusion of cations across the inter-
face using energy-dispersive X-ray spectroscopy (EDX) analysis.
This interdiffusion and associated CEI formation resulted in an
expansion of the interface width after annealing. Moreover,
voids were also observed at this interface, likely resulting from
the formation of Li,CO; on the LCO surface due to exposure to
CO, in air. During the annealing process, Li,CO; decomposed,
leaving behind voids. This phenomenon further weakened the
contact between the phases at the cathode/SSE interface. Using
a range of complementary characterization techniques, includ-
ing XPS, secondary ion mass spectroscopy (SIMS), synchrotron
XRD and absorption spectroscopy, the study revealed that
cation interdiffusion and secondary phase formation, such as
La,Zr,0, and Li,COj3, begin at temperatures as low as 300 °C.%°
Further heat treatment at higher temperatures such as 500 °C
leads to significant degradation of the electrochemical perfor-
mance with an eightfold increase in the charge transfer
resistance.’” To minimize adverse reactions and reduce inter-
facial resistance, it was recommended to employ processing at
lower temperatures and shorter annealing durations in envir-
onments free of CO,. Similar interfaces, Ligs5Las.54Y0.16ZT1.75-
Tay.2501,/LCO in particular, were also investigated using in situ
TEM to directly image the temporal evolution of the CEI during
Li* uptake.®'

In another study displayed in Fig. 6B, Wang et al.®* focused
on the interfacial chemical and electrochemical reactions in a
sulfide-based SSE system. The emphasis was on the formation
of a CEI at the interface between a sulfide electrolyte and a
single-crystal layered oxide cathode. Li;,GeP,S;, with its very
high ionic conductivity was chosen as the SSE, while single-
crystal LiNiy sMn, 3C0,,0, (NMC532) was selected as the cath-
ode due to its cycling stability and resistance to particle
cracking.®” To enhance interfacial stability, a 10 nm LiNb, 5.
Tay 505 (LNTO) coating was applied to the NMC532 surface, as
confirmed by scanning TEM (STEM) coupled with EDX
analysis.®” STEM-EDX was employed in this work to map the
elemental distribution of Ni, Co, Mn, O, Nb, and Ta. The results
validated the homogeneity of the materials at the nanoscale
(Fig. 6B(a—e)) and confirmed the uniform coating of LNTO on
the NMC532 surface (Fig. 6B(f-1)).** The study further high-
lighted the challenges of large interfacial resistance arising
from oxygen loss at the cathode/SSE interface. This oxygen loss
from the cathode side led to the chemical oxidation of
Li;0GeP,S;, and the formation of a CEI comprising oxygen-
containing species like phosphates, sulfates, and sulfites. A
detrimental structural transformation to a rock-salt phase in
the oxide cathode was also induced by this phenomenon.
Additionally, the authors demonstrated that the high operating
voltages resulted in electrochemical generation of interfacial
species that do not contain oxygen such as polysulfides. The
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Fig. 6 Cathode CEI formation. (A) TEM bright field image of the interface between LCO and LLZO, both in the as-deposited state and following
annealing at 500 °C. Adapted with permission from ref. 80, Copyright 2018 American Chemical Society. (B) High-resolution TEM images showing pristine
and coated single-crystal (SC)-NMC532 samples. (a) High-angle annular dark-field (HAADF) image of SC-NMC532. (b)-(e) Elemental maps of Ni, Mn, Co,
and O for SC-NMC532 captured using STEM-EDX. (f) Bright-field TEM image of a LNTO coating on SC-NMC532. (g) HAADF image of LNTO coating on
SC-NMC532. (h)-(k) Elemental maps of Ni, Mn, Ta, and Nb for LNTO coating using STEM-EDX. () Combined Ni and Ta elemental map of LNTO coating
on SC-NMC532. Adapted with permission from ref. 82, Copyright 2021 Wiley-VCH Verlag Gmbh & Co. KGaA. (C) AFM image showing the interface
potential of NMC811 and LLZTO. Adapted with permission from ref. 84, Copyright 2021 Elsevier. (D) Structural characterization of an NMC811 electrode
in an all-solid-state battery (ASSB). Operando XRD patterns showing the extracted (003) reflections of the NMC811 electrode at the 20th cycle. The (003)
reflections at 4.35 V were fitted and associated with the sluggish, intermediate, and active phases of NMC811. Adapted with permission from ref. 85,

Copyright 2023 Elsevier.

interfacial coating of LNTO on the cathode was shown to
mitigate the chemically induced interfacial degradation but it
could not prevent undesired electrochemical reactions.®*
Additional critical insights into how these interfacial
dynamics can hinder battery efficiency and lifespan were
gained by Wang et al.®® using in situ STEM paired with EELS.
An LCO/lithium phosphorous oxynitride (LiPON) interface was
examined in this work within a thin-film battery setup. The
characterization revealed a structurally disordered CEI layer at
the boundary between the cathode and SSE.** This layer
chemically formed during the fabrication and underwent
further changes during the charging process, resulting in the
formation of Li,O and Li,O, as well as an increased Co oxida-
tion state in LCO. These changes were identified as the primary

This journal is © The Royal Society of Chemistry 2025

cause of irreversible capacity loss and increased interfacial
impedance.*

SPM techniques also play a pivotal role in characterizing
cathode/SSE interfaces by providing detailed insights into sur-
face potentials, topography, and interfacial properties at the
nanoscale. Zhao et al.®* presented a strategy to enhance the
interface properties between nickel-rich LiNip gMng;C0g 10,
(NMC811) cathodes and garnet-type SSE Lig 4LasZr; 4Tag 6012
(LLZTO) through interfacial engineering. By introducing a
LizPO, layer via an in situ calcination process, a compatible
Li*-conductive interface was formed. The TEM with EDX ana-
lysis confirmed the formation of a 10 nm thick Li;PO, layer on
the NMC811 particles.®* Scanning Kelvin probe microscopy
(SKPM) was then used to analyze the surface potential of
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NMC811-LLZTO and NMCS811-Li;PO,~LLZTO cathodes as
shown in Fig. 6C. This analysis revealed that the engineered
interface significantly reduces the space charge layer effect in
the NMC811-Li;PO,~LLZTO cathode.®* The modified sample
showed a lower potential drop, indicating better interface
compatibility and enhanced electrochemical performance.®*
Furthermore, this engineered interface not only mitigated the
formation of an insulating CEI but also significantly reduced
interfacial impedance and improved Li* conductivity.** To
further demonstrate the benefits of this surface modification,
the authors investigated the resulting performance improve-
ments in full battery cells. The NMC811/LLZTO/Li cell exhibited
an initial discharge capacity of 175 mAh g~ but only retained
20% of that capacity after 50 cycles at a 0.2C-rate. In contrast,
the NMC811-Liz;PO,-LLZTO/LLZTO/Li cell demonstrated an
increased initial discharge capacity of 188.8 mAh g~ ' with a
capacity retention of 94% under similar cycling conditions.**

In another study, Liu et al®® employed operando XRD
(Fig. 6D) to investigate bulk structural degradation of single-
crystal NMC811 when in contact with the sulfide-based
Li;oSnP,S;, SSE.®® Their results revealed that even during the
initial charge, NMC811 undergoes decomposition, forming
both a non-layered rock-salt phase and an amorphous insulat-
ing CEL*® Interestingly, similar structural degradation has been
observed in NMC-type materials used in conventional LIBs with
liquid electrolytes.®® However, in those systems, such decom-
position typically occurs only after hundreds of cycles.®® In
contrast, the operando XRD data showed that in solid-state
systems, degradation products begin forming early and con-
tinue to accumulate with cycling.®®> As shown in Fig. 6D multi-
ple (003) reflections at 4.35 V were associated with sluggish,
intermediate, and active phases of NMC811 after 20 cycles. The
authors propose that quantifying these degradation phases
could serve as a useful diagnostic tool for evaluating the impact
of surface coatings or compositional modifications aimed at
improving cathode performance in SSBs.%

Multi-scale, high-resolution X-ray spectroscopy techniques
have also been employed to investigate the CEI formation. In a
recent study, Lelotte et al.®” utilized advanced techniques such
as synchrotron-based X-ray absorption spectroscopy (XAS), X-
ray photoemission electron microscopy (XPEEM), and XPS for
high-resolution chemical imaging and elemental analysis of
degradation products formed at the interface between LiNig ¢
C0p.oMn,,0, (NMC622) and LigPSsCl. To isolate the contribu-
tion of the SSE to CEI formation, independent of the cathode
particles, the authors constructed a model cell with the configu-
ration of InLi,/LigPS5;Cl/LigPSsCl-carbon. Cyclic voltammetry
was performed across a potential window similar to that
experienced by the SSE when paired with NMC622. Under these
conditions, LigPSsCl was found to undergo irreversible oxida-
tion, highlighting its direct contribution to CEI formation
through degradation products. Post-mortem XAS analysis
revealed that the oxidized products were primarily confined
to a thin nanoscale layer on the LigPS5Cl surface. This reaction
was also associated with volumetric shrinkage, potentially
leading to contact loss from carbon additives, which was
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confirmed by monitoring pressure changes during oxidation.
The findings demonstrate that, beyond structural degradation
of NMC (e.g., oxygen release and rock-salt phase formation), the
SSE itself plays a significant role in CEI formation. The oxida-
tion of LigPSsCl in the vicinity of LCO is also reported in other
studies,®® in which they used operando XPS for recording the
temporal evolution of the CEIL

4.3.2. Contact loss and heterogeneous lithiation. Like Si-
based anodes, intercalation-based CAMs also undergo volume
changes during charge/discharge cycles. However, these
volume changes are relatively smaller and typically lead to
minor cracking.®® Still, as mentioned earlier, the cathode layer
in SSBs is a composite consisting of a SSE, an electronically
conducting carbon matrix and CAM particles. As a result, even
minor cracks often manifest as contact loss between the CAM
particles and the conductive network (typically the SSE parti-
cles) after multiple cycles.*”*® One direct effect of contact loss
is that the disconnected regions of the CAM particles become
inactive in the lithiation reaction. This phenomenon leads to a
more rapid capacity fade in SSBs in comparison to the LIBs
using liquid electrolytes.’® Shi et al.°° investigated this type of
degradation in a composite cathode layer composed of
NMC532, amorphous 75Li,S-25P,Ss SSE particles and carbon
nanofibers using nanoscale FIB-SEM tomography. Further-
more, the NMC532 particles were coated with an amorphous
Li-Zr-oxide layer to enhance their chemical stability when in
contact with the SSE. This coating also ensured that the
chemical degradation did not contribute to mechanical disin-
tegration, allowing the study to attribute contact loss solely to
the shrinkage and expansion of the CAM during cycling.”®
After an initial linear capacity fade from 140 mAh g ' to
100 mAh g~', a sharp drop was observed between 30th and
40th cycles, with the capacity falling below 20 mAh g~ '. The
authors attributed this significant capacity fade primarily to
mechanical degradation phenomena, such as contact loss,
rather than chemical incompatibility. This conclusion was
supported by the recovery of capacity to 80 mAh g~ ' after
applying 300 MPa of pressure to the degraded cell. To directly
observe the evolution of contact loss during cycling, cells in the
discharged state were investigated. An area of interest on the
cathode was marked by ion-milling trenches around it, and its
cross-section was exposed for SEM imaging. A 2D backscattered
SEM image was first captured from the cross-section, after
which a 50 nm slice was milled away and another 2D image
was recorded. This process was repeated hundreds of times,
and the resulting 2D images were then combined and recon-
structed into a 3D volume (Fig. 7A(a-c)). As shown in Fig. 7A(d),
the cathode composite initially contained approximately 3 vol%
of voids before cycling, and this void volume remained largely
unchanged after 10 cycles (Fig. 7A(e)). However, after 50 cycles,
the void volume increased threefold to nearly 10 vol%
(Fig. 7A(f)), supporting the hypothesis that the observed capa-
city fade results from contact loss.”®

Lou et al.® also investigated the interfacial dynamics and
local Li" transport in polycrystalline cathodes utilizing synchro-
tron transmission X-ray microscopy (TXM). The nanoscale 3D
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Fig. 7 Contact loss and microcracking (A) FIB—SEM tomography conducted on a cathode composite layer of NMC532, 75Li,S—25P,Ss (LPS in the figure) and
carbon nanofibers (CNF) demonstrating (a) stack of 2D images obtained from multiple cycles of FIB milling and SEM imaging in backscattered electron mode,
(b) four-phase segmentation of acquired stack of 2D images and (c) 3D reconstruction of the composite layer volume. Adapted with permission from ref. 90,
Copyright 2020 Royal Society of Chemistry. (B) Combined 2D TXM-XANES mapping and X-ray nanotomography: (a) schematic representation of solid—solid
interface models and kinetics. (b) TXM-XANES mapping of a single cathode particle of NMC622 during charging in a SSB, with (c) a corresponding schematic of
the heterogeneous charging process of an NMC622 particle. (d) Schematic of solid—liquid interface models and kinetics, (e) TXM-XANES mapping of a single
cathode particle of NMC622 during charging in a liquid electrolyte, and (f) a schematic illustrating the homogenous charging process of an NMC622 particle in
a LIB using liquid electrolyte. Scale bar: 10 pm. Adapted with permission from ref. 91, Copyright 2020 Springer Nature.

rendering reconstructed from X-ray tomography showed that a causing interfacial contact loss, phase heterogeneity, and even-
significant number of microcracks develop in the NMC622 tual particle degradation (see schematics in Fig. 7B(a)).”* In
particles after 50 cycles with solid/solid interfaces in SSBs, contrast, no microcracks and contact loss were observed in the
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Fig. 8 Cycling-induced heterogeneities in cathode (A) operando HAXPES spectra of (a) Al 1s, (b) Co 2ps,,, and (c) O 1s recorded at different states-of-
charge (SOC) during the first charge/discharge cycle of a thin-film LCO cathode layer, and (d) corresponding charge/discharge curve of a thin-film SSB
cell during operando HAXPES. Adapted with permission from ref. 93, Copyright 2020 Elsevier. (B) Spatially resolved operando TXM-XAFS on a thin-film
LCO cathode layer, (a) Schematic of the TXM-XAFS setup, (b) XANES spectra of the thin-film LCO at different states-of-charge, (c) absorption image of a
thin-film LCO layer in contact with SSE, (d) state-of-charge mapping of a thin-film LCO layer during first charge/discharge (brighter areas correspond to
higher valence of Co and hence higher state-of-charge), (e) absorption image of degraded thin-film LCO demonstrating the contact loss from SSE after
100 charge/discharge cycles, and (f) state-of-charge mapping of a degraded thin-film LCO layer at fully charge and fully discharge states. Adapted with
permission from ref. 94, Copyright 2023 American Chemical Society.
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cycled electrodes of batteries with liquid electrolytes after 50
cycles.”” In operando TXM-XANES was also used to investigate
the relationship between the local interface environment and
electrochemical properties. In this approach, tunable incident
photon energy using XAS provided detailed information about
the chemical state with a spatial resolution of around 30 nm.”*
By analyzing the TXM-XANES fitting, the nickel absorption K-
edge shift was identified as an indicator of the state-of charge,
which showed a significant 3 eV shift when charging from
open-circuit to 4.2 V (Fig. 7B(b and c)).”" This concept was used
to illustrate the kinetics of charge transport during charging of
polycrystalline NMC622 cathode particles complexed with a
PEO electrolyte.”” It was demonstrated that delithiation initially
starts at the particle surface and then moves inward driven by a
Li* vacancy gradient.” This inward motion occurs through
random pathways due to irregularities in grain packing.
Despite anisotropic ion transport in the bulk and the existence
of voids at the solid/solid interfaces, the Li" concentration
became relatively uniform across the particle, as electro-
chemical forces and diffusion compensated for the initial
heterogeneities.”’ However, as the battery undergoes cycling,
microcracks form within the cathode particles, resulting in
contact loss, localized stress, uneven charge distribution, and
rapid capacity fading.”’ This is compared to the charging
process in liquid electrolyte LIBs in Fig. 7B(d-f). Here, the
conformal solid/liquid interface in these batteries facilitates
homogeneous and unrestricted Li" transport across the
NMC622 particle surface, driven by the high ionic conductivity
of the liquid electrolyte. The continuous interface contact
ensured uniform charging, forming a Li" deficient region on
the surface that drove Li" vacancies radially inward, resulting in
a core-shell delithiation model.

Although determining the state-of-charge alone does not
directly indicate degradation, heterogeneous redox reaction
fronts caused by phenomena such as contact loss can cause
some regions to be inactive while others become overactive.
This may lead to degradation, particularly for layered oxide
cathodes where locally losing more than 50% of Li* introduces
an irreversible phase change.’® Operando spectroscopy techni-
ques such as fullfield transmission microscopy with
X-ray absorption fine structure spectroscopy (XAFS) and hard
X-ray photoelectron spectroscopy (HAXPES) are among the
most important techniques for realizing state-of-charge
imaging.”>°* These types of studies are often conducted on
thin-film cells instead of conventional powder pack SSBs. In
thin-film SSBs, the cathode often exhibits well-defined geome-
try, specific crystallographic orientation, and high initial homo-
geneity. This makes it easier to design experimental setups
aimed at monitoring the temporal evolution of heterogeneities.
For instance, in a study by Kiuchi et al,® operando HAXPES
measurements during the charge/discharge of a thin-film SSB
cell with the LCO cathode revealed that the Co 2p;/, and O 1s
peaks exhibited voltage-dependent shifts, broadening, and
reversible changes, especially around 3.7-4.2 V (Fig. 8A). These
spectral evolutions reflect the phase transition of LCO at
different states-of-charge from a p-type semiconductor to a
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metallic state.®” In another study, the degradation processes
were captured during state-of-charge imaging.”* This work
presented cross-sectional X-ray absorption images and state-
of-charge distribution maps of the LCO before and after 100
charge/discharge cycles under accelerated degradation condi-
tions. In order to generate spatially resolved maps of state-of-
charge, the incident X-ray was scanned across the absorption
edge of Co K-edge. This allowed the authors to realize XAFS
imaging during TXM (TXM-XAFS) and use the chemical state of
Co as an indicator of state-of-charge. A schematic of the
operando TXM-XAFS setup used in this study is shown in
Fig. 8B(a). As shown in XANES spectra and TXM-XAFS maps
recorded from pristine LCO (Fig. 8B(b-d)) during the initial
charge/discharge cycle at 1C-rate, the Co valence changed
uniformly with the state-of-charge, indicating homogeneous
redox activity. Higher oxidation states of Co were associated
with a shift of the absorption peak to higher energies in XANES
spectra. The cells were then degraded by cycling 100 times at
high current density (10C-rate). After degradation, the LCO
layer was partially detached from the SSE, especially in areas
that experienced repeated state-of-charge transitions. Despite
the detachment, Co redox reactions still partially proceeded
due to in-plane Li" diffusion. However, a high Co valence
persisted even in the discharged state, suggesting incomplete
relaxation and accumulation of oxidized species during cycling
(Fig. 8B(d)).

5. Outlook

Addressing the intricate material interactions at the solid/solid
interfaces is essential for optimizing the performance of SSBs,
but it necessitates a multiscale approach spanning from the
atomic to macroscopic levels.” As most interface processes
occur with characteristic length scales on the order of nan-
ometers, nanoscale characterization plays a key role in unco-
vering the fundamental processes driving SSB degradation.
Nanoscale techniques such as TEM, SPM, and X-ray tomogra-
phy have already provided valuable insights into key solid-state
processes such as dendrite formation, chemically or mechani-
cally unstable electrolyte/electrode interfaces, and inhomoge-
neous cathodic reactions. However, significant challenges
remain, particularly in imaging sub-surface currents, capturing
fast and dynamic processes, extending compatibility to real-
world battery testing setups, and gaining a complete view of the
complex battery processes by combining multiple non-invasive
techniques or measurement modalities.

5.1. Multimodal characterization of battery operation and
degradation

Beyond improving spatial and temporal resolution, there is an
increasing need for multimodal approaches combining nano-
scale imaging of, e.g., current distributions, electrochemical
reactivity dynamics, and mechanical properties.>””® To date,
this remains a key obstacle. In this context, integrated setups
coupling TEM or XRD with mechanical stress measurements
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offer powerful platforms for characterizing the transport
kinetics of Li* at solid/solid interfaces.® Similarly, multi-
modal methods such as AFM-Raman, AFM-IR, and TXM-
XANES are essential for elucidating the mechanistic nature of
complex degradational processes within these interfaces.’
Developing systems that seamlessly integrate nanoscale ima-
ging and multimodal property mapping could greatly improve
our understanding of SSB degradation.

5.2. Non-invasive operando imaging at the nanoscale

In situ and operando imaging setups that directly probe or
mimic real-world battery conditions are particularly crucial
for optimizing materials and accelerating SSB commercializa-
tion. However, the key challenge for most operando techniques
lies in achieving non-invasive operation as well as the ability
to penetrate common battery casings with high spatial and
temporal resolution without requiring extensive sample
modification.”® Techniques such as XAS and TXM are increas-
ingly employed for nanoscale characterization of reaction
kinetics in electrode materials for SSBs.2> However, one should
note that these methods are currently suffering from drawbacks
such as a low signal-to-noise ratio and beam sensitivity.>’
Although SSBs are generally sensitive to beam damage and
air exposure, techniques such as high-speed XRD and neutron
powder diffraction have proven effective for the non-destructive
analysis of buried interfaces.”® Other tools, such as in situ
Raman spectroscopy, can also further enhance our understand-
ing of solid-state processes within SSE and electrodes, by
distinguishing distinct electrochemical reactions during bat-
tery operation.?®

5.3. Artificial intelligence

Integrating artificial intelligence (AI) and machine learning
with 3D morphological characterization techniques, such as
FIB-SEM, TEM, and nanoscale tomography, presents an excit-
ing opportunity for detailed characterization of SSB materials
and interfaces at the nanoscale. These approaches not only
enhance our understanding of complex processes but also
uncover previously hidden trends.*”*® Al-driven performance-
predictive models, which incorporate various phenomena
across multiple length scales, hold great promise for improving
SSB design and performance.”” Such large-scale models can
analyze the effects of electrode microstructure on performance,
providing valuable insights into material heterogeneities and
their impact on cell efficiency.>” Expanding AI models to
include time-dependent phenomena and buried interface
dynamics will further enhance their predictive and analyzing
capability, enabling the identification of unknown degradation
mechanisms and optimizing material design for SSBs.

5.4. Imaging of buried transport of ions and electrons

Currently, there is no consensus on the precise origins of
several key degradation phenomena in SSBs, highlighting a
critical knowledge gap in how these processes evolve at the
nanoscale and how their kinetics can be controlled. Paradoxi-
cally, although current flows and electric field evolutions
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govern the operation and degradation of SSBs, visualizing these
sub-surface processes at the nanoscale remains a key challenge.
Developing imaging methodologies, like the recently proposed
quantum sensing methodology,** capable of dynamically track-
ing the movement of ions and electrons in buried interfaces
would represent a significant scientific milestone. Such tech-
niques would enable researchers to monitor the evolution of
solid-state degradation processes and identify effective mitiga-
tion strategies. The ability to capture such dynamic processes at
high spatial and temporal resolution is crucial for understand-
ing the interplay between charge movement, redox reactions,
and field distributions that occur within SSBs. Furthermore,
these capabilities hold potential for addressing additional key
challenges, such as quantifying ionic/electronic conduction
across grain boundaries and spatially resolving redox-active
elements in complex cathode materials.

5.5. Concluding remarks

SSB development hinges on the integration of advanced nano-
scale characterization techniques, multimodal approaches,
and cutting-edge computational tools. Emerging multimodal
approaches combining nanoscale resolution with functional
probing offer a promising solution to uncover the interplay
between charge movement, redox reactions, and field distribu-
tions, paving the way for safer and more efficient SSBs. By
coupling these advancements with a holistic understanding of
multiscale battery processes, researchers can accelerate the
path toward safer, more efficient, and commercially viable
SSB technologies. Despite significant progress, imaging the
movement of ions and electrons and capturing fast and
dynamic degradation processes remain a challenge, highlight-
ing the need for further advancements in both temporal and
spatial resolution, as well as the development of unorthodox
multimodal imaging techniques.’
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