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All-solid-state lithium metal batteries (ASSLMBs) are widely regarded as promising candidates for next-
generation energy storage systems due to their high energy density and intrinsic safety. However, the
full realization of their performance potential is significantly hindered by critical challenges at the solid—
solid interfaces between electrodes and solid-state electrolytes (SSEs). The interfaces are typically buried
within the cell architecture, exhibit substantial chemical heterogeneity, and undergo dynamic evolution
across a wide range of spatial and temporal scales, posing formidable obstacles to conventional
characterization techniques. In this Perspective, we systematically examine the inherent difficulties in

Received 18th September 2025, probing solid-state battery interfaces and highlight recent advances in temporal-, spatial-, and energy-

Accepted 17th November 2025 resolved characterization methods. Looking forward, the integration of multidimensional analytical
platforms with cell configurations tailored for realistic operating conditions will be critical for unravelling
interfacial mechanisms, advancing interface engineering, and accelerating the development of high

energy-density solid-state batteries.
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Broader context

Decarbonizing energy systems demands breakthroughs in electrochemical storage that combine high energy density with uncompromising safety. All-solid-
state lithium metal batteries (ASSLMBs) have emerged as one of the most promising solutions, yet their progress is ultimately dictated by the stability and
functionality of buried solid-solid interfaces. Advanced characterization methods are therefore indispensable for unveiling these hidden processes. Recent
progress in time-, spatial-, and energy-resolved approaches has greatly improved the ability to probe dynamic interfacial phenomena with unprecedented
resolution. By capturing interfacial transport, reaction pathways, and mechanical evolution across multiple dimensions, these approaches provide mechanistic
insights that directly guide rational interface design. Continued advances in such multidimensional characterization will be essential for translating interfacial

understanding into practical design rules, thereby accelerating the reliable deployment of ASSLMB technologies for sustainable energy storage.

1. Introduction

All-solid-state lithium metal batteries (ASSLMBs) are widely
recognized as promising candidates for next-generation energy
storage systems.' As illustrated in Fig. 1, the roadmap deline-
ates the evolution from conventional liquid-electrolyte lithium-
ion batteries to solid-state systems. Replacing flammable,
leakage-prone liquid electrolytes with solid-state electrolytes
(SSEs) yields markedly improved thermal stability and reduced
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risk of combustion.? The adoption of SSEs further enables the
safe utilization of lithium metal anodes (theoretical capacity:
3860 mA h g% electrochemical potential: —3.04 V vs. SHE),
paving the way for energy densities >500 Wh kg™ "> Further-
more, many inorganic SSEs function as single-ion conductors,
supporting fast charge/discharge rates and facilitating the use of
high-capacity electrode materials. In addition to enhanced safety
and energy metrics, ASSLMBs offer distinct advantages in low-
temperature environments.® Unlike liquid electrolytes, which often
suffer from increased viscosity and ion mobility loss at sub-zero
temperatures, certain SSEs retain stable ionic conductivity and
interfacial integrity, thereby enabling reliable operation in cold
climates and aerospace applications.” These attributes collectively
underpin the technological potential of ASSLMBs and motivate
intensive research into their practical realization.

However, ASSLMBs still face persistent and fundamental
challenges at the solid-solid interfaces between electrodes and
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electrolytes. These interfaces, characterized by their inherent
rigidity, poor conformability, and mechanical incompatibility,
often suffer from structural discontinuities, void formation,
and local stress accumulation.®™® Such features critically
undermine interfacial stability, impede efficient lithium-ion
transport, and accelerate performance degradation over long-
term cycling—ultimately becoming a central bottleneck limiting
the scalability and commercial viability of ASSLMB techno-
logies."" ™" The interfacial issues are further exacerbated by
the thermodynamic and electrochemical incompatibilities
between electrode materials and SSEs, which can induce unde-
sirable side reactions, interphase formation, and space-charge
layer (SCL) development."* Addressing these intricacies
requires not only rational interfacial design but also a deep
mechanistic understanding of the coupled electrochemical,
chemical, and mechanical behaviour at the buried interfaces.
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Advanced characterization techniques are therefore indis-
pensable in probing the interfaces, offering critical insights
into interfacial evolution, degradation pathways, and failure
mechanisms.

In this Perspective, we highlight the critical role of advanced
characterization techniques in enhancing our understanding of
solid-state battery interfaces and driving the development of high-
performance systems. By improving temporal, spatial, and energy
resolution, these techniques provide deeper insights into the
dynamic behaviour at interfaces, which are crucial for perfor-
mance. We also summarize recent strategies for enhancing inter-
facial resolution, focusing on key methodological advances that
allow for distinguishing interfaces inside the cells. We believe that
the insights gained from these emerging characterization techni-
ques will be instrumental in optimizing the electrochemical
performance of solid-state batteries.
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Fig. 1 A roadmap toward high-energy-density and safe battery systems.

2. Fundamental issues and challenges
at solid-state lithium metal battery
interfaces

2.1 Interfacial issues

ASSLMBs present fundamentally different interfacial charac-
teristics compared to conventional liquid-based lithium-ion
batteries. ASSLMBs rely on solid-solid interfaces for ion con-
duction, but these interfaces lack conformability, causing poor
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Fig. 2 Interface-related issues in ASSLMBs.
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contact, voids, and mechanical stress.'*® These interfacial
phenomena constitute one of the principal bottlenecks to
achieving the full potential of ASSLMBs in practical applica-
tions. In the following sections, we systematically discuss the
major challenges associated with the cathode-electrolyte and
anode-electrolyte interfaces (Fig. 2).

2.1.1 Cathode-electrolyte interface. Chemical and electro-
chemical instability at the cathode-electrolyte interface represents
a major challenge for ASSLMBs employing high-voltage layered
oxide cathodes (e.g., LiNip gMng ;€00 10, or Li; ;Mng ¢Nig 205)
paired with sulfide electrolytes such as LigPSsCl. Thermo-
dynamic incompatibility between these materials can trigger
spontaneous chemical decomposition at their boundary,
yielding resistive interphases that obstruct Li-ion transport.
Under high operating potentials, oxidative breakdown of the
sulfide further increases interfacial resistance, driving pro-
gressive capacity fade.’® The resulting unstable interphases
not only diminish ionic conductivity but also engender
mechanical stresses—arising from local changes in volume and
composition—that ultimately undermine both the structural and
electrochemical integrity of the interface.

Beyond interfacial chemical and electrochemical degrada-
tion, SCL formation imposes a significant electrostatic barrier
to Li-ion transport.'” The electrochemical potential mismatch
between the cathode and electrolyte induces lithium-ion deple-
tion near the interface, resulting in charge redistribution and
the buildup of an internal electric field. This field opposes
further ion migration and exacerbates interfacial impedance.

Interfacial Reaction

Space-C‘H:;Tg;e/ Formation
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Unlike resistive interphases formed via chemical reactions,
SCLs originate from intrinsic ion imbalance and persist even
in chemically stable systems. Their presence further limits ionic
conductivity, promotes transport heterogeneity, and accelerates
performance degradation under prolonged cycling.

Finally, the large volume changes that accompany Li insertion
and extraction in layered oxides impose severe mechanical strains
on the rigid SSEs."® Unlike liquid electrolytes, which can accom-
modate electrode swelling, ceramic electrolytes conform poorly to
dynamic volume fluctuations, leading to delamination, cracking,
and loss of interfacial contact. Collectively, these chemical, elec-
trostatic, and mechanical phenomena pose formidable obstacles
to the development of stable, high-energy-density ASSLMBs.

2.1.2 Anode-electrolyte interface. At the lithium metal-
electrolyte interface, interfacial instability in ASSLMBs primarily
arises from the spontaneous chemical reduction of SSEs, driven
by the high chemical potential of lithium metal. The stability of
the lithium metal-electrolyte interface is determined by a complex
interplay of thermodynamic, kinetic, and interfacial factors,
including the intrinsic reactivity of the SSEs, interfacial contact
quality, and the nature of the interphase formed. Stable SSEs
such as LizN and lithium halides (e.g., LiF, LiCl) form compa-
tible interfaces that facilitate lithium-ion transport while block-
ing electronic conduction. In contrast, unstable SSEs undergo
reduction, forming either solid electrolyte interphases (SEIs)—
which are ionically conductive and electronically insulating—or
mixed-conductive interphases (MCIs), which sustain parasitic
redox reactions that continuously degrade both lithium and the
SSEs, undermining long-term cycling stability.®

Lithium dendrite growth and interfacial void formation pose
additional challenges, typically triggered by inhomogeneous strip-
ping and plating. When local stripping current exceeds lithium
replenishment via diffusion and deformation, voids emerge,
leading to contact loss and current localization." Subsequent
plating favors lithium nucleation at void edges, initiating
dendrites that propagate along grain boundaries or pre-existing
defects, causing delamination, fracture, and internal short cir-
cuits. Even in the absence of major defects, surface energy
heterogeneity and microstructural irregularities can induce fila-
ment growth, highlighting the importance of interfacial morpho-
logy in maintaining electrochemical-mechanical stability.

Moreover, the large volume changes during lithium strip-
ping and plating introduce significant mechanical stress.>
Lithium stripping contracts the Li metal and can detach it
from the SSE, whereas plating locally expands Li and imposes
stress on the brittle SSE. Unlike liquid electrolytes, SSEs cannot
conform to these changes, making them more susceptible to
fracture and delamination. The resulting interfacial stress can
drive irreversible morphological degradation, including crack
initiation and interphase disruption, especially under spatially
non-uniform lithium flux and strain distributions.

2.2 Characterization challenges

2.2.1 Intrinsic complexity of the interface
(a) Buried interfaces. In solid-state batteries, the electrode-
electrolyte interface is typically buried deep within the multiphase
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architecture of composite electrodes, existing as an ultrathin layer
that is often enveloped by active material particles, solid electro-
Iyte domains, and polymeric binders. This spatial inaccessibility
renders conventional surface-sensitive or cross-sectional techni-
ques, such as XPS or SEM, insufficient for directly probing the
pristine interface. Furthermore, sample preparation processes
involving mechanical polishing or ion milling are not only labor-
intensive but also prone to inducing structural reconstruction and
chemical alterations, thereby compromising the intrinsic interfacial
state. Such buried interfaces pose fundamental challenges for
accurately resolving local microstructures, elemental distributions,
and oxidation states, while also limiting the ability to monitor their
dynamic evolution under realistic operating conditions.

(b) Amorphous and multiphase coexistence. At the solid-solid
interfaces of solid-state batteries, the formation of interphases
is often accompanied by the emergence of amorphous or
nanocrystalline structures as a result of local chemical reac-
tions, interdiffusion, and electrochemical decomposition.?*
Unlike well-ordered crystalline phases, these amorphous
regions lack long-range periodicity and exhibit broad, feature-
less signals in diffraction-based techniques such as X-ray
diffraction (XRD) or selected area electron diffraction (SAED),
rendering their identification and structural quantification
inherently difficult. Moreover, interfacial regions frequently
host multiple coexisting phases, including decomposition pro-
ducts (e.g., Li,S, LiF, metal oxides), metastable intermediates,
and gradient composition layers that span only a few nan-
ometers. These structurally and chemically heterogeneous
domains often overlap spatially, further complicating signal
deconvolution in spectroscopic or imaging-based analyses. The
transient and metastable nature of these phases, particularly
under dynamic cycling conditions, adds another layer of com-
plexity to their detection.

(¢c) Light-element enrichment. At the interfaces of solid-state
batteries, light elements such as Li, H, B, F, and O are widely
present in key reaction products and interphase species.”?
These light elements play indispensable roles in interfacial
formation and evolution, including regulating ion flux, inter-
facial potential distribution, and the structure of SCL. However,
due to their intrinsically low atomic numbers, low electron
densities, and weak scattering or absorption cross-sections,
light elements pose substantial challenges for conventional
characterization techniques. These limitations greatly hinder
the accurate qualitative, quantitative, and spatial analysis of
light-element species at solid-solid interfaces. In addition,
light-element species at the interface are often strongly coupled
with heavier-element phases, making it difficult to decouple
signals or distinguish chemical species using standard spectro-
scopic methods. For instance, the Li 1s signals of Li,O, LiOH,
and LiF exhibit minimal binding energy differences, posing a
challenge for reliable phase identification via XPS.

2.2.2 Material sensitivity

(a) Air and moisture sensitivity. Sulfide- and halide-based solid
electrolytes are widely recognized as promising candidates for

This journal is © The Royal Society of Chemistry 2025
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next-generation ASSLMBs due to their high room-temperature
ionic conductivities (~107°-10"> S cm™"). Sulfide electrolytes
(e.g., LigPS5Cl, Li;oGeP,S;,) undergo rapid hydrolysis in humid
environments, forming Li,S, LiOH, P-O species, and H,S gas,
often accompanied by crystallographic degradation and a marked
decline in ionic conductivity. The accumulation of such decom-
position products at the surface or interfaces leads to a substantial
increase in interfacial impedance and severely disrupts ion-
conduction pathways. Similarly, halide electrolytes (e.g:, Li;InClg,
Li3YCls, LisErBrg), though thermally stable, exhibit significant
hygroscopicity and hydrolytic reactivity. Their exposure to moist-
ure results in the formation of LiOH, HCI, or hydrated halide
phases, thereby altering the intrinsic stoichiometry and structural
integrity of the electrolyte.”®

This high environmental sensitivity constrains the proces-
sing window and imposes rigorous demands on interfacial
characterization, particularly under in situ and operando condi-
tions. Reasonable probing of the buried interfaces in these
systems necessitates the implementation of controlled-
atmosphere sample preparation, air-free transfer protocols,
and hermetically sealed, vacuum-compatible measurement
platforms to preserve the native chemical states and mitigate
beam- or atmosphere-induced artifacts.

(b) Beam-induced damage. SSEs often exhibit significant
structural and chemical instability under high-energy electron
or X-ray irradiation, reflecting their inherent beam sensitivity.
At the atomic scale, these materials often possess inherently
fragile frameworks and contain volatile or easily reducible
anionic species (e.g., >, CI~, Br~), which can undergo beam-
induced amorphization, anion migration, gas-phase by-product
release, or even local phase transitions. These effects collec-
tively contribute to structural distortion and chemical state
deviation in the interfacial regions. For instance, in transmis-
sion electron microscopy (TEM) and scanning transmission
electron microscopy (STEM) coupled with EELS, sulfide-based
electrolytes such as LigPSsCl are prone to sulfur migration and
volatilization under electron beam exposure, leading to loca-
lized compositional inhomogeneity and lattice degradation.>*
Beam-induced damage can occur on very short time scales—on
the order of milliseconds—and remains significant even under
low-dose conditions, severely limiting the applicability of high-
resolution imaging and spectroscopy for these systems.

2.2.3 In situ/operando limitations

(a) In situ cell design. In situ electrochemical cell design is
a fundamental prerequisite for reliable interfacial characteriza-
tion in ASSLMBs under operando conditions. Unlike conven-
tional ex situ configurations, in situ cells must simultaneously
ensure electrochemical functionality and meet the stringent
spatial, environmental, and geometrical requirements imposed
by advanced characterization techniques such as electron
microscopy, synchrotron X-ray spectroscopy, and optical or vibra-
tional probes."” Compared to liquid-based systems, solid-state
batteries impose additional design complexities due to their
dense architectures, limited interfacial accessibility, and the
necessity of external pressure to maintain interfacial contact.

This journal is © The Royal Society of Chemistry 2025
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Electrode-electrolyte interfaces are often deeply embedded
within composite electrodes and frequently composed of beam-
or air-sensitive materials, necessitating robust sealing and
precise sample positioning. Furthermore, the lack of interfacial
fluidity inherent to solid-solid contacts necessitates the appli-
cation of external mechanical pressure to sustain intimate
interfacial contact during electrochemical cycling.>>>® This
imposes strict requirements on mechanical integration, includ-
ing stable and uniform pressure-loading mechanisms and
structural compatibility with high-resolution, beamline-based
instrumentation. In addition, the establishment of standar-
dized in situ/operando cell architectures is essential for achiev-
ing experimental reproducibility and enabling meaningful
cross-study data comparison, thereby promoting the generation
of universally comparable interfacial insights across different
characterization platforms.>’

(b) Kinetic-temporal mismatch. In situ characterization aims
to track the dynamic evolution of interfacial structure and
chemistry under realistic battery operating conditions. However,
critical interfacial events often occur on extremely short time-
scales, creating a mismatch between reaction kinetics and
the temporal resolution of current techniques. Representative
processes—such as lithium dendrite nucleation and penetra-
tion, redox-induced local phase transitions, and stress-driven
microcrack formation—can be triggered within sub-second or
even millisecond intervals, particularly under non-equilibrium
conditions such as high current densities, temperature
fluctuations, or sudden polarization shifts.>® However, most
in situ methods remain constrained by limited acquisition
speed, prolonged scan durations, or signal optimization
requirements, making it difficult to capture transient events
with sufficient temporal fidelity. This kinetic-temporal mismatch
not only hampers accurate reconstruction of fast interfacial
processes, but also poses substantial challenges for elucidating
reaction pathways and validating theoretical models.

(¢) Multiscale and multidimensional complexity. Across spa-
tial scales, interfacial behaviour in solid-state batteries span
from atomic-scale events—such as point defect formation,
localized redox reactions, and lattice distortions—to mesoscale
processes involving grain boundaries, phase segregation, and
interfacial heterogeneity, and ultimately to macroscale mani-
festations including mechanical deformation and electrode-
level volumetric changes.>**° These nested structural hierar-
chies collectively govern the electrochemical, mechanical, and
transport behaviour of the system. Critically, solid-state inter-
faces are inherently governed by coupled chemo-electro-
mechanical fields, resulting in tightly entangled experimental
observables. The simultaneous evolution of multiple para-
meters, compounded by spatial heterogeneity and the buried
nature of interfaces, renders mechanistic decoupling extremely
challenging. Current in situ techniques often struggle to
disentangle and quantitatively resolve the coupled multi-
scale, multi-dimensional, and multi-physics processes that
govern interfacial behaviour during cycling.
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3. Temporal resolution

Interfacial phenomena in ASSLMBs constitute a series of highly
coupled and dynamically evolving processes, including electro-
chemical reactions, structural rearrangements, chemical phase
transitions, stress accumulation, and interfacial degradation.
These interfacial processes span a wide range of temporal
scales, encompassing ultrafast electron dynamics and bond
cleavage on the picosecond to nanosecond timescale, ion
migration and SEI/cathode electrolyte interphase (CEI) recon-
struction over milliseconds to minutes, and long-term interfacial
delamination processes occurring over hours or longer.'*"3?
Under extreme operating conditions such as high voltage, fast
charging, and thick electrode configurations, these interfacial
phenomena often exhibit pronounced time dependence and
strong non-equilibrium characteristics, constituting key con-
tributors to capacity fading, internal short circuits, and thermal
runaway. For instance, the formation of the SEI or CEI typically
initiates within seconds to minutes during the first charge, with
reaction pathways constrained by scan rates and interfacial ion
concentration gradients. The long-term stability of these inter-
phases is further dictated by the migration and reorganization
of interfacial species over subsequent cycles. Without time-
resolved in situ or operando characterization techniques capable
of capturing these transient transformations and their critical
time windows, it becomes exceedingly difficult to elucidate
failure mechanisms or accurately evaluate the intrinsic perfor-
mance of interfacial materials.
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Energy & Environmental Science

The core of temporal resolution lies in minimizing the
acquisition time of individual frames, synchronizing with the
dynamic response of materials, and simultaneously retaining
sufficient spatial and energy resolution. Fig. 3 summarizes the
temporal resolution of recently developed characterization
techniques. Primarily, the combination of synchrotron radia-
tion sources with high-speed two-dimensional detectors has
markedly improved the acquisition rate, enabling sub-second
continuous scanning and, in state-of-the-art implementations,
sub-millisecond to microsecond time resolution. This is well
suited for real-time tracking of interfacial redox reactions,
changes in coordination environments, and phase transitions.* >
In addition to improvements in the light source itself, optimiz-
ing the experimental configuration is equally critical. The design
of in situ electrochemical cells can reduce signal attenuation and
response delay. To further enhance the temporal resolution for
probing the evolution of structures, multi-point parallel acquisi-
tion strategies enable simultaneous data collection across ima-
ging, energy, and angular dimensions. Furthermore, when
interfacial reactions exhibit distinct electrochemical features,
non-uniform time-interval sampling strategies can be employed
to intensify data collection during critical time windows, thereby
enhancing experimental efficiency.

Building upon these methodological advancements, time-
resolved characterization techniques have been increasingly
applied to ASSLMBEs, offering unprecedented insights into their
multiscale interfacial evolution.”®**** To investigate the
dynamic redox behaviour of high-entropy oxide cathodes,
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Luo and co-workers** utilized operando quick-scanning X-ray
absorption spectroscopy (quick-XAS) to study a Co-free spinel-
type (CrMnFeNiCu);0, material during lithium insertion and
extraction. With time-resolved K-edge tracking of Mn, Fe, Cu,
Ni, and Cr, the study revealed a stepwise and element-specific
redox sequence: Mn and Cu were reduced at the early stage of
discharge, followed by Fe and Ni, while Cr exhibited delayed
reduction that contributed significantly at lower voltages. Upon
charging, Mn and Cr were preferentially reoxidized, whereas Cu
remained largely in the metallic state, indicating its irreversible
nature. Nomura et al.*> applied a time-resolved operando STEM-
EELS approach to track nanoscale lithium dynamics across
LiCoO,/LASGTP interfaces. By acquiring 157 sequential Li
K-edge EELS maps at 12-second intervals, they achieved tem-
poral resolution sufficient to monitor lithiation/delithiation in
real time during galvanostatic cycling. Their results showed
that Li" deintercalation began at grain boundaries, Li redis-
tributed directionally under open-circuit conditions due to
internal chemical potential gradients, and cycling induced
nonmonotonic Li profiles indicative of local transport bottle-
necks. By leveraging time-resolved operando XCT with 3-minute
intervals per tomogram, Ning et al.®® systematically investi-
gated the initiation and propagation of lithium dendrites in
symmetric Li|LigPSsCl|Li solid-state cells, aiming to establish
the correlation between interfacial instability and mechanical
failure. The study revealed that dendrite nucleation originates
from localized lithium deposition in subsurface pores of the
SSEs, leading to stress accumulation and microcrack for-
mation. Rather than advancing from crack tips, dendrites
propagate via lithium infilling within pre-existing cracks, pro-
moting a wedge-opening fracture mode that ultimately causes
cell failure.

4. Spatial resolution

In ASSLMBEs, the electrode-electrolyte interface spans multiple
spatial scales, ranging from atomic-level features—such as
local coordination environments, bond reconstruction, and
point defect evolution—to nanoscale phenomena including
SCL modulation, interfacial phase stability, and ion deposition
behaviour.*® At the microscale, interfacial processes further
manifest as interface roughening, particle debonding, and pore
formation, collectively affecting the mechanical integrity and
structural uniformity of the electrode at the macroscopic level.
Taking interfacial ion transport as an example, the migration
pathways and transport efficiency are regulated by multiple
intertwined factors, including crystallographic order, defect
distributions, interphase structure, charge accumulation, and
contact morphology—spanning a broad range of spatial scales
and exhibiting strong hierarchical coupling. Therefore, a com-
prehensive characterization framework that integrates multi-
resolution and cross-scale capabilities is essential for elucidat-
ing interfacial mechanisms in ASSLMBs.*” Fig. 4 summarizes
representative spatially resolved characterization techniques
commonly employed in interface analysis. Even within the
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same class of techniques, the attainable spatial resolution
can vary significantly depending on the instrumentation plat-
form and the nature of the radiation source.

To overcome the spatial resolution limitations of conven-
tional XAS, recent advances integrating it with TXM have
enabled nanoscale mapping of chemical states.""**>* Lou
et al.>® used operando TXM with spatially resolved XANES to
track Ni K-edge shifts in individual NCM particles during
charging, revealing a surface-to-core delithiation pathway.
Despite interfacial discontinuities, near-complete delithiation
was achieved via coupled potential and concentration-driven
diffusion. Wang et al.>® utilized in situ TXM-based 5D XANES
tomography to visualize delithiation in single LiFePO, parti-
cles, revealing a transition from anisotropic to isotropic phase
propagation. The internal core-shell structure and two-phase
coexistence were clearly resolved, showing vertically sliced
XANES spectra that confirm distinct LiFePO, and FePO, phases
without intermediates. In addition, by tuning the incident
angle of X-rays to reduce the probing depth, the signal con-
tribution from interfacial chemical and structural information
can be significantly enhanced, thereby improving interfacial
sensitivity. Li et al.’* optimized the incident angle to ~3° to
investigate the LigN,Cl;/Li metal interface using operando
SXRD and XANES. The results revealed no emergence of new
crystalline phases or distinct absorption features during pro-
longed contact and Li plating/stripping, thereby confirming the
chemical stability and excellent lithium compatibility of this
solid electrolyte at the interface.

Among high-resolution imaging techniques, cryogenic TEM
(cryo-TEM) has emerged as a powerful approach for probing
beam-sensitive materials and metastable interphases with
atomic-level precision. By vitrifying samples below —170 °C
and applying low-dose imaging, cryo-TEM mitigates beam-
induced damage and preserves intrinsic interfacial structure.
This technique is particularly effective for directly visua-
lizing nanostructured SEI/CEI layers and solid-solid inter-
phases.’®>>™° Wang et al>® used cryo-TEM to examine the
CEI in Li|PCL-CSE20|NCM523 solid-state batteries. The PCL-
CSE20 electrolyte, composed of Lig sLasZr; 5Tay 501, (LLZTO)
nanoparticles, a PCL matrix, and LiFSI, formed a well-defined
bilayer structure with a crystalline LiF/Li,O-rich inner layer and
a polymer and amorphous inorganic outer layer. Sun et al.*®
employed cryo-TEM to directly visualize lithium nucleation and
growth inside Li;PS, SSEs, revealing that internal crystalline
defects serve as nucleation sites and drive dendrite formation
within the bulk rather than at the Li/SSE interface. Cheng
et al®® used cryo-TEM to investigate the structural and
chemical characteristics of the Li/LiPON interface. The study
revealed concentration gradients of nitrogen and phosphorus
within the lithium metal and identified an interphase layer less
than 80 nm thick, composed of Li,O, LizN, and LizPO,,
arranged in a distinct multilayer mosaic-like distribution.
These studies highlight cryo-TEM’s unique capability to resolve
fine interfacial architectures and compositional inhomogene-
ities at the atomic scale. However, cryo-TEM requires complex
cryogenic sample preparation and its inherently localized field
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mapping; TXM; NR; focused ion beam-scanning electron microscopy (FIB-SEM); XCT; scanning transmission electron microscopy (STEM); atomic force

microscopy (AFM); ND; XRD; PDF; SAXS/WAXS; APT; ToF-SIMS.

of view limits the number of probed regions, thereby constrain-
ing both statistical representativeness and the ability to capture
mesoscale heterogeneity within the electrode-electrolyte
interface.

To access the three-dimensional morphology and dynamic
evolution of interfaces within bulk electrodes and full cells,
XCT has emerged as a powerful alternative. Benefiting from
recent synchrotron advancements, XCT now covers a wide
spatial resolution range—from ~ 30 nm to hundreds of micro-
metres—depending on source brilliance and imaging mode.
While this wide tunability enables versatile imaging, XCT
inherently involves a trade-off between spatial resolution and
penetration depth, as achieving higher resolution typically
requires higher-energy or smaller-field imaging. Accordingly,
the imaging conditions must be carefully optimized to match
specific experimental objectives and sample characteristics.
The superior penetration depth and 3D reconstruction capabil-
ity of XCT make it especially suitable for in situ visualization of
lithium deposition, interfacial void formation, phase and
microstructural evolution, and component distribution.®®™®’
For instance, McDowell et al.®® employed operando XCT to
study Li|Li;oSnP,S;,|Li symmetric cells, clearly capturing the
formation of voids during lithium stripping and identifying
current constriction—resulting from interfacial contact los-
s—as a key factor in cell failure. They also observed global
volume changes caused by partial molar volume mismatch
between the electrodes, thereby revealing the underlying

Energy Environ. Sci.

mechanism of interfacial degradation. In another study, Sadd
et al.®® developed operando XCT with high temporal resolution
to investigate lithium morphology evolution and the formation
of inactive lithium (““dead Li”) under various current densities,
shedding light on structural origins of low Coulombic effi-
ciency. Beyond probing lithium dendrites, XCT has also been
applied to investigate the structural characteristics of SSEs.
Li et al® utilized XCT to reveal the critical impact of grain-
boundary porosity on the performance of Li;InCls. Cold-
pressed samples exhibited abundant intergranular voids, which
impeded lithium-ion transport and facilitated dendrite growth,
whereas hot pressing significantly reduced porosity and
enhanced interparticle connectivity. The 3D reconstructions
provided by XCT clearly demonstrated that increased relative
density correlates with improved ionic conductivity and
enhanced dendrite suppression capability.

5. Energy resolution

The electrode-electrolyte interface in ASSLMBs acts as a multi-
functional domain that governs ion/electron transport and
mediates complex interfacial reactions and structural
transformations.®® This interfacial region is typically enriched
with light elements such as Li, O, F, S and P.*® The low binding
energies, narrow chemical shifts, and dense electronic states of
these elements render their spectroscopic features highly prone

This journal is © The Royal Society of Chemistry 2025
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to convolution in complex environments. Moreover, under
in situ or operando conditions, additional challenges arise from
limited sample stability and the intrinsic trade-offs among
spatial, temporal, and energy resolution, which further com-
plicate the detection and differentiation of weak interfacial
signals. These features significantly increase the complexity
of spectral interpretation. Consequently, key information
related to valence state transitions, electronic structure evolu-
tion, and local coordination changes often appears as subtle
spectroscopic features, such as small chemical shifts or edge
structure variations within the range of 0.1 to 0.5 eV.”° Insulffi-
cient energy resolution can obscure these interfacial features,
as they are often masked by background noise or by the
dominant spectral contributions from bulk components.

To resolve these challenges, advanced spectroscopic meth-
ods with high energy resolution and element specificity have
become essential for probing buried interfacial chemistry in
ASSLMBs.”" XPS probes the chemical states of elements by
measuring the kinetic energy of emitted electrons (Fig. 5(a)).
The ultimate resolution is jointly constrained by the photon
bandwidth, spectrometer and detector performance, electronic
stability, and the intrinsic lifetime broadening of core states.
Laboratory monochromatic XPS typically achieves a resolution
of 0.3-0.5 eV, whereas synchrotron-based HAXPES attains 0.1-
0.2 eV at selected photon energies, providing sufficient probing
depth to access buried interfaces.”””® Leveraging these advan-
tages, Aktekin et al.”” conducted an operando HAXPES investi-
gation of the electrochemical decomposition of LigPSsCl at the
interface between the nickel film and LigPSsCl. The high energy
resolution (~0.2 eV) facilitated precise deconvolution of
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spectral features, allowing unambiguous identification of
decomposition products such as Li,S and Li,O, which emerged
at specific potentials (1.75-1.0 V vs. Li'/Li) and exhibited
distinct chemical shifts and shoulder features. Building upon
this approach, Dubey et al.”® employed HAXPES with slightly
reduced energy resolution but significantly greater probing
depth (~17-19 nm), enabling comprehensive characterization
of interfacial species including Li,O, LiOH, and Li,CO; on
variously treated Li,LazZr,0;, (LLZO) surfaces.
High-energy-resolution fluorescence-detected XANES (HERFD-
XANES) captures fluorescence with high spectral resolution to
suppress core-hole lifetime broadening, delivering sub-eV
energy resolution (commonly ~0.3-0.8 eV, edge-dependent)
and heightened sensitivity to subtle electronic and structural
signatures.”””’® It is applied mainly in the hard X-ray regime.
Soft X-ray absorption spectroscopy (SXAS) provides superior
surface sensitivity and high energy resolution, making it parti-
cularly powerful for probing light elements such as O, F at
battery interfaces. However, in systems involving multiple over-
lapping redox processes, the resulting spectra often suffer from
feature convolution, making it difficult to resolve individual
excitation contributions. In contrast, resonant inelastic X-ray
scattering (RIXS) captures the energy loss of emitted photons
following incident photon excitation, generating a two-
dimensional map of incident versus emitted photon energies
that enables higher-dimensional electronic structure analysis
(Fig. 5(a)).2°"® The energy resolution of RIXS can exceed 0.1 €V,
and at state-of-the-art soft X-ray beamlines, it can reach
below 0.02 eV. These capabilities enable the direct probing
of low-energy excitations, such as phonons, magnons, orbital

RIXS

HAADF
detector @ e
O

Detector

EELS spectrum

Spectrometer

Fig. 5 (a) The simplified atomic model of XPS, sXAS, X-ray emission spectroscopy (XES), and RIXS. Reprinted with permission from ref.8° Copyright 2018,

Elsevier Ltd. (b) Types of excitations in 2p—3d RIXS experiments. Reprinted with permission from re

£.82 Copyright 2024, Springer Nature.(c) Schematic

illustration of STEM-EELS measurement. Reprinted with permission from ref.* Copyright 2015, Royal Society of Chemistry.
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transitions, and charge-transfer dynamics (Fig. 5(b)), thereby
providing unique and comprehensive insights into excited-
state behaviour, strong electronic correlations, and electron-
lattice coupling in materials.®* In recent years, RIXS has been
widely employed to investigate anionic redox processes, and
although its application in ASSLMBs is still limited, it shows
considerable promise for elucidating interfacial reaction
products.

Compared with XAS, which probes unoccupied electronic
states via photon absorption with typical sub-eV energy resolu-
tion, EELS follows the same dipole selection rules in the small-g
limit but exploits inelastically scattered electrons (Fig. 5(c)),
thereby enabling comparable information on oxidation states
and coordination environments with the added advantage of
high spatial resolution in the electron microscope.®*** With
monochromated electron sources and improved spectrometers,
EELS achieves ~0.1 eV resolution in the low-loss regime, and
core-loss measurements routinely extend to several-keV edges
(heavier elements commonly probed via L/M edges), broad-
ening elemental coverage.”’ EELS offers broader elemental
accessibility and enhanced sensitivity to low-Z elements,
including Li, Be, and B, which are often inaccessible or extre-
mely challenging to detect via XAS.*® Notably, the Li K-edge
(~55 eV) is readily accessible in EELS, enabling spatially
resolved analysis of lithium-ion distribution, interfacial trans-
port pathways, and SEI composition. These capabilities render
EELS a powerful and complementary technique to XAS for
elucidating lithium-related phenomena in ASSLMBs.?*"*° Lee
et al.® systematically investigated the effect of crystallographic
orientation on interfacial thermal stability in epitaxially grown
Li(Ni;/3C04/sMn/3)0, (NCM)/LiscLa(/s)—x(1/3)-2.TiOs (LLTO)
heterostructures using in situ STEM-EELS. The Li EELS map-
ping revealed lithium-ion migration from NCM into LLTO,
which initiated at approximately 100 °C in the open-channel
interface but was delayed to around 400 °C in the closed-
channel configuration.

6. Summary and future perspectives

The structure and evolution of solid-solid interfaces in solid-
state batteries play a decisive role in determining overall device
performance. This Perspective systematically reviews the key
technical challenges in interfacial characterization and high-
lights recent advances in time-, spatial-, and energy-resolved
approaches. To gain a more comprehensive understanding of
interfacial dynamics, it is crucial to integrate these three
dimensions in practical research. Multimodal strategies enable
simultaneous visualization of morphological evolution,
chemical reactions, and charge transfer processes. Collectively,
these complementary dimensions bridge the gap between fast
interfacial reactions, nanoscale structure evolution, and macro-
scopic electrochemical performance, guiding the rational
design of stable and high-performance solid-state interfaces.

Future advances in interfacial design and characterization
are anticipated to focus on the following directions:
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First, the design paradigm for solid-solid interfaces should
transition from passive accommodation to proactive and
adaptive regulation. This shift necessitates the integration of
multifunctional strategies—including electrochemical window
alignment, SCL engineering, interfacial chemistry control, and
mechanical stress management—to establish a dynamic yet
robust interfacial environment. Such proactive design enables
the suppression of parasitic reactions, alleviation of space-
charge accumulation, and mitigation of chemo-mechanical
mismatch, addressing the key interfacial degradation pathways
in ASSLMBs. By achieving a synergistic balance between struc-
tural integrity, ionic/electronic transport, and chemical com-
patibility, future interface designs will be better equipped to
address the complex challenges of next-generation ASSLMBs.
Ultimately, advancing our fundamental understanding and
regulatory capabilities at the solid-solid interface is essential
for unlocking the full potential of all-solid-state energy storage
systems in practical and scalable applications.

Second, it is essential to develop advanced in situ and
operando characterization platforms that offer simultaneous
high temporal, spatial, and energy resolution. These tools must
be capable of probing buried interfaces under realistic and
often harsh operating conditions to capture interfacial trans-
formations and disentangle dynamic processes occurring
under far-from-equilibrium states. By resolving transient phe-
nomena such as interphase formation, Li dendrite nucleation,
and stress accumulation in real time, these techniques can
reveal the fundamental origins of interfacial degradation and
validate mechanistic models that are often inaccessible
through conventional ex situ characterization. The integration
of multimodal and multi-scale measurement techniques, com-
bined with synchronized data acquisition and real-time analy-
sis, will be critical for unveiling the transient structural,
chemical, and electronic evolutions that govern interfacial
behaviour in ASSLMBs.

Third, the integration of multiple complementary character-
ization techniques has become increasingly essential. By com-
bining spectroscopic, imaging, and scattering methods, it is
possible to probe interfacial evolution from multiple dimen-
sions—including structural configuration, electronic states,
and chemical composition—thereby overcoming the inherent
limitations of any single technique in spatial or signal resolu-
tion. Such integrative approaches enable the cross-validation of
results obtained from different modalities and establish direct
correlations between structural, chemical, and electrochemical
features across multiple length scales. Ultimately, a deeper
mechanistic understanding of solid-state interfaces will be
the key to guiding rational material design and unlocking the
full commercial potential of ASSLMBs.

Fourth, theoretical modeling and data-driven machine
learning approaches are expected to play an increasingly critical
role in complementing experimental investigations. Atomistic
simulations, phase-field modeling, and continuum-scale cal-
culations can provide mechanistic insights into interfacial reac-
tions, ion transport, and stress evolution that are challenging to
capture experimentally. Meanwhile, emerging machine-learning

This journal is © The Royal Society of Chemistry 2025
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frameworks can accelerate data analysis, pattern recognition,
and interfacial descriptor discovery, enabling predictive under-
standing and inverse design of solid-solid interfaces. The
integration of experimental and computational methodologies
will thus establish a powerful closed-loop paradigm, in which
simulations guide experiments and experimental data refine
theoretical models, ultimately enhancing both the efficiency
and accuracy of interfacial characterization and design.
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