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Electrification of the transportation sector relies on radical re-imagining of energy storage technologies
DOI: 00.00 00/XXXXXXXXXX . . . .
to provide affordable, high energy density, durable and safe systems. Next generation energy storage
systems will need to leverage high energy density anodes and high voltage cathodes to achieve the
required performance metrics (longer vehicle range, long life, production costs, safety). Solid-state
batteries (SSBs) are promising materials technology for achieving these metrics by enabling these
electrode systems due to the underlying material properties of the solid electrolyte (viz. mechanical
strength, electrochemical stability, ionic conductivity).
SSBs detrimentally impact the Coulombic efficiencies, capacity retention, durability and safety in

SSBs restricting their practical implementation. Solid | solid interfaces in SSBs are hot-spots of

Electro-chemo-mechanical degradation in

dynamics that contribute to the degradation of SSBs. Characterizing and understanding the processes
at the solid | solid interfaces in SSBs is crucial towards designing of resilient, durable, high energy
density SSBs. This work provides a comprehensive and critical summary of the SSB characterization
with a focus on in situ and operando studies. Additionally, perspectives on experimental design,
emerging characterization techniques and data analysis methods are provided. This work provides a
thorough analysis of current status of SSB characterization as well as highlights important avenues

for future work.

1 Introduction

Transportation accounts for 28% of greenhouse emissions in 2018
(1869 million metric tons of CO, equivalent) arising from com-
bustion of fossil fuels™. Electrification of the transportation sector
is crucial in order to achieve the emission goals set in place by
the climate change agreementm. Numerous studies have show-
cased a high electrification potential (61 %) for the transporta-
tion sector®Z. Technology roadmaps for transportation electri-
fication emphasize the need for next generation energy storage
systems with high energy density anodes (Li, Si, and Na among
others), high voltage cathodes (S and Nickel Cobalt Aluminium
Oxide (NCA) among others) and optimized battery pack engi-
neering. Adoption of electric-mobility alternatives are contin-
gent on the range offered, durability, charging times, and safety.

Over the recent years, introduction and diffusion of electric ve-
hicles (EVs) in the automotive market has steadily increased to
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7.2 million EVs in 2019, showing a 40% increase between 2018
and 201919, These EVs are equipped with conventional Li-ion
technology that employs a NMC (lithium nickel manganese cobalt
Oxide) or NCA (lithium nickel cobalt aluminium oxides) cathode,
graphitic anode, and a liquid electrolyte yielding a typical battery
capacity between 5 - 95 kWh and ranges up to 300 miles®. US
Department of Energy’s Vehicle Technology Office projects 750
Wh/L cell packs (>1000 mAh/g anode, >300 mAh/g cathode,
and >5 V cell voltage) for the next generation EVs112.  Solid
state battery (SSB) technologies employ a solid electrolyte (SE)
that can leverage energy dense anodes and high voltage cath-
odes that offer a promising route towards realization of battery
chemistries that can achieve the required performance metrics.
Furthermore, transitioning to SSBs can significantly reduce bat-
tery pack volumes due to lower anode volumes and bipolar stack-
ing which is crucial for automotive applications. To this end, SSBs
are envisioned as a key technology for high energy density stor-
age systems that can lead to an extended range of electric vehicles
coupled with safer operations.

Conventional Li-ion battery systems have retained their basic
architecture and material systems since they were introduced in
the 1970s (Fig. ). These systems use a host material (e.g.
graphite anode, layered cathode) to reversibly insert ions (Li™)
within their matrix during charging and discharging™®. Tradi-
tional electrodes are solution-processed porous architectures with
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Fig. 1 Solid-State Battery Technology Overview. (a) Schematic diagram showing differences in cell architecture between conventional Li-ion battery
and solid-state Li metal battery. (b-f) Radar plot highlighting differences in material properties for a range of solid electrolyte materials. All physical

quantities are normalized to one to enable comparison.

active material, electron conducting and binder additives which
is flooded by liquid electrolytel#, On the other hand, SSBs re-
place the porous anode with a dense metallic alternative and the
liquid electrolyte with a solid counterpart which leads to a sig-
nificant decrease in the cell volume. SSBs employ a solid elec-
trolyte that has comparable ion conduction properties to the lig-
uid electrolyte and ion transference properties and relatively high
mechanical strength. Similarly, composite cathode typically have
dense architecture comprising of active material, ion conductor,
electron conductor and binder matrix1®, Transitioning from a
conventional Li-ion architecture to an SSB with a metallic anode
(viz. Li) can lead to almost a 3x increase in energy density16.

Transport properties, electrochemical stability and scalable pro-
cessing are key technological criteria for solid electrolytes that
impact the adoption of SSBs. There are three different categories
of solid electrolytes: (a) organic, (b) inorganic, and (c) hybrid
(Fig. [1h-D17? . Hybrid electrolytes are solid electrolytes com-
prising of a mixture of inorganic and organic solid electrolytes.
Ionic conductivity of several material families are comparable
to conventional liquid electrolyte conductivities. Notably, room
temperature conductivity of thio-LISICON type solid electrolyte
(LijoGeP,S1,) is 12 mS ecm~!, with a low activation energy of
0.25 V18, Argyrodites, perovskites, sulfides, anti-perovskites,
NASICONS, and oxides have all shown mS cm~' range ionic con-
ductivities1Z12M23 Most inorganic solid electrolytes show very
high ion selectivity reflecting a transference number of nearly 1
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(Fig. [Ip-H). This decreases the presence of concentration gra-
dients inside the battery and improves the rate performance of
the system. In comparison, organic and hybrid electrolytes show
comparably lower ionic conductivity (= 10=3 mS em~! for poly-
mer and ~ 10~! mS cm™! for hybrid) and transference numbers
(=~ 0.1-0.5)22, FElectrochemical stability is also typically higher
for these solid electrolytes governed by their chemical affinity to
lithium and stability against high voltage cathode material. Gar-
net oxides are typically most stable against lithium metal, while
materials like sulfides and polymers generally undergo reduction
reactions and form a mixed conducting interphase. Similarly, ox-
ides are generally more stable against high voltage cathodes com-
pared to other electrolyte materials. Inorganic solid electrolytes
typically have significant processing costs due to multi-step and
high temperature processing®¥ . Polymer and hybrid type SEs
have lower processing and integration cost due to available com-
mercial benchmarks for polymer manufacturing and assembly.
Several other characteristics like mechanical properties (Young’s
modulus and fracture strength), electronic and ionic area spe-
cific resistance, thermal stability that dictate the electrochemical
performance of the system show significant differences based on
material family24? 25,

The goal of this review is to provide a summary of mate-
rial challenges of today’s SSBs and - in particular - in situ and
operando characterization tools to study these systems. The re-
view is organized as follows. First, we summarize the materi-
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als challenge associated with SSBs and describe the key charac-
terization techniques used today to address the challenge. We
also describe the advantages and limitations of these techniques.
The subsequent sections offer in-depth review of literature cate-
gorized by the type of characterization employed. This is followed
by a section that describes the limitations of current in situ and
operando measurements. We offer several recommendations on
future experimental design and measurements. Subsequently, we
have included a section on data analysis and analytics is provided
that focuses on highlighting the need for leveraging characteri-
zation results above and beyond merely phenomenological repre-
sentation. We emphasize on obtaining quantitative information
from characterization and coupling of data-based and physics-
based models to generate novel insights into material systems.
The present review offers a comprehensive, critical summary of
the current state of SSB characterization and identifies future di-
rections for in situ and operando characterization of SSBs.

2 Material Challenges of Solid-State Batter-
ies

Solid-state batteries rely on the ability to work with high energy
density anodes (viz. Li), and high voltage cathodes to achieve
techno-economic feasibility (Fig. [2h). Specifically, morphology
control of anode during electrodeposition and electrodissolution
is imperative in order to achieve high energy density batteries©.
However, achieving ~5 mAh cm~?2 reversible cycling capacity at 5
mA cm~? plating current density with high Coulombic efficiency
is far from realization?®27, The primary concern with metallic an-
odes is their propensity to form filaments that grow through the
electrolyte thickness causing cell failure8*3L, Filament forma-
tion can significantly limit the rate performance, power density
as well as Coulombic efficiencies of the solid state batteries 1032,
In addition to filament formation, side reactions of anode with
SE can lead to ionically insulating products as well as formation
of electrochemically isolated anode (dead), both of which cause
unrecoverable capacity loss®3"32, In this context, interphase is
defined as the region of SE|electrode interface that undergoes a
chemical reaction to form a ternary phase. Interfacial kinetics of
various anodes with SE is still a significant challenge limiting the
high rate performance of the SSBs. High rate electrodissolution
from the metallic anode can lead to formation of pores that can
22831l Mass transport within the anode is
also a key challenge and understanding creep and flow behavior
of metallic anode is necessary to tune the performance of the sys-
tem3%37, SE materials that show ion transport metrics (ionic con-
ductivity, transference number) comparable to the state-of-the-art
liquid electrolytes have been identified. However, their integra-
tion into high-performance battery packs is still far from realiza-
tion2®, Unstable transformation at the various solid|solid inter-
faces within SSBs contribute to non-optimal material utilization
and poor ion transport. A wide range of SE materials are being
investigated to maximize ionic conductivity, transference num-
ber and critical current density of the materials2%2238 However,
electro-chemo-mechanical degradation of the SE still remains one
of the key concerns®#39, QOperational stresses generated in the

cause onset of failure
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system from electrodeposition and electrodissolution of anode%
and/or the composite cathode volume modulation*!' can lead to
significant deterioration of the SE. Primary challenges associated
with SEs are similar to those discussed for the anode and concern
filament propagation®242, Composite cathodes also offer signif-
icant challenges towards realization of high energy density solid
40 Literature indicates the need for high active
material loading cathode (>70 %) with areal capacities of 5 mAh
m~228 The required composite cathode architecture for achiev-
ing a stable three-phase boundary within the cathode is largely
unresolved. In contrast to conventional cathodes where the pores
are filled with an ionically conducting liquid electrolyte, a com-
posite cathode needs to function with a SE with its pores acting
as ion blocking domains#248l, Interfacial transport and kinetics
of these solid|solid interfaces are largely unexplored®42. Inte-
gration of high voltage cathode with solid electrolytes can lead to
the formation of space-charge layers that can impede ion motion
through the electrode|electrolyte interfaces93,

state batteries

While significant work has been carried out in the field of SSBs
in the recent years, several fundamental challenges still need to
be resolved. One of these is to understand the kinetic, trans-
port, and chemo-mechanical responses of SSBs to cycling as well
as dynamic external conditions (pressure, temperature). Charac-
terizing and diagnosing these responses are pivotal for designing
high-performance energy storage systems. A majority of these
challenges are manifested at the multitude of solid | solid inter-
faces occurring in solid state batteries (SSBs): (i) anode | elec-
trolyte, (ii) cathode | electrolyte, (iii) active material | electrolyte
| carbon, (iv) solid electrolyte | defect/void, among others. A
fundamental understanding of interfacial design with regards to
these physical processes is needed to rationally engineer a high
performance SSB.

Solid-

3 Characterization Challenges for

State Batteries

As noted in the earlier section, SSBs exhibit a variety of chemi-
cal, mechanical and electrochemical transformations both at qui-
escent and operating conditions®. Ex situ characterization can
provide global information regarding system state and material
transformations within SSBs. While this information can provide
global understanding of degradation and failure mechanisms, in
situ and operando measurements are required to understand the
onset and growth of such mechanisms?? . In addition, dynamic
processes occurring in batteries are typically in the ms time scale,
and only under certain electrochemical boundary conditions mak-
ing it difficult to capture in ex-situ conditions. For these reasons,
it is important to pursue in situ and operando characterization of
SSBs. Most transformations which limit the performance of SSBs
occur at the electrode | electrolyte interfaces. These solid | solid
interfaces are difficult to probe experimentally and are thus re-
ferred to as ’buried interfaces’. Buried interfaces can be probed
using a range of techniques and characterization tools. However,
all characterization techniques operate with limited temporal and
spatial resolutions and are compatible with materials showcasing
specific properties(Table [I)). SSBs consist of a range of materi-
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Fig. 2 Summary of Challenges in Solid State Batteries. (a) Schematic diagram highlighting challenges at various components in a solid-state battery
cell. (b) Temporal and spatial distribution of features and processes occurring in solid-state batteries. Physical entity in solid-state battery and

corresponding features and challenges are also highlighted.

als and associated properties, often with multi-dimensional gradi-
ents, making experimental characterization challenging. The cas-
cading length- and time-scales associated with the physical pro-
cesses at these interfaces make them extremely challenging to in-
vestigate (Fig. [2b). Length-scales considered in SSBs range from
nano-scale (lattice structure, interphase formation), micro-scale
(grain structure, porosity), to the meso-scale (component assem-
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bly, cathode architecture). These materials can have markedly
different degrees of long- and short-range order (from amorphous
to crystalline), refractive indices, densities, optical transparencies
and electronic conductivities, and these differences can dictate
the effectiveness of a given characterization technique (Fig [3p).
Material structure and properties as well as their evolution have
to be match the contrast mechanism employed by the character-
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ization technique (Fig. [Bp). Additionally, constraints regarding
sample geometry and working environments dictate what tech-
niques can be used to study particular phenomena. It should
be noted that significant work has been carried out in charac-
terization of conventional battery systems. However, the mate-
rial differences (gravimetric density, electronic density, absorp-
tion contrast, elemental make up, among others) between liquid
electrolyte and solid electrolyte typically render direct translation
of technical know-how from conventional batteries to SSBs dif-
ficult. As an example, a sample environment for in situ TEM
measurements for conventional batteries cannot be used for solid-
state batteries directly, or X-ray energy used for imaging a con-
ventional cell could potentially not work for a solid-state battery
cell. While underlying mechanisms can prove similar, it is gener-
ally found that application of a characterization technique used in
conventional batteries to solid-state battery system requires mod-
ifications of experimental cell design, operating parameters and
acquisition conditions.

In this review we focus on non-destructive microstructural
characterization techniques which can be classified into three ma-
jor categories: (a) real-space imaging, (b) reciprocal space char-
acterization, (c) spectroscopy/others (Fig. [3k). Imaging tech-
niques use reductions in incident beam intensity to directly map
the material density/morphology and are used most widely of the
three techniques. Reciprocal space techniques use the scattered
signals to acquire information on the scattering entity such as
constituent crystal structure, strain, and phase. Scattering tech-
niques like X-ray diffraction (XRD) are extensively used for for
ex situ structural characterization, and have hitherto seen limited
application in in situ/operando measurements for SSBs. It should
be noted that while conventional scattering techniques are used
for probing bulk material properties, appropriate instrumentation
and analysis tools can be leveraged to retrieve spatial information
from scattering techniques®#22, Spectroscopy technique measure
the energies of particles that are absorbed or emitted by the sam-
ple and is often used to characterize the electro-chemical state
of the sample or probed region. Over the years, significant ad-
vancement has been made in characterizing physical and chem-
ical transformations at solid|solid interfaces from optical images
to techniques like atom-probe tomography=2>Z,

Optical/scanning electron microscopy techniques have been
extensively used for imaging of the solid state battery sys-
tems 23482 160 The optical cell can be used for planar/sectional
imaging of the solid state battery and can resolve pum-scale fea-
tures. Synchronizing electrochemical signatures during cycling to
operando optical microscopy can provide insights into growth and
morphology of Li filaments®2€l, Optical cells are generally easier
to construct and are economical. However, optical studies require
the material to be transparent/translucent in the visible light
spectrum which is typically only possible with a small number
of solid electrolyte materials. Smaller spatial features (micron to
nm- level) are investigated through scanning/transmission elec-
tron microscopy (SEM/TEM)®2, SEM images are generated by
capturing reflected/knocked off electrons from the sample sur-
face and thus can provide information regarding morphological
features of the investigated material. Similar to SEM, TEM pro-
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vides morphology information but down to a smaller (sub-nm)
length scale. TEM images are generated by capturing electrons
transmitted through the sample. TEM can inform information
related to material morphology and local atomic configurations.
Experimental geometry and sample preparation differs drastically
between different imaging approaches (optical, electron, X-ray).
Energy dispersive spectroscopy (EDS)© and focused ion beam
milling (FIB) o4 can provide additional elemental and three di-
mensional information regarding the sample. However, the latter
is a destructive technique and cannot be employed for in situ or
operando tests. TEM can also be coupled with EDS as well as other
analytical tools like selected area electron diffraction (SAED) 63l o
electron energy loss spectroscopy (EELS)©® that can provide in-
formation about structure and chemical moieties of the sample
over and above the morphological information. The key chal-
lenge with microscopy studies is developing a technique compati-
ble with an operando solid state battery cell. Planar and sectional
batteries, as well as particle-scale electrochemical cells are inves-
tigated with optical as well as scanning electron microscopy. In
situ and operando studies on TEM are carried out on thin film bat-
teries as well as using custom built biasing cells. Adequate care
needs to be taken in design of SSB systems for microscopy stud-
ies to ensure that the field profiles in the in situ cells resemble
the anticipated field patterns in a laminar battery cell. Edge and
surface effects at the electrode|SE interface can significantly alter
the local field configurations dictating the observed electrochemi-
cal performance. TEM, SEM, and optical microscopy cover a wide
range of spatial length scales from atomic to macroscopic.

X-rays interact with materials proportionally to the electron
cloud density resulting in minimal interaction with low Z ele-
ments and strong interactions with high Z elements®l. X-rays
can be used for all three characterization categories: (i) imag-
ing, (ii) scattering, and (iii) spectroscopy®2. Traditional X-ray
imaging typically leverages absorption or (for partially or fully
coherent synchrotron sources) phase contrast mechanisms to en-
able reconstructions of three dimensional structures of the probed
material®3. Depending on the X-ray energy, flux and optics, res-
olution from umZ18485 down to nm range7?8¢ can be obtained.
Scattering methods typically probe materials and yield structural
information in reciprocal space. X-ray diffraction (XRD) is a scat-
tering technique that probes the Bragg reflection peaks for or-
dered, crystalline materials within a material system and provides
information regarding structure and phase of the material inves-
tigated®Z. XRD at synchrotrons can provide spatially and tempo-
rally resolved information within the samples®8. XRD combined
with tomographic data acquisition, often referred as diffraction
tomography or scattering tomography, can be used to assess three
dimensional phase distribution within the investigated battery
materials®?. X-ray spectroscopy (XPS) is widely used to inves-
tigate the local coordination environment of materials using ab-
sorption, florescence or photo-electron spectroscopy?223, X-ray
absorption spectroscopy (XAS) yields insight into oxidation state,
site symmetry, bond strength, short-range local structure, coordi-
nation number, bond distances and nearest neighbor atom iden-
tities. X-ray photo-electron spectroscopy, similarly can provide
insight into surface composition, near surface variation composi-
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techniques.

tion, and oxidation state®¥. While some soft X-ray spectroscopy
requires ultra high vacuum (UHV) conditions, there is a potential
for studying materials in near ambient conditions with a variety of
environments with ambient pressure XPS23, The ability to select
the wide X-ray energy available from syncrhotron sources with a
suitable monochromator enables X-ray Absorption Fine Structure
(XAFS) or X-ray absorption near edge structure (XANES) that can
provide spatially-resolved elemental information®.

Typically, neutron experiments are analogous to X-ray scatter-
ing and imaging experiments but with significant longer data
acquisition time. X-ray and neutron diffraction are extensively
used in complementary fashion for structure determination of
novel materials®799, Small angle and wide angle neutron scat-
tering (SANS, WANS) are also used in conjunction with iso-
tope labelling to investigate polymer structures for organic elec-
trolytes. Quasi-elastic neutron scattering (QENS) is a relax-
ation technique used extensively to probe ion diffusion pathways
in solid electrolytesT0102  Neutron imaging typically shows
lower resolution compared to X-rays but improved chemical speci-
ficity and larger field of view makes it a highly desirable tech-
nique especially for low -Z elements due to non-linear scattering
cross-section 3104 Further, the scattering cross-section is iso-
tope dependent with different element isotopes showing vastly

6| Journal Name, [year], [vol.], 1

different scattering cross sections (°Li = 2.00-0.261i, "Li =-2.22).
Neutron reflectometry (NR) is a technique that is used to ascer-
tain scattering length density with nm-scale depth precision. Re-
flectometry profile shapes can provide information regarding the
thickness, density, and roughness of thin film architectures. NR
has been used to extensively to investigate solid electrolyte inter-
phase in conventional Li-ion batteries?®5"198 however has so far
seen limited use in SSBs. A similar technique, neutron depth pro-
filing (NDP) is used extensively in the solid state battery commu-
nity19%110 Thermal neutrons are bombarded on a planar sam-
ple, and the charged particles emitting from the interaction of
neutron with Li (o and *He) are detected and energy discrim-
inated. Between production and detection, the emitted charge
particles lose energy due to interaction with the sample. Sample
knowledge and stopping power can be used to computationally
obtain depth profile density with the obtained energy spectrum
with nm precision.

In situ and operando characterization of SSBs require careful
experimental design both in terms of material/cell design and the
experimental setup. The broad overview of techniques provided
here is expected to highlight the applicability and limitations of
key characterization techniques. Subsequently, this review dis-
cusses results from the current state-of-the-art characterization
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Table 1 Summary of relevant diagnostic tools for solid state batteries

(Spatial)/ . In-situ
Technique (Temporal) Mechanisms s?\:;alﬁg als)ilze or Ref.
Resolution P Ex-situ
Optical Mi- (~10  pm)/ Morphology, electrode- N . g
croscopy (1-10) position/dissolution ~3-5 mm In situ
- Morphology, = Chemical
Sc_anmng Electron (10 nm)/ (1- Composition, Electrode- ~1 mm In situ 67
Microscopy 10s) Lx - .
position/dissolution
Morphology,  Chemical In/ex-
TEM (<1nm) /- Composition, Interface ~100 nm situ 02
stability
Eieyctron Hologra- (<1nm) /- Electrostatic Fields ~100 nm th{fx_ 68
Atom Probe To- hemical . N . ST
mography (<1nm) /- Chemical composition ~100 nm Ex-situ
Synchrotron (0.5 um)/ (1- Morphology, electrode- ;icr::lsTaleto In/ex- valye)
Tomography 10 min) position/dissolution objects situ
Benchtop Tomog- (10-20 pum)/ Morphology, electrode- ~mm-cm In/ex- 73
raphy (10-60 min) position/dissolution ~ situ
Neutron Tomogra- (30-40 um)/ Morphology, electrode- In/ex
g H P &Y ~10 mm /4
phy (7-8 hours) position/dissolution = situ
- Chemical composition, " ) . e[
TOF-SIMS (~200 nm) /- interfacial Stability ~50x50 um Ex-situ
(=~10-15 Li concentration,
gre(:lfflriin Depth nm)/ (1-10 electrodeposi- 8-10 mm In situ /7
g min) tion/dissolution
Li concentration,
NMR/MRI ggg;l rlSm)/ electrodeposi- ~4-5 mm In situ /8
tion/dissolution
Atomic . .
Glaopm/  Meded poperics  ~2q000 :
Probe Microscopy ty "
. ~3-5 mm to
(2.5 um)/ (1- Phase, Lattice Structure, In/Ex 50
XRD 10 min) interface stability/strain macro-scale situ

objects

tools for solid state batteries. As discussed earlier, characteriza-
tion technique are divided into three categories : (a) real space,
(b) reciprocal space and (c) spectroscopic studies. The structure
of the review follows these categories with an additional section
for techniques that did not strictly fall into these categories. Real
space characterization is further divided into direct imaging (op-
tical, SEM/TEM, X-Ray Tomography (XRT) and indirect imag-
ing (neutron depth profiling, atomic force microscopy, scanning
probe microscopy) depending on how the information is obtained
from the characterization method. Spectroscopic techniques are
divided into absorption, photoelectron, RAMAN and NMR spec-
troscopy sections.

4 Real Space Imaging

4.1 Optical Microscopy

Optical microscopy is typically carried out under two configura-
tions: (a) through-plane and (b) in-plane (Fig. [4). Depending
on the configuration, the electric field lines through the system
can be significantly different which can impact the electrochem-
ical behavior of the cell (Fig. @:). In the case where electrodes
are significantly smaller than the electrolyte diameter/thickness
through-plane and in-plane configurations show similar field con-
centration at the electrode edges=Y. However, in most practical
cases electrode size is comparable to electrolyte diameter, lead-

ing to minimal edge effects in through-plane configurations with
planar field lines. It is vital to elucidate and differentiate geom-
etry effects from inherent material response for reliable interpre-
tation of experimental data. Through plane visualization suffers
from several experimental challenges. Primarily, inhomogenities
associated with edge-effects lead to localization of failure features
near the viewing edge. Additionally, in order to achieve adequate
signal thick electrolyte layers must be used, which are typically
not employed in realistic applications. To overcome these chal-
lenges, filament formation was studied in situ using an in-plane
orientation for the Li | Li;La3Zr,O;, (LLZO) | Li system. The study
revealed several nuances of Li penetration in garnet solid elec-
trolytes®?. Several different morphologies of Li filaments were
identified (straight, branching, spalling, and diffused) suggest-
ing multiple mechanisms at play in filament formation (Fig. [4d).
These studies showcased the reversibility of filaments as well as
mechanisms through which dead lithium was formed. A similar
study identified local deposition of Li metal which generates high
local stresses leading to the mechanical cracking of the electrolyte
(Fig. [5k)™2. Li filament propagates through the extending crack
and leads to short-circuit of the cell. It was proposed that high
local currents in the filament lead to Joule heating and melting of
the Li metal which can disperse in form of droplets. The melting
and droplet formation mechanism was proposed as a root mech-
anism for unstable voltage profiles observed in plating/stripping
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Fig. 4 Optical studies of SSBs. (a) Schematic diagram indicating the
two key architectures for optical studies. (b) Characteristics for optical
microscopy. (c) Field effects for in-plane and through-plane configuration
of investigation. Reprinted fromB9 with permission from Elsevier. (d)
In-plane optical images of straight, branching, spalling and diffuse type
of filament growth in garnet solid electrolytes. Reprinted fromB9 with
permission from Elsevier. (e) Optical microscopy of Li deposition at 4
mA cm? on bare Li foil, diallyl carbonate (DAC)/vinylene carbonate (VC)
based solid polymer electrolyte (PDVC) covered Li foil and a functionally
graded solid polymer electrolyte covered Li metal (left to right). All the
scale bars in the image are 100 um. Reproduced fromTI with permission
from The Royal Society of Chemistry.

experiments. Both studies indicate that filament growth was pre-
ceded by a crack-opening mechanism and dendrite growth rate
was proportional to the current density consistent with the results
from PEO-Li model systems and Chazalviel model™3,  Similar
Li morphologies were identified in LPS solid electrolytes indicat-
ing an underlying fundamental mechanism dictating Li morphol-
ogy evolution in solid electrolytes. Optical microscopy was also
used to assess filament growth and fracture mechanisms of four
types of solid electrolytes, glassy LPS, 3-Li3PSy, polycrystalline
and single-crystal Ta-doped Li;LazZr,O1, (LLZTO)€0. Glassy LPS
did not show filament penetration through solid electrolyte thick-
ness up to 5 mA cm 2. In contrast, other materials showed filling
and propagation of lithium filled cracks that were generated at
surface defects. Experiment and modelling results indicate that
Li plating overpotentials above a certain current density at sur-
face defects can create mechanical stresses high enough to frac-
ture the solid electrolyte material. A Griffith-like failure was pro-
posed for brittle solid electrolytes. For Li|LPS system, interfacial
cracks were identified in the solid electrolyte layer during elec-
trodeposition at 2 mA em 27, This behavior was consistent
with a Griffith-like failure mechanism wherein a buried flaw in
the SE could precipitate the crack formation at the interface. In

8| Journal Name, [year], [vol.], 1

(A) lenusjog

(N renuajod

Li|PEOLi

() LilLLZOJLi

-

Fig. 5 Optical Investigations of SSBs. (a) Varying dendrite morphology
observed at different current density of 0.2 (needle-like), 0.7 (tree-like)
and 1.3 (bush-like) mA cm™2. The scale for the three figures are 950
pm, 420 pm and 200 pm from top to bottom. Reprinted from213 with
permission from Elsevier. (b) Concentration gradients at dendrite tips
formed at 0.7 mA cm~2. Dendrites are darker features, while the polymer
electrolyte is the regions with lamellar features. Differences in contrast
at the edge of the dendrite are attributed to concentration gradients.
Reprinted from218 with permission from Elsevier. (c) Optical microscopy
of LLZO pellet with Li foil contacts (grey colored) during a long term
stripping experiment. Reprinted from21Z with permission from Elsevier.
(d) Shorted Li|LLZO|Li cell investigated by optical microscopy. Reprinted
from=2 with permission from Elsevier.

addition to understanding Li filament growth, optical microscopy
was also used to visualize Li plating morphology in certain cases.
Li plating morphologies in Li; 3Al 3Ti; 7(PO4)3 (LATP)| LisPO4N
(LiPON)|Cu cell show marked difference in morphology based on
current density with the same quantity of plated Li (18 mC, 0.13
um). At 5 uA cm—2, plated lithium shows needle-like fea-
tures at localized spots. Increasing the current density increases
the coverage ratio as well as reduces the size of the plated Li
features. Nucleation of Li on copper was identified as the rate
determining step dictating the kinetics of the electrodeposition
as observed from the voltage profiles during operando optical mi-
croscopy. Tailoring electrolyte composition can help stabilize Li
deposition as evidenced by application of a functionally graded
solid polymer electrolyte with Li metal (Fig. Ek). The func-
tional gradient electrolyte comprises of ceramic and polymer-rich
phases with the ceramic rich phase offering physical suppression
to dendrite propagation as well depolarization effects to stabi-
lize electrodeposition. Optical microscopy offers a unique avenue
for characterization of optically transparent/translucent materi-
als. Synchronous electrochemical measurements coupled with
video microscopy and careful experimental design can generate
important insight into the morphological evolution in solid-state
batteries.
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Some of the earliest work on characterization of solid-state
batteries was carried out on Li-Polymer systems by optical mi-
croscop. Using a model PEO-LIiTFSI system, den-
drite formation in polymer system at low current densities was
shown to occur at Sands time reflecting the time at which ion
depletion at the negative electrode (Fig. [Bh-b). At high current
density, a local heating of the electrolyte was proposed that ac-
celerates failure. The dendrite propagation velocity in these mea-
surements correlated with anion drift velocity and current den-
sity as predicted by Chazalviell’Z, Concurrent growth of several
dendrites at similar velocity was anticipated. However, only one
dendrite typically grows through the electrolyte thickness short-
ing the cell. Other dendrites typically show more in-plane growth.
These studies also highlighted the implications of non-uniformity
at the Li|SE interface resulting in local hot-spots of current den-
sity even while operating with low external circuit current. Addi-
tionally, using equivalent modelling of impedance spectra equiv-
alent dendrite resistance in PEO systems was estimated as 30
mQ13| Using an identical technique, several other studies have
investigated dendrite formation in variety of solid electrolytes.
Li powder electrodes were shown to possess improved dendrite
suppressing capabilities than Li foils™9. Surface treatment of Li
powder with LiF and Li; O3 leads to additional improvements in
rate performance and dendrite suppression. LiF and Li;O3 act to
provide a stable, ionically conductive interphase leading to the
improved performance. Filament formation in garnet oxide solid
electrolytes was investigated with a similar sectional optical mi-
croscopy setup. Li penetration in the solid electrolyte was consis-
tent with a voltage drop during galvanostatic charging as a result
of three factors: (a) increase in interfacial area due to growth of
dendritic growth leading to lower interfacial resistance; (b) de-
crease of inter-electrode distance and (c) formation of kinetically
faster interfaces (Fig. )@'.

4.2 Electron Microscopy

Scanning and transmission electron microscopy provides atomic
and nano-scale imaging resolutions which makes these tech-
niques ideal for interfacial characterization of solid-state batteries
(Fig. [6h-b). With recent developments of techniques like high res-
olution TEM (HRTEM), high angle annular dark-field (HAADF)
imaging, annular bright-field (ABF) imaging, electron energy-
loss spectroscopy and electron holography (EH) information re-
garding chemical profiles, valency, local electric field can be ob-
tained in addition to information regarding material structure and
morphology. SEM/TEM measurements are extensively utilized
for materials characterization due to their ease and availability.
Herein, we include a discussion of some of the key representa-
tive results that are assessed by electron microscopy techniques
mostly in in situ and operando conditions. Several recent reviews
offer a thorough discussion of ex situ characterization of SSBs by
electron microscopy methods?231125, SEM techniques are widely
used to assess Li metal morphology due to the relatively low ex-
perimental effect of e- beam to LiT201264128 1 ity visualiza-
tion of an all-solid LFP|PEO-LIiTFSI|Li battery showed formation
of Li dendrites as well as dead Li during electrochemical cycling
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Fig. 6 Summary of SEM studies in solid-state batteries. (a) Schematic
diagram for SEM studies. (b) Characteristics for SEM investigations.
(c) in situ SEM images of Li plating in a LFP|Polyether-LiTFSI|Li cell.
SEM images are shown for pristine and after 14 days of cycling. Cycled
samples show dendrites on the newly formed edge. All scale bars in the
images are 100 um. Adapted from129 with permission from Springer.
(d) Filament growth in Li|LLZO|Li system imaged with second electron
(SE) and back-scattered electron (BSE) mode to differentiate Li deposi-
tion. Regions with darker contrast in BSE mode reflects the enrichment
of lighter elements. Adapted from® with permission from Elsevier (e)
Cross-sectional image of Li|Lij4,Al,Ge,_(PO4)3 (LAGP)|Li cell cycled at
0.5 mA cm~2. Extensive crack formation in LAGP electrolyte is observed
as well as formation of reacted interphase (darker regions) is identified.
Adapted with permission fromB3%. Copyright 2019 American Chemical
Society. (f) SEM image of degraded composite cathode of NCM811 and
-LisPSy4 after 50 cycles. Adapted with permission from2L, Copyright
2017 American Chemical Society. (g) SEM cross-section images of the
pristine, discharged, and charged LigPSsCl/S-C-LigPSsCl cell. Adapted
with permission from222. Copyright 2019 American Chemical Society.

(Fig. Ek). After extended cycling, a vastly different morphol-
ogy of Li was observed from the pristine interface with new edges
wherein polymer degradtion and filament growth was seen to
progress successively into the cell. Grain boundaries in Li were
identified as hot-spots where dendrites/dead Li forms. Dendrite
formation was linked with decomposition of the polymer due to
melting, reduction and thermal runaway. Isles in Li metal were
also identified at high cycling rates that were isolated from the
rest of the anode due to salt decomposition and increased activ-
ity in local regions. Thermal degradation of polymer electrolyte
was also observed during Li filament formation previousl.
High local currents that cause filament formation can also con-
tribute to Joule heating and thermal degradation. Differences in
morphology of electrodeposition and electrodissolution of Li was
investigated for LiPON|Cu interfacel®. At low current density
(50 pA cm~2), electrodeposited Li was distributed sparsely with
a local growth rate of 6.8 mA cm~2. At low stripping currents
(50 uA ecm~2), no preferential stripping of electrodeposited Li
was observed. At higher stripping currents, root regions of elec-
trodeposited Li was preferentially removed leading to formation
of dead Li and an overall Coulombic efficienty of 18 %. Cathode
and Li morphology were tracked in an in situ SEM experiment for
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S|Polyether-LiTFSI|Li cell’2%. Cathode discharge products were
observed as needle-shaped deposits that grow preferentially at
electrode|interface. This leads to an increase in porosity of the
cathode which accelerates the failure. Lithium metal growth ob-
served in the cell was consistent with the active material loading
of the cathode. Contrast difference in electrolyte indicated ir-
reversible dissolution of S species into the electrolyte leading to
capacity decay of the cell.

In situ microscopy imaging also revealed kinetics of LLZO | Li
interfaces131, Electrons are bombarded on the exposed LLZO sur-
face in a Li|LLZO cell to develop a potential difference between
the top and bottom surface of LLZO which can cause deposition
of Li on the top surface of the solid electrolyte. This investi-
gation indicated that fundamental kinetics of the LLZO|Li inter-
face were extremely rapid with a local current density of sev-
eral hundred mA cm~2. Additionally, preferential deposition of
Li along grain boundary as well as edge-features in the LLZO sur-
face was observed. Minimization of 1D and 2D defects at the
anode interface were proposed to enable stable electrodeposition
of Li metal. Li/80Li,S.20P,S5 SE/SS at 2 mA cm~2 shows local
crack formation at the current collector | solid electrolyte inter-
face through which Li filaments grow on shorting®Z, Cracks were
focused in the regions where stainless steel (SS) current collec-
tor contacts the solid electrolyte. The authors propose that Li
migrates through grain boundaries in the solid electrolyte and
the soft solid electrolyte deforms to allow Li filament to grow
through the thickness. These results suggest that in addition to
controlling the anode|SE interface, the current collector|Li inter-
face needs careful design to enable stable electrodeposition. Ex-
situ SEM is mostly used to for postmortem analysis of solid state
batteries to investigate features like electrodeposition morphol-
ogy, electrolyte fracture as well as cathode microstructure (Fig.
[6b-g). Li deposition in LLZO was evidenced by differing con-
trast mechanism in SEM imaging with back-scattering electron
(BSE) mode showing higher contrast for low atomic number el-
ements compared to second electron mode (Fig. @i—e). Li de-
position in LLZO was clearly identified by ex-situ SEM and fila-
ment formation was proposed to proceed through grain bound-
aries and inter-connected pores®l. Similar filament formation
and Li -rich pores were observed in top-view and cross-section
images of LLZO solid electrolyte (Fig. @1) 22 Similarly, Li depo-
sition in pores was attributed to degradation of Garnet oxides. Li
deposition within the solid electrolyte can occur if the solid elec-
trolyte exhibits trace electronic conductivity. Electron migration
from the lattice (trace electronic conductivity) or by reduction of
the oxygen sub-lattice were two possible sources of electron dona-
tion. In comparison to LLZO, Li; ,Al,Ge;_,(PO4)3 (LAGP) shows
a more dramatic fracture mechanism with extensive crack for-
mation (Fig. E}e) 34, Darker regions in the cross-sectional image
of the SE reflect the unstable interphase growth in LAGP. Non-
uniform growth of this interphase can cause localized stress hot-
spots that accelerate mechanical failure of the solid electrolyte.
Unstable interphase generation at Li|LAGP interface was identi-
fied as a root cause for failure during electrochemical operation.
SEM imaging is also used to investigate composite cathode mi-
crostructure evolution as the origin for capacity decay (Fig. [6f-g).
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Most composite cathodes suffer from chemo-mechanical degra-
dation arising from electrochemical expansion/contraction of the
active materia]12111221125l1320133  The mismatch in mechanical
properties of the constituents of composite cathode leads to stress
concentrations and results in delamination, cracking and fracture
of the composite cathode. FIB-SEM tomography of the compos-
ite cathode further highlights the importance of tailoring cathode
microstructure and three phase boundary to improve rate perfor-
mance and durability of the SSBL34,
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Fig. 7 Transmission electron microscopy studies for solid-state batter-
ies. (a) Schematic diagram for TEM investigations. (b) Characteristics
of TEM investigations. (c) Image of an unreacted LAGP particle be-
fore contact with lithium. (e) TEM investigation of LAGP interphase
formation. Pristine and reacted LAGP shows LAGP particle expansion
and reduction of lithium volume upon contact. Adapted with permis-
sion from34, Copyright 2019 American Chemical Society. The particle
expanded in volume and the lithium crystal disappeared. (d) Interphase
growth at LiCoO, (LCO)|LiPON interface. TEM image of cell aged at 60
°C for 2500 h show growth of around 3 um thick interphase. Electron loss
energy spectra at Li-K/Co-M, O-K and Co-L edges. Reprinted from/13°
with permission from Elsevier. (e) Interphase formation at LCO|LLZO in-
terfaces observed by TEM. Adapted with permission from139, Copyright
2018 American Chemical Society.

TEM offers level resolution with ability to resolve chemical
phase information and morphological evolution in SSBs (Fig. [7p-
b). Typically, TEM requires extensive sample preparation to en-
sure reliable data retrieval during measurement. TEM is highly
versatile with a range of operating modes and configurations
(Cryo-, SAED, EDS). This range makes it an excellent tool for
probing solid|solid interfaces in SSBs. In situ testing of LAGP|Li
system showcases the formation of interphase in LAGP34, The
SE particle undergoes a 38% expansion on passive lithium con-
tact, with a corresponding decrease in Li metal volume (Fig. ).
These results showcase Li diffusion into the SE and formation of
interphase on the SE particle. Selected area electron diffraction
(SAED) pattern of uncontacted and reacted SE particle shows an
amorphous reacted material compared to the crystalline material
observed for the pristine sample. This reacted interphase forma-
tion was identified as the cause of cell failure of Li|LAGP|Li cells
due to high interfacial resistance arising from the interphase for-
mation.

In situ investigation of LiPON|LiCoO, (LCO) interface revealed
the presence of an amorphous, disordered interface between the
cathode and solid electrolyte (Fig. [7d). The disordered layer
was supposed to comprise of solid solution of Li,O and CoO43Z,
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The decomposition of LiCoO, to Li;O and CoO was accompanied
by oxygen evolution. Formation and growth of the Li,O/Li;O,
layer shown by TEM measurements was identified as an inter-
mediate compound of decomposition reaction. Growth of this
layer can lead to rapid capacity decay due to loss of active ma-
terial. Extensive Co/Li diffusion at the LCO|LLZO interface was
evidenced by in situ TEM with the formation of interfacial prod-
ucts like Li,CO3, LayZr,O7 and LaCoOj (Fig. ) 136l These re-
acted interphases lead to charge transport resistance (8x) com-
pared to a pristine interface. In situ TEM also offered insight
into the lithiation/delithiation pathway of LCO and their differ-
ences compared to conventional liquid electrolyte batteries138,
Due to the point/line contact between SE and cathode in SSBs,
lithiation/delithiation occurs along grain boundaries and leads to
formation of polycrystalline material with formation of coherent
twin boundaries and antiphase domain boundaries. Fundamen-
tal differences in charge storage mechanisms in well-studied cath-
odes highlight the need to study nm-scale transport for SSBs.

Anode interphase for thiophosphate solid electrolyte was re-
cently studied by in situ TEM=>2, Jodine doped (LiI) LPS ma-
terial was imaged with TEM before and after electrochemical
cycling (Fig. [8). No morphological changes in SE or lithium
metal anode were observed on passive contact. On application
of a reducing bias to the solid electrolyte (Li ions move from SE
to anode), a void/pore formation was observed on the interface
(Fig. [Be-H). This morphological pitting of the surface was elec-
trochemically irreversible and stays after oxidation. This inter-
facial chipping/pore formation was proposed to be a fundamen-
tal chemo-mechanical response of the SE|Li interfacel3?. Local
stresses can impact electrodeposition and dissolution kinetics as
well as ion transport pathways leading to hot-spots12140, Direc-
tional ion flux was postulated to be equivalent to a concentrated
load that can cause the chipping of the SE. In addition to the
chemo-mechanical response of the interface, EDS maps of the SE
shows uniform distribution of I, P and Sulfur. After electrochem-
ical cycling, even the Li metal shows the presence of iodine (Fig.
). This iodine diffusion was observed under both passive con-
tact and electrochemically cycling conditions. Iodine diffusion
through the Li metal surface offers a uniform nano-scale conduct-
ing interface between Li metal and solid electrolyte leading to
improved electrochemical performance.

Electron backscattering diffraction (EBSD) is another tool
which has wide applicability in SSB studies due to its ability to
map grain and grain boundaries for polycrystalline materials141,
EBSD maps for in situ heat treated Li-Mg alloys showed formation
of a stable passivation layer with fewer impurities as well as well-
defined crystal faces at the Li metal interfacel42, Stable passiva-
tion layer and improved interfacial contact by thermal treatment
was proposed as a formation step for SSBs to enhance perfor-
mance and stability. EBSD and nano-indentation techniques were
used in conjunction to assess the impact of grain microstructure
on the mechanical anisotropy of LATP solid electorlyte43. Hard-
ness and elastic modulus were found to decrease when measured
from the basal plane to the prismatic plane indicating that the
rotation angle ¢ was an important factor dictating mechanical
anisotropy of NASICON type solid electrolyte.
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4.3 X-ray Imaging

X-ray imaging relies on electron-density contrast within materials
to assess the spatial distribution of components in a system. This
technique can be employed in a 2D geometry (radiography) or
by measuring radiographs at several sample rotation angles for
3D structural information (tomography). X-ray tomography is a
non-destructive tool that can be used to investigate the morpho-
logical evolution of bulk materials in 3D and operando conditions
(Fig. Ph-b). Configuration of the optics setup and sample can
provide XRT resolutions ranging from 20 nm to several um (Fig.
[9R). Resolution of X-ray imaging is determined by the optics em-
ployed in the measurement. For XRT, an optional monochroma-
tor selects the incident beam to the sample while down-stream
scintillator and charge-coupled device camera is used to convert
the transmitted photons to an optical image. This setup typically
yields resolutions of ~ um range. In contrast, transmission X-
ray microscopy (TXM) employs a monochromator coupled with a
capillary condenser to establish a micro-focused beam on to the
sample. Fresnel zone plates, phase ring and CCD camera are used
downstream to enable phase contrast, and turning the transmit-
ted photons to an optical image (Fig. [9p). Thus, this tool is widely
employed to study the meso-scale transformations in SSBs as well
as microstructural transformations in bulk SE. Stresses coupled
with volume changes of electrodes can lead to mechanical degra-
dation in SEs. Significant studies have focused on characterizing
the bulk microstructural changes in the SE in response to electro-
chemical cycling. For instance, XRT was used to investigate the
role electrolyte (garnet oxide) microstructure had on dendrite or
lithium filament formationZ11144, Electrolytes processed at vary-
ing temperatures 1050, 1100 and 1150 °C exhibited different
densities and pore size distributions. A more connected, tortu-
ous pore network was observed for samples sintered at higher
temperatures. Samples with more connected pores demonstrated
faster filament growth and propagation and lower critical current
densities. Failed samples showed a systemic increase in the X-ray
transparent region which was identified as a potential evidence
for Li plating in the bulk SE (Fig. [0c). Similarly, Li|LPS system
was studied to assess the morphological changes in the anode as
well solid electrolytel4, Comparison of cross sectional images
from the XRT reconstructions at different cycles showed a de-
creasing thickness of lithium foil. Pristine cell showed Li thickness
of 100 um which reduced to 10-15 pum on the first cycle and was
indistinguishable from LPS for the subsequent cycles. Lithium in-
sertion into the porous electrolyte matrix was proposed to mod-
ify the LPS material significantly giving rise to an increased con-
centration of dark gray, rounded features (lower density) at the
Li|LPS interface compared to the pristine cell. Operando imaging
further showcases monotonic increase of dark features identified
as grain boundaries of LPS. The monotonic increase of the line
features was proposed to be an evidence of growth of Li features
within the LPS layer and propagation of the cracks in the LPS
solid electrolyte. Lower beam energies used for this study, cou-
pled with significant X-ray scattering limit the extraction of physi-
cal descriptors (porosity, tortuosity) of the Li|LPS cell. Both these
reports showcase morphological changes occurring in the solid
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electrolyte during electrochemical operation which causes failure
of the cell.

Similar studies have been carried out on Li|LAGP|Li sys-
tem 3, Na|Na- B alumina | Na4®, In|Li;(GeP,S,|LiCo0, 7 and
Li|LigPSsCl|Li148, An extensive crack network growth was ob-
served in the cell extending through the thickness of the LAGP
pellet33. Distinct circumferential and radial cracks were observed
in the LAGP pellet with the circumferential cracks forming at the
outer perimeter of the pellet while radial cracks focused at the
center of the pellet (Fig. E}i). The crack volume was found to
correlate with the cell impedance with impedance rising from ap-
proximately 2.81 kQ cm~2 to 256 kQ cm~2. The authors indicate
that mechanical fracture can be the source of the electrochemi-
cal failure of the cell. Fracture initiation was linked to the edges
of the Li|LAGP contact area which was evidenced from the to-
mography reconstructions as well as simulations. Overall, the re-
sults indicated that the structure and morphology of the Li metal
driven interphase formation dictated failure in LAGP. In situ XRT
was used to investigate the role of interphase chemistry and mi-
crostructure has on failure propagation and chemo-mechanics of
thiophosphate materials®>. Metastable interphases in LPS ma-
terials were engineered by Lil addition and microstructural con-
trol was enabled by synthesis routes (milling, annealing). Exten-
sive crack propagation in all investigated thiophosphate materials
was visualized irrespective of the interphase chemistry and mi-
crostructure (Fig. [I0p). In situ results highlight a common failure
mechanisms for LPS materials wherein cracks were initiated by
a chipping of the interfacial solid electrolyte and a subsequent
growth of lateral crack through the material. The interfacial chip-
ping mechanism was also observed at the nano-scale measure-
ments with in situ TEM measurements confirming the validity
of the mechanism across multiple length scales. The disparity
in crack density between the materials with different microstruc-
tures was rationalized by the observed heterogeneity of the solid
electrolyte. Electrolyte possessing higher structural heterogene-
ity leads to a tortuous pathway for ion motion thereby causing
an extensive crack formation compared to solid electrolytes with
a more homogeneous microstructure which showcases relatively
local crack formation (Fig. -c). Impact of microstructure on
failure propagation was also evidenced in Na-based systems. A
large crack in the Na- § alumina SE was proposed to act like
a nucleation site for Na dendrite formation and eventual short-
circuiting and failure of cell14®. Crack formation was assumed
to occur due to electrochemical stress arising from electrodeposi-
tion/electrodissolution of Na at the interface. Synchrotron radio-
graphy over long-term plating/stripping show electrode thickness
change and SE displacement consistent to the amount of Na cy-
cled14Z, A tilt in the SE was observed that was anticipated to
lead to stress generation in case of long-term stripping/plating
due to uneven contact with the cell housing. Tomography results
showed a densification of the Li;gGeP, S, solid electrolyte during
charging consistent with the pressure changes measured for the
cell. The porosity of the solid electrolyte decreases from 5.5% for
the pristine sample to 2.6% after cycling. Measured height fluctu-
ations of the cell were consistent with the densification mech-
anism with a significant asymmetric change in cell height ob-
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served in the initial cycles. In addition, the charged cell shows
a significant bending indicating a strong pressure build up at the
electrode|electrolyte interfaces. The cells were assembled in ab-
sence of stack pressure and thus reflect the change in the shape
of the cell reflects the mechanical forces acting on the cell dur-
ing charging. The solid state battery showed bending towards the
cathode side due to higher volume expansion at the anode. Fur-
ther, cracking of the SE was observed at the edges of the charged
cell. For LigPS5Cl, tomography measurements show the presence
of low density region within the bulk solid electrolyte consistent
with dendrite formation'148,

Ex situ imaging of solid electrolytes can also provide impor-
tant information regarding microstructure and phase distribu-
tions. Laboratory in situ XRT study of LigPSsBr SE under high
pressure was carried out to elucidate the influence of microstruc-
ture on ion transport properties of the solid electrolyte42. Ionic
conductivity of LPSBr increased from ~ 0.2 mS cm~! to ~ 0.8
mS cm~! on increasing the pressure from 10 to 100 MPa. XRT
images revealed that the porosity decreased, and particle|particle
contact increased as the applied pressure increased from 8.4 to
100.3 MPa. The density of the solid electrolyte was monitored di-
rectly via monitoring the electrolyte thicknesses. As the pressure
increased between 0 and 30 MPa, a large decrease in the elec-
trolyte thickness was observed (large increase in density) owing
to removal of pores from the system. Above 30 MPa there was less
changes in the electrolyte density due to absence of pores. Fur-
ther, at the high pressures, particle pulverization was observed
which results in improved density by smaller particles filling the
remaining pores. This also results in non-linear strain behavior
with increasing pressure between 0-100 MPa. The results high-
light the influence of microstructure on ion transport properties of
solid electrolytes. Microstructure evolution was identically inves-
tigated for a series of LLZO-PEO-LiClO4 hybrid electrolytes with
varying ceramic loading to understand the agglomeration phe-
nomena®®. High degree of agglomeration as well as heteroge-
neous distribution of ceramic particles in the hybrid electrolytes
was observed. Accessible particle surface area was found to corre-
late well with the ionic conductivity indicating that ion transport
in hybrid electrolytes was dictated by interphase between the ce-
ramic and polymer phases.

TXM-XANES offers a facile way for segmenting two phase
crystalline systems quantitatively®?, Lanthanum doping of
Naj;,Zr,8i,P3_,012 (0 < n < 3), can improve the electrolyte’s
ionic conductivity. Introduction of a dopant can induce con-
centration gradients of mobile ions in the pristine phase, en-
hancing the density of the two-phase electrolyte and by creat-
ing faster grain boundary conduction pathways through forma-
tion of a second phase. TXM images of the composite solid
electrolyte showed a heterogeneous distribution of the secondary
phase (NazLa(POy),) with considerable size disparity. La, P, Zr
and Si elemental mapping showed that Zr and Si spatial distri-
butions were anti-correlated with the La and P distributions con-
firming that Zr and Si both belong to the primary phase. Elemen-
tal distributions within material were also assessed by operando
radiography in silver-ion conductors>L, Silver ion system was
leveraged to improve the absorption contrast (high Z leads to im-
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proved contrast compared to Li). No concentration gradient was
measured within the solid electrolyte during cycling of the Ag|Ag
symmetric cell. The absence of observed variation in transmis-
sion intensity through the sample was consistent with the near-
unity transference numbers (t*) reported. Radiography is sen-
sitive to density variations within the material. However, it is
unclear whether a concentration gradient of ionic species within
the sample can generate enough contrast even at high current
densities to be captured.

Tomography studies of solid electrolytes conclusively show evi-
dence of severe chemo-mechanical degradation in bulk materials
during electrochemical cycling. Stresses linked with electrode-
postion/dissolution of the anode as well as intercalaction/de-
intercalation reactions at the cathode can lead to failure of the
battery by fracture of the solid electrolyte. Recent modelling
efforts have focused extensively on understanding the chemo-
mechanical coupling of the anode|solid electrolyte interfaces
using phase-field, continuum as well as finite-element meth-
0ds 1524155, ATl models concur that presence of irregularities at
the interface (contamination, surface features like cracks) leads
to generation of regions of very high stress exceeding the frac-
ture toughness of solid electrolyte materials leading to fracture.
A key aspect that was recently discussed in the literature is the
application of stack pressure and its role in mitigating interfa-
cial challenges and homogenizing interfacial stresses in solid-
state batteries282931  Certain modelling results indeed show
that application of high stack pressure can lead to a more uni-
form Li|SE interfaces minimizing the chances for stress-driven
failure125154, However, other reports show that stack pressure
has no effect on deposition stability at the anode|electrolyte inter-
face™3. XRT is an ideal characterization tool to investigate the
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meso-scale transformations expected in the solid electrolyte and
the anode|electrolyte interface. However, designing experimental
setups that are compatible with X-ray endstations while offering
pressure and temperature ranges (1-20 MPa, 25-100 °C) required
is challenging. These operating parameters typically require ex-
tensive instrumentation that are not compatible with constraints
placed at the endstations. Indeed, most in situ experiments re-
ported here work do not report operating stack pressures and are
likely not in the MPa range based on the experimental cell de-
signs. Future work on cell design that can enable controlled in
situ and operando experiments is vital to assessing the chemo-
mechanical response of solid electrolytes at relevant operating
conditions.

Controlling the morphology of an metallic anode during cycling
is crucial to achieving high coulombic efficiency batteries. Inher-
ent interfacial resistance, slow kinetics as well as chemical de-
composition at the SE|anode interface leads to non-uniform elec-
trodeposition of Li metal. Typically, low density of the metallic
anode makes X-rays a less promising alternative to observe mor-
phological transformations during electrochemical cycling. How-
ever, XRT is still used in certain studies with Li metal as well
as other anode materials (Na, Sn). Careful experimental design
and parameter optimization enables tracking Li metal transfor-
mations in Li|LLZO|Li system with XRT®4. Pore formation and lo-
cal hotspot generation in lithium metal were clearly visualized in
tomography reconstructions manifested as darker regions at the
interface and semi-circular contours in the cross-sectional images
(Fig. [T1p). Leveraging convolutional neural networks for seg-
mentation can enable distinguishing between low contrast phases
of Li metal and pores enabling quantitative insight from the sys-
tem (Fig. [I1p). In addition, advanced image processing enabled
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Fig. 11 Li imaging by in situ XRT. (a) Raw XRT reconstructions for
Li at different stages of cycling. Cross-section image shows evidence
of hot-spot and pore formation in the Li electrode. (b) Convolution
neural network enabled segmentation of Li and pore phases from the XRT
images. (c) Local spatial current density maps highlighting hot spots in
the Li metal and corresponding morphology. Adapted with permission
from®4. Copyright 2020 American Chemical Society.

isolating and characterization of hot-spots in the electrodes (Fig.
). Hot-spots in Li metal were correlated to sub-surface elec-
trolyte microstructure where local regions possessing sub-optimal
transport and mechanical properties can initiate failure. Na|Na f3-
Al, O3 interface was characterized using operando lab-scale XRT
measurements3Y. Na metal anode showed porosity at the pris-
tine interface in the tomography scans. Void number density as
well as sizes increases during stripping while a complementary
behavior was observed during plating (Fig. [I2h). The interfa-
cial contact between Na and SE shows a consistent decrease with
increasing cycles with the total void volume showing a system in-
crease during cycling. In addition, pore size distribution during
cycling shows persistence of smaller pores even during plating
cycles which suggests a partial filling of larger pores during the
electrodeposition step. Persistence of the smaller pores indicate
the mechanism for void growth and accumulation at the interface
during cycling. Loss of active contact area of Na|SE can lead to
increased local current density that can cause filament formation
and cell short. A similar study was carried out on Li|LPSCI|Li sys-
tem2?. Lower contrast offered by Li metal did not enable resolu-
tion of pores independently. Images averaged over cell thickness
showed clear evidence of interfacial delamination and pore for-
mation in Li metal at high stripping current density. These results
highlight the morphological variations in anode|SE interface and
its impact on failure mechanisms.

Morphological changes in composite Sn anode material in
InLi,|LPS|Sn solid state battery were tracked using operando syn-
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chrotron TXM studies (Fig. ). The solid-state battery was
charged and discharged between 2 and 0.1 V. A strong correlation
in the observed lateral strain in the working electrode was ob-
served compared to the theoretical expansion of equivalent quan-
tity of Sn. This indicated a strong influence of volume change
of active material on macroscopic deformations of the electrode.
Morphological evolution of the active material showed a strong
spatial heterogeneity with the Z- axis showing preferential ex-
pansion (up to 90 %) compared to X- or Y- directions (approx-
imately 10%). The preferential expansion might arise from cell
constraints as well as electrode aspect ratio. Topological analy-
sis of Sn particles indicated a core-shell evolution of the lithia-
tion process. Furthermore, a reaction gradient was observed in
the electrode with Sn particles near the separator showing higher
concentration of Li-Sn, while those at the current collector remain
almost inactive. Horizontal (XY- plane) and shell voids were ob-
served in the working electrode that showed a cyclic behavior
during cycling. Lithiation caused an increase in the crack den-
sity, while delithiation caused the cracks to disappear. Horizon-
tal cracking was proposed to occur due to z- oriented expansion
of the active material, while the shell voids occur due to non-
reversible morphological changes to the Sn particles. So far, XRT
has seen limited use in characterization of Li metal plating. Re-
cent work with XRF mapping and phase-contrast XRT has shown
applicability of X-ray imaging towards characterization of Li metal
anodes™?, Further work on experiment design to characterize
low Z- elements as well segmentation is expected to provide av-
enues for investigating anodes in solid-state batteries.

Effect of interlayer chemistry on stability of electrodeposition
of Li in Li;gGeP,S1, (LGPS) solid electrolyte was investigated
by XRT157, A decomposition threshold area of ~150 um was
identified at the LGPS|Li interface that can cause fracture of the
solid electrolyte (Fig. [I2k). Addition of high concentration lig-
uid electrolyte suppresses decomposition reaction significantly
aiding in stabilization of the interface. Composite cathode of-
fers an ideal material system for investigation through X-ray to-
mography. Understanding the relationship between composition,
processing and resulting three-phase architecture is crucial for
achieving high rate capability cathodes. Additionally, chemo-
mechanical degradation (delamination, cracking) during cycling
is also investigated by X-ray imaging. Impact of loading on ac-
tive material utilization in composite cathodes was investigated
by XRT26, LiCOO, (LCO) was used as cathode active material and
Lip »Co.§Bp.203 (LCBO) was used as a solid electrolyte. Two cells
were assembled with cathode compositions of LCO:LCBO = 5:5
and 8:2, LCBO solid electrolyte and Li metal anode. Cell with 8:2
cathode composition showed a specific discharge capacity of 57
mAh g~! (48% theoretical capacity) while the 5:5 cathode com-
position cell showed a specific discharge capacity of 85 mAh g~!
(70% theoretical capacity).No reaction distribution in the through
plane direction of the electrode was observed indicating a ion-
diffusion limitation(Fig. [I2|d). This was contradictory to some
other literature reports331160, However, a heterogeneous distri-
bution of in-plane AM utilization was observed. In particular, the
8:2 system shows larger AM aggregates with the central regions
of these aggregates showing a lower degree of lithiation. In com-
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parison, 5:5 system showed lower aggregation due to the reduced
active material loading leading to smaller aggregates and a more
homogeneous reaction distribution within the active material ag-
gregates. Similar study was carried out on NCA-PEO cathode ma-
terial’33, The SSBs showed a significant drop in capacity over
20 cycles from 180.36 mAh g~! to 83.09 mAh g~!. The cathode
materials were harvested from pristine, single-charged and cycled
cells. TXM cross-sectional images for secondary particles from the
cathode clearly show presence of irregular patterns throughout
the particles ascribed to the cracking of the secondary particles.
This cracking was concentrated in the center of the secondary
particles. XANES imaging of 2D cross sections over the Ni K-
edge clearly indicated presence of domains containing discharged
cathode material even though the samples were harvested from a
charged cell. 2D XANES imaging shows a heterogeneous utiliza-
tion of the secondary particles with isolated, discharged domains
that seem electrochemically inaccessible (Fig. [12k). Additionally,
3D-TXM-XANES images show a correlation between morphologi-
cal cracking of the particle and the inactive domains identified in
the 2D XANES maps. The results indicated loss of electrochemical
activity in the core of the particle driven by loss of ionic diffusion
pathways due to cracking of the particle.

Ensuring a three phase contact between the active material,
solid electrolyte and electron conducting additive is crucial for a
composite cathode. X-ray imaging is used extensively to assess
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the spatial distribution of the individual phases and identifica-
tion of transport bottlenecks in the structure of composite cath-
odes. Investigation of NMC : LTAP : Super-P carbon (47:47:6)
composite cathode was carried out by ex situ TXMIEL. The com-
posite cathodes were fabricated at 700 and 1300 psi. Geometric
analysis showed poor three phase interface between the compo-
nents that was required for achieving electrochemical access of
the active material. LTAP coverage on NMC improves from 55%
to 59% on increasing the assembly pressure from 700 to 1300
psi. Similarly, XRF imaging was used to investigate the Zr and
Mn distribution of NMC infiltrated LLZO scaffolds162. Comple-
mentary distribution of Mn and Zr was observed indicating that
NMC has infiltrated the voids present in the LLZO scaffold. Lab-
scale XRT was used to image NMC-LPS based composite cathodes
which were used for microstructure-resolved simulations1%, Vi-
sual analysis of the reconstructed cathodes showed fluctuations
in the in-plane composition. Lower electronic conductivity and
preferential lithiation closer to the separator were identified as
capacity fading mechanisms through simulations. Concentration
gradients in a Ag | Aggl4WOy| TiTe; full cell was investigated by
synchtrotron radiograph. TiTe, composite cathode also con-
tained solid electrolyte and acetylene black to allow for ionic and
electronic conduction. Full cells were cycled at 0.2C (1.05 mA
cm~2) and a reversible capacity of 32 mAh g—! was obtained cor-
responding to 0.36x theoretical capacity of TiTe,. Overall, the
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cathode shows an increase in X-ray transmission consistent with
the extraction of Ag-ions. A decrease in X-ray transmission of
solid electrolyte was observed and was attributed to the growth
of silver dendrites from the anode. Additionally, a preferential re-
action at cathode|electrolyte interface was observed indicating a
ion- diffusion limitation in the cathode. While the methods used
for silver ion conductor are not necessarily translatable to Li or
Na systems, this study shows potentially important bottlenecks
to ion transport in all solid-state system. These results highlight
the importance of tailoring composite cathodes microstructures
to facilitate fast ion transport to ensure high energy and power
capacity of solid-state batteries.

4.4 Neutron Depth Profiling

Neutron depth profiling has been extensively employed to under-
stand distribution of low Z- element, specifically Li in solid state
batteries (Fig. -b). Monte carlo simulation models in combi-
nation with NDP energy profiles are used to generate Li concen-
tration depth profiles to generate further insight into the battery
mechanisms. Li accumulation in the LiPO4 (LPO) electrolyte was
identified as the origin of aging mechanism in thin film SSBs162/
This mechanistic origin identified by combining MC models with
the measured energy profiles correlates very well with the electro-
chemical results. Li enrichment zone at garnet surface and adja-
cent depletion zones were identified in LLZO garnets undergoing
atomic layer deposition (ALD) coating of Al,O3 by NDP102, Sur-
face Li reaction with ALD precursor trimethyl alumina (TMA) and
water generate a Li-Al-O layer adjacent to the Al,O3 layer which
was observed as a sub-nm region in SAEED images. Al,O3 coated
LLZO was shown to contain higher concentration of Li in the
surface region compared to bare LLZO. This high concentration
of Li near the interface enables a higher rate performance from
the electrolyte by enabling consistent charge transfer at LivertSE
interface. Lithium deposition in bulk solid electrolytes was in-
vestigated by time resolved, operando NDPZZ, LCO|LiPON|Cu,
Li|LLZO|Cu and Li|LPS|Cu cells were investigated. LiPON sample
did not show any shorting behavior while LLZO sample shorted
at 1.06 mA cm~2 after a cumulative charge of 4.6 mAh cm—2
(23 um) and LPS sample shorted at 2 mA cm~2 after a cumu-
lative charge of 1.2 mAh em~2 (6 um). Operando visualization
of NDP energy profiles indicate nucleation and growth of Li den-
drites inside LLZO and Li;PS,. High electronic conductivity of
these materials was identified as the cause of lithium deposition
in the SEs.

Similarly, impact of ZnO ALD layers on lithium metal elec-
trodeposition stability on copper with a PEO-LAGP based hybrid
solid electrolyte (HSE) was investigated by NDP (Fig. ) 1631
Operando NDP results show a that for the bare copper current
collector, the average Li density, as well as the thickness of the
deposits, rapidly increase upon cycling, reflecting buildup of in-
active lithium- metal and Li-species at the HSE side. Introduction
of ZnO layer on the current collector, results in improved affin-
ity between the Li metal with the ZnO-covered current collector
leading to a reduced accumulation of dead Li metal deposits. Ad-
ditionally, integration of the observed density profiles allows for
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calculating plating/stripping efficiency which was approximately
45% for Cu current collector and 80% for ZnO@Cu current col-
lector. Similar measurements to investigate electrodeposition sta-
bility at anode interfaces were carried out to understand plat-
ing/stripping behavior of Li in solid state battery working with
Ti and carbon nanotube interlayers in Li|LLZO|LiZ>®7 as well as
for LCO|Li3POy4|Si thin film batteries'.®Z. Ti|LLZTO|Li cell was cy-
cled up to a cumulative charge passed of 600 uAh®Z. NDP energy
profiles as well as fitting results suggests Li preferentially deposits
within the holes of the patterned Ti electrode as opposed to the
Ti|SE interface. This architecture can significantly reduce interfa-
cial stress due to electrode volume change and mitigate dendrite
formation. Li plating behavior at the electrode|electrolyte inter-
face was evaluated for Li|Li symmetric and Li|CNT asymmetric
cells by NDPZ2, NDP energy profiles indicate the formation of a
reversible layer near the SE|CNT interface that shows reversible
cycling. Plating in excess of this region was left behind and ac-
cumulates in the CNTs. At low current density (100 puA cm™2)
net change in charge passed in Li|Li symmetric cells and the inte-
grated NDP counts turn out to be near zero at end of cycle indicat-
ing reversible plating/stripping behavior. At higher current den-
sity (200 and 400 pA cm~2) no accumulation of Li at end of each
cycle was observed until failure indicating complete reversibility.
After short circuit, inner layers show an increase in counts indicat-
ing Li accumulation in garnet pellet. Lithiation and delithiation
behavior in LCO|Li3POy4|Si thin film batteries were tracked using
operando NDP (Fig. [13d)67. The intensity profiles for the initial
formation cycles follow expected trends with respect to lithiation
and delithiation. However, high lithium content cathode and Li-
free anode were not realized after the first two cycles indicating
presence of immobilized Li in the anode. In addition, an immobi-
lized interlayer was also identified at the anode|electrolyte inter-
face. Operando NDP scan of the charged battery over long term
cycling highlight stability of the cathode over the duration of the
cycle while a monotonic decrease in lithium content at the anode.
In addition, a generation of increasingly concentrated immobi-
lized Li containing interlayer at the anode|electrolyte interface
was identified. NDP map of the discharged cell over the cycling
duration show consistent behavior. Si-migration to the solid elec-
trolyte was identified as the cause of generation of the Li rich in-
terlayer by XPS measurements. Si-containing interfacial layer can
trap higher amount of Li that cannot be extracted during normal
battery operation limiting the capacity of the battery.

Lithium concentration in a thin film LCO|LiPON|Cu battery was
investigated by neutron depth profiling1%. The thin film battery
was charged at 10 pA (= 0.3C) to 4.2 V. To further understand
the lithium migration between cathode and solid electrolyte, LCO
was fabricated with 100% °Li which results in higher intensity for
the cathode compared to the solid electrolyte. No interaction be-
tween cathode and electrolyte was observed during passive hold
between fabrication and testing (one week). Upon charging a
significant decrease in intensity at the cathode was observed con-
sistent with depletion of Li from the cathode. In addition, the
depletion was stronger at the SE|cathode interface which was pro-
posed to arise from °Li migration from cathode to solid electrolyte
as well as the charging reaction. Similar analysis was carried out
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Fig. 13 Summary of Neutron Depth Profiling Studies of Solid-State Batteries. (a) Schematic diagram showing the working principle of neutron depth
profiling. (b) Characteristics of NDP studies. (c) Li plating in CulHSE|Li with and without a ZnO interlayer. Adapted with permission from/163
Copyright 2020 American Chemical Society. (d) Lithiation and delithiation of LCO and Si electrodes. Adapted fromT64! \yith permission from Wiley.

on LMO|LiPON|LNO thin film battery?Z3. NDP scans were take
for fully charged and discharged battery. Comparison of the two
scans indicate that most change in lithium concentration was ob-
served in the two electrodes (approximately 14-16%) with mini-
mal change in the electrolyte (0.1%). 31% of the total calculated
lithium concentration was estimated to participate in the redox
reactions. Spatial 2D imaging of NDP profile indicates inhomo-
geneous distribution of Li in the SSB with Li being concentrated
near the center of one half of the sample (28% of lithium in 8%
the total cell area). These results highlight the need to under-
stand spatial distribution of lithium migration within solid state
batteries.

4.5 Atomic Force and Scanning Probe Microscopy

Atomic Force/Scanning Probe microscopy (AFM/SPM) offer si-
multaneous multi-modal measurements of materials by physical
contact of a nano-sized cantilever probe with the material (Fig.
[[4h). AFM/SPM can provide morphological information, me-
chanical property measurement and can also be used to assess
electrochemical properties of the material with nm- level resolu-
tion (Fig. [I4p). While, these techniques have seen limited appli-
cation to SSBs so far, it is anticipated that careful design of experi-
mental setup can enable wide applications of this technique to as-
sess the electro-chemo-mechanical transformations in SSBs. The
primary use of AFM is to assess morphological evolution during
cycling (Fig. [I4k). Li plating morphology during plating was in-
vestigated and the impact of interlayer chemistry (Au, Ag, Si) was
investigated for LLZO garnets. Li deposition on gold interlayer
shows much larger electrodeposited nuclei with higher roughness
compared to the silver interlayer system. In addition to higher
roughness of electrodeposited Li, cycling efficiency was also iden-
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tified to be lower with Au and Si systems compared to Ag inter-
layer system. Difference in kinetics and activation barriers for
electrodeposition between the three layers dictate the difference
in cycling efficiencies. Mechanical properties like adhesion and
Young’s modulus were measured for extrinsic interfaces in hybrid
electrolytes (Fig. ). Electrochemical performance of hybrid
electrolytes processed with three different molecular weights of
PEO (300K, 1M, and 5M) were correlated to the interfacial me-
chanical properties of the hybrid electrolyte. Specifically, the high
adhesion of the 300K hybrid electrolyte leads to higher capacity
and improved retention of SSBs. In addition to this, co-variation
of adhesion and Young’s modulus indicate that sub-surface dis-
tribution of ceramic particles in the hybrid electrolyte dictate the
surface mechanical properties. Disparate sub-surface microstruc-
ture can also lead to differences in electrochemical propertiesZ0.
AFM results showed two orders-of-magnitude difference in lo-
cal ionic conductivity for polyimine-LPS hybrid electrolyte. In
addition, a sharp change in ionic current was observed at the
LPS|polyimine boundary with ion current decreasing with smaller
polyimine particles as well as cycling (Fig. [I4f). Origin of these
differences was proposed to be the intrinsic anisotropic kinetic
barriers along different material axes.

Electric potential differences across NMC particles were inves-
tigated by AFM (Fig. @). Differences in surface poten-
tials investigated by AFM directly correlates to strength of the
space charge layer in the cathodes. NMC in LLZO matrix shows
a higher potential (-42.1 mV) compared to the composite cath-
ode with NMC-Li3PO4-LLZO matrix (-144.3 mV). These results
were consistent with DFT studies that indicate that careful inter-
face engineering weakens the space charge layer and improves
interfacial charge transfer across the SE|active material interface.
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AFM can also be used to evaluate electrochemical strain maps
within materials where in electrochemical strain originated from
a bias-induced ionic diffusion and related molar volume change
in battery materials’7%. NMC thin films show differences in ionic
mobility and electrochemical activity as observed by differences
in distribution of the resonance amplitude and Q factor of the
measurement (Fig. @). High Li- ion concentration areas in the
cathode were identified at grain-boundary-like features and sur-
face defects. Decrease in Li-ion concentration on cycling was also
localized at grain boundary regions which was stronger in the ini-
tial cycles. Higher Q factor observed in the cycled sample also
indicates an increased charge transfer barrier resulting in lower
Li-ion diffusivity and electrochemical activity. Strong coupling
between ionic/electronic diffusion, surface mechanical properties
and capacity fade of the NMC cathodes was established. Similar
investigation on LAGP solid electrolyte material indicate differ-
ence in mechanical properties of the LAGP crystalline domains

and the glassy domains belonging to the amorphous interphase
generated in the material?7L, Contact stiffness mismatch between
these phases was proposed to cause crack formation in LAGP solid
electrolytes.

5 Reciprocal Space Characterization

Reciprocal space studies typically provide information concern-
ing phase, texture and stress within the investigated systems (Fig.
[I5p-b). Scattering-based techniques (X-ray, neutron based) probe
the atomic length-scales within the material. While spatially
resolved techniques can enable probing of samples over larger
length-scales, the underlying information is typically obtained
from length-scales associated to long-range and short-range order
in the investigated materials. While probing crystalline materi-
als, Bragg reflections are generally tracked and these studies are
broadly discussed here as diffraction studies. Scattering studies
highlight the insight into the structure obtained from non-Bragg
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Fig. 15 Summary of Reciprocal Space Characterization in Solid State Batteries. (a) Schematic diagram depicting diffraction investigation methodology.
(b) Characteristics for diffraction studies. (c) Reitveld refinement of diffraction patterns obtained from pristine and cycled symmetric LigPSsCl cells.

Strong decomposition of the cycled sample is observed from XRD studies. Adapted from

148l \with permission from Wiley. (d) Spatial profile of Na|

Na3SbS,|Na cells highlighting the stability of hydrated interfaces. Close up of regions of interest in the diffraction patterns. Adapted from22 with

permission from Elsevier. (e) Pair distribution function analysis for LPS based solid electrolytes during annealing. Adapted from

from Springer.

reflections from amorphous materials.

Coupled, ex situ XRT and diffraction measurements of pristine
and cycled Li|LigPSsCl|Li cells was carried out to assess the impact
of high pressure cycling to the phase as well as the microstructure
to the solid electrolyte (Fig. [15K)1%8. Diffraction from the pris-
tine bulk solid electrolyte shows only the presence of LigPS5Cl
while the cycled sample shows evidence of presence of numerous
phases like LiCL, Li;S, and reduced phosphorous species. Li den-
drite growth through the solid electrolyte bulk introduces fresh
Li|SE interfaces where solid electrolyte interphase (SEI) genera-
tion can lead to formation of decomposition products identified
by the XRD results. Additionally, the impact of pressure on the
performance of Li|LigPSsCl|Li cells was investigated. High stack
pressures > 25 MPa were shown to accelerate failure due to Li
creep through electorlyte pores. An optimal stack pressure of 5
MPa was identified for the Li|LigPSsCl| (Lithium Niobate) LNO-
coated NCA system that enabled long-term cycling with 80.9%
retention at 100 cycles. A similar study using ex situ spatially
resolved XRD was carried out for Na|Na3SbS,|Na cells to char-
acterize the Na|SE interface (Fig. ) 175 The work investi-
gated the influence of hydration of Na3SbS, solid electrolytes and
its impact on stabilization of the Na|SE interface. XRD results
show presence of decompsition products like NaH, Na,O as well
as Na3SbS4.8H,0 in the layers closest to Na metal. Layers fur-
ther in the bulk of the sample shows presence of combination of
the hydrated solid electrolyte with pristine Na3SbS4 and only the
pristine solid electrolyte in the bulk. Hydrated solid electrolyte
mitigates degradation of the Na metal anode against the Na3SbS,
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176! with permission

solid electrolyte. Further, presence of Na metal was validated
highlighting the protection of Na metal by hydration of the elec-
trolyte.

X-ray diffraction was proposed as an indirect measure for state-
of-charge (SOC) of SSBs17Z, In|LisPS5CI|NMC with uncoated as
well as LiINbO3; coated NMC were assembled and cycled between
2.3 and 3.8 V at C/20 rate. LiNbO3 coated NMC delivered higher
specific charge capacity and coulombic efficiency (165 mAh g~ !,
81%) compared to the uncoated NMC (154 mAh g~ !, 72%). High
charge transfer resistance for the uncoated NMC due to side-
reactions and partial contact loss with SE can lead to lower capac-
ities for the initial cycles and poor coulombic efficiency. Presence
of inactive cathode active material was identified by comparing ex
situ and operando diffraction patterns of SSBs with conventional
liquid electrolyte cells. Refinement of the XRD considering the
inactive phase leads to estimation of SOC of the coated and un-
coated materials as 173 and 162 mAh g~! which were consistent
with the experimental results. These results indicate that XRD is
a potential tool for reliably assessing SOC of SSBs and to investi-
gate presence of inactive CAM within the composite cathode. In
situ XRD was used to estimate unit cell volume change for NCM,
NCA and LCO cathode materialst, Unit cell volume reduction
of 4-6% was observed for NCM and NCA electrodes, while a non-
monotonic response (+2%) was observed for LCO material. Cath-
ode expansions identified by XRD experiments were correlated to
chemo-mechanical stress generation in SSBs. InLi|LSPS|Li,S cell
was investigated byoperando energy dispersive X-ray diffraction
and tomography®%.The cell was cycled at 1C, 0.5C, 0.25C and
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0.1C during the operando measurement. During charge process,
principle diffraction line of In disappears with the appearance of
InLi diffraction peak. Additionally, volume change in the elec-
trode cause build-up/release of stress at the electrode|electrolyte
interface causing mechanical degradation.

Diffraction is also utilized to assess conduction pathways and
mechanisms in solid electrolytes. The impact of annealing condi-
tions on ion transport properties of LiyS-P,Ss system was investi-
gated using pair distribution functionlZ®, 75Li,S-25P,S5 glass
system showed higher conductivity after annealing and lower
conductivity after crystallization (Fig. [I5k). The presence of
mixed phases was reproduced by differential pair distribution
function analysis. Presence of a minority nanocrystalline phase
was identified during annealing which leads to an improvement
of ionic conduction. High pressure XRD studies of Na3SbS, were
carried out to investigate pressure driven structural changes and
its impact on ion transport178, Increasing pressure from 0.2 GPa
to 2.0 GPa leads to shift of the diffraction peaks from Na3SbS, to
higher 26 values and broadening of the peak widths. Tetragonal
phase was identified at for all the measured diffraction patterns.
a lattice parameter shows a monotonic decrease with pressure
while ¢/a parameter shows a monotonic increase. This indicated
an increase in the tetragonal distortion of the solid electrolyte
framework. The lattice paramter trends also indicated aniostropic
compressibility along the three principal directions with a being
most compressible. Ionic conduction increases with pressure due
to lower grain boundary resistances. Neutron powder diffraction
was used to assess structural changes in LigPSsCl during in situ
heating’”?, Room temperature mixture of precursors was amor-
phous with crystalline peaks of Li,S adn LiCl. Crystalline argy-
rodite starts to form at 80 °C and remains crystalline up to 490 °C
where it melts/becomes amorphous. The argyrodite phase recrys-
tallizes on cooling and was stable till 90 °C. Results indicate high
annealing temperature and fast cooling were required to reach
the nominal compositions. Exothermic reactions of LPS solid elec-
trolyte with LINbO3; coated NMC111 were investigated by in situ
high temperature synchrotron XRD18%, Composite cathode con-
sisting of LPS:NMC (25:75) was initially charged to 3.8 V against
In at 0.13 mA cm~2. The charged cathode sample was extracted
and investigated by synchrotron XRD in a control N, atmosphere
as well as vacuum. The diffraction patterns were obtained in
the 26 range of 5°-25° between temperatures of 20 °-500 °C. In
N, atmosphere, CoNi,S4, Li3PO4, MnS, 3-Li3PS, and Li,S phases
appears after 300 °C with a reduction in the NMC phase peaks
indicating exothermic reactions between LPS and NMC between
300 °-500 °C. In contrast, no reaction products were observed
for the temperature study in vacuum. In particular, the forma-
tion of the LPO oxide phase was derived from the LPS reaction
with the O, gas generated during NMC decomposition. These
results dictate the necessity of oxygen tolerant solid electrolytes
for practical solid state batteries. Assessing phase formation dur-
ing processing conditions with diffraction can provide insight into
structures that result in high ionic conduction properties and help
tailor processing conditions.

Grain orientation and grain boundary misorientations of LLZO
were investigated by Laue X-ray microdiffraction®l. LLZO was
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synthesized by conventional solid state synthesis and samples
with large (100-200 um) and small (20-40 pm) grain sizes were
obtained. Grain size control was afforded by varying the particle
size distribution of the powders used for making the cold-pressed
pellet. Sintering of green pellets formed by cold pressing of 1
um size powder leads to larger grain size (100-200 um) due to
improved densification. Addition of larger particles (10 um) to
the green pellets leads to smaller grain sizes (20-40 um) in the
sintered pellets. Laue microdiffraction was carried out on two
samples : LLZO with large grain size and LLZO with small grain
size. Grain orientation for both samples were completely ran-
dom and the misorientation angles between neighbouring grains
for both samples were statistically identical. While, electrochem-
ical measurements indicated that LLZO with smaller grain size
showed improved critical current density (0.13 mA cm~2) and
area specific resistance (37 Q cm?) compared to LLZO with larger
grains (0.04 mA cm~2, 130 Q cm?). These results suggested that
the difference in critical current density of the two samples did
not arise from grain boundary or grain orientations in the two
samples. Atomic level LPO|LNMP interface characterization was
carried out by synchrotron X-ray crystal truncation rod scattering
analysis1®2, LNMO (111) epitaxial thin film growth was veri-
fied by the CTR profiles and introduction of LPO amorphous solid
electrolyte does not damage the cathode thin films. LPO introduc-
tion lowers the cubic lattice constant of the LNMO from 8.23+
0.02 Ato 8.1840.01 A. Lower lattice constant for LNMO without
LPO deposition arises from lithium deficiency (30%) which gets
slightly replenished on LPO deposition. Further quantitative anal-
ysis of the CTR profiles indicate an atomically sharp interface be-
tween LNMO and LPO that can facilitate Li* transport. Compar-
ing LPO|LNMO(11) interface to LPO|LNMO(001) interface, spon-
taneous migration of Li was lower for the (111) system. Addition-
ally, anisotropy in the interface was observed with (111) system
interface showing 5x larger resistance than the (001) interface.
Similar study was carried out on the interface of LPO|LCO system
to understand the origin of the resistancel83, Two samples were
evaluated corresponding to different LPO deposition rates 105
nm/h at 5 Hz repetition rate and 450 nm/h at 20 Hz repetition
rate. Impedance spectroscopy results show the 20 Hz-LPO|LCO
system has a significantly (33x) higher interfacial resistance than
the 5 Hz-LPO|LCO system (5.5 Q cm~2). The origin of the high
interfacial resistance was attributed to a dead layer in the 20 Hz-
LPO|LCO system with low crystallinity at the interface. These
results highlight the need for tailoring the cathode|electrolyte in-
terface with atomic precision to facilitate Li™ transport through
the solid|solid interface.

In situ X-ray diffraction was used to study evolution of the elec-
trode phases in Bi|LiPON|Li thin film solid state batteries 4, The
cell was charged potentiostatically at 0.8 V. Diffraction data indi-
cates presence of a series of phase transitions from Li3Bi-LiBi-Bi
along with presence of phases like Li;Bi. These results highlight
the importance of phase transformations in alloy electrodes and
XRD as a tool to investigate binary alloy systems. Similar study
was carried out on an Li|Li;YClg|LCO cell’®>, The cell was oper-
ated between 3.6-1.9 V at 135 uA cm~2 (0.1 €). LCO diffraction
peaks show behavior similar to those observed in conventional
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liquid electrolyte systems with the (003), (006), and (104) peaks
shifiting to lower angle while the (101) peak shifting to higher an-
gle. No variation in the signal from LYC solid electrolyte indicated
absence of side reactions within the system.

X-ray and neutron scattering has been used to investigate struc-
ture and macro-phase separation in polymer and hybrid solid
electrolytes as well as for porous electrodes®©Z:1864120, Appropri-
ate fitting of the scattering signal provides insight into size and
shape distributions of polymer and particle aggregations within
hybrid electrolytes. Quasi-elastic Neutron Scattering (QENS)
was used to elucidate conduction pathways in LiBH4/SiO, aero-
gelsl0U, The results indicate a presence of two different LiBH,4
fractions with one exhibiting high lithium and hydrogen mobil-
ities. Presence of this phase might result from interaction with
silica via reaction with the silanol groups.

6 Spectroscopic Studies

6.1 X-ray Photoelectron Spectroscopy

Due to the typical interphase formation at electrode | electrolyte
interfaces, the surface phenomena plays a crucial role at prompt-
ing failures in solid electrolytes. X-ray photoelectron spectroscopy
(XPS) is a powerful surface-based technique that enables extract-
ing useful chemical information about surface inhomogeneity, ir-
regularities, electrode nucleation and near-surface variation of
composition (Fig. [I6h-b). Ex-situ XPS technique is a frequent
study to characterize SE coating layers and understand interfa-
cial electrochemical reaction mechanisms. With the exception of
garnet-based oxides, most solid electrolyte materials like sulfides,
thiophosphates and argyrodites show noticeable chemical trans-
formation during electrochemical cycling. However, in situ and
operando probing in solid-state batteries via XPS can be challeng-
ing experimentally due to the buried interfaces. To tackle this
challenge, in lab-scale XPS, metallic electrodes (Li, Al and Au)
was electrodeposited in situ by ion-beam sputtering. In situ inter-
phase evolution studies were carried out by XPS using Ar plasma
to deposit limited quantity of target material (Li) on the sam-
ple(Fig. [I6k). Interphase evolution on a thin-film LLTO was in-
vestigated with the depth-profiling in XPS (Fig. [L6H)™2L. Results
indicated that LLTO forms a mixed conducting interphase (MCI)
by reaction of Li metal and solid electrolyte material. In case
of LLTO, Ti** reduces to species with Ti’*, Ti**, and Ti oxida-
tion states. The reduction of the solid electrolyte occurs without
any electrochemical biasing and the MCI formation was driven
completely by thermodynamic instability between the two mate-
rials. Similar characterization was performed on thiophosphate
LPS electrolyte to study the gradually formed SEI (Fig. [16k-D).
The thin interphases don’t go through continuous evolution but
was nonetheless, resistive due to the formation of Li,S and LizP
via chemical degradation?2192 Formation of the MCI in these
materials severely limits their applications in SSBs due to the high
interfacial resistances. Other amorphous solid electrolytes such
as LiPON and NASICON have been probed via XPS as thin-film
based battery study1®. Lithium film was grown on to these sur-
faces by vapor deposition. In case of LiPON, surface sensitivity
of XPS revealed formation of species such as LizPOy, LisP, LisN
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and Li, O just by physical exposure. Various glass like NASICON
(Lijax_ yAﬁ*Mi*Mz, x,;ﬁ) electrolytes, while in contact with Li,
also undergo degradation reactions leading to an increase in in-
terfacial impedance over time. Depth-profiling XPS showed var-
ious mixed conducting interphases, prompted by elemental (Ti,
Ge) oxidation state change. It should exclusively be noted that,
all of these interfacial changes occurs without any electrochemi-
cal contribution.

Garnet-type solid electrolytes such as LLZO (Li;La3zZr,01,) and
its doped (Al, Ta, Nb, Ga) counterparts, owing to superior stabil-
ity against electrodes, don’t exhibit a distinct interphase region.
But due to air-filled processing environment, a thin but insulating
Li,CO;3 layer forms on the pellet surfaces, causing high interfa-
cial resistance from both cathodic and anodic side. The impact
of carbonate layer in dictating the performance and characteris-
tics of Li|LLZO interfaces was studied by direct surface probing via
XPSH123, Formation of the carbonate layer was linked to proton ex-
change of LLZO, formation of Lithium hydroxide and subsequent
decomposition to the lithium carbonate (Fig. ). The carbon-
ate layer impedes interfacial Li* transport, prompting voids for-
mation at the interface and results in electrolyte failure. Quan-
tification of COj layers showed nanometer scale thin surface re-
gion on bulk electrolytes, even after excessive surface condition-
ing'2%, In situ XPS studies on LLZO under varying temperatures
have shown that decomposition of the surface carbonate species
on LLZO was close to 150 °C (Fig. ). The onset temperature
of this decomposition was significantly lower than the simple de-
composition of Li;CO3 to CO,, which was reported between 620
° and 1000 °C. Exposing the cleaned surface to air again leads
to formation of the carbonate layer suggesting that the process
was reversible. These results highlight the need for careful han-
dling and proper surface treatment procedures of garnet oxides to
enable low-resistance, efficient Li|SE interfaces. Depth profiling
XPS with thermal control was also used to investigate cathode|SE
interface stability139, Co-sintering of LLZO and LCO materials
leads to Co diffusion from the cathode into the LLZO matrix as
confirmed by the depth profiling XPS (Fig. [L6}). Typical decom-
position products expected were Li,CO3, LayZr,O; and LaCoOs3.
Formation of these decomposition products impede ion transport
and can contribute to capacity fade in SSBs.

6.2 X-ray Absorption Spectroscopy

X-ray absorption spectroscopy provides an accurate measure of
X-ray absorption coefficient as a function of incident X-rays, in
an energy range above and below the absorption range of a se-
lected element of material under investigation. Thus, XAS is an
element-specific, local-structure probe which provides informa-
tion regarding local neighborhood of the element of interest (Fig.
—b). Due to the nature of electrochemical processes in a bat-
tery (intercalation of guest species into a host lattice), XAS of-
fers a versatile tool to investigate local chemical structure. In-
vestigation of local structure was used to elucidate the origin of
performance enhancement of graphite-LPS composite anode pre-
pared by spark-plasma-sintering processi2®. In comparison to a
blended graphite, LPS composite, the cells run with SPS fabri-
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Fig. 16 X-ray Photoelectron Spectroscopy studies of SSBs. (a) Schematic diagram for traditional XPS studies. (b) Characteristics of XPS measure-
ments. (c) Schematic diagram of experimental setup devised to investigate interphase formation in situ using XPS. (d) Decomposition of LLTO and
evolution of reduced Ti species on Li deposition on interface tracked with setup described in (c). Adapted from™2 with permission from Elsevier.
(e-f) Decomposition of LPS solid electrolyte and evolution of decomposition products on in situ Li deposition. Adapted from222 with permission
from Elsevier. (g) Evolution of surface oxide, carbonate and hydroxide species with heat treatment temperature for LLZO solid electrolyte. Adapted
from293] Copyright 2017 American Chemical Society. (h) Evolution of surface oxide and carbonate species with treatment temperature highlighting
the required temperature to remove surface carbonates. Adapted with permission from194, Copyright 2018 American Chemical Society. (i) Depth
profile of LCO|LLZO interfaces for thermally treated samples. Adapted with permission fromL38] Copyright 2018 American Chemical Society.

cated graphite-LPS composite showed improved energy density
and rate capability (= 600 mAh g~!'-Li,S and ~ 400 mAh g~ !-
Li,S respectively). The blended composite showed a broad peak
at around 1.6 in the EXAFS spectrum and some long range struc-
ture up to 5 . In contrast, the graphite-SE composite showed a
similar broad peak at 1.6 but a different long-rage-order struc-
ture (Fig. ). This indicates a change in the structural envi-
ronment around S atoms in the solid electrolyte by the synthe-
sis process. Based on the spectra of reference materials (LizPSg4,
Li4P,S7, Li;P3S;1), it was proposed that the SPS process leads
to an increase in amount of PZS‘;’ ditetrahedra. Such structural
change leads to sulfur deficiency in the P,S, network leading to
reduced coulombic attraction between Li and S atoms improving
the mobility of Li ions in the SE. Local structure of MoSj elec-
trodes was investigated using XANES spectra@. XANES mea-
surement indicated a reversible electronic structure changes of

Molybdenum after cycling. However, S K-edge XANES profile
indicated an irreversaible redox of S~ and S%~ on initial cycle
leading to a non-recoverable first discharge. Subsequent cycles of
MoS;|LPSLiln cell showed stable performance due to reversible
redox reactions of Mo and S. Interactions between NMC and LPS
materials with and without interlayer cathode coatings was inves-
tigated by XANES measurement'198, XANES spectra of quiescent
mixture of uncoated NMC and LPS show evidence of interaction
between the materials arising from Li diffusion from SE to the
cathode material and formation of an insulating interphase. In
contrast, quiescent mixture of LNO-coated NMC and LPS does
not show evidence of degradation indicating improved chemical
stability. Operando XANES spectra of the bare NMC highlights
LGPS decomposition to Li, S during cycling which get successively
severe with cycling. On the other hand, XANES spectra for LNO-
coated NMC indicate a very stable LCO-LGPS interface in the ini-
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peaks for pristine and cycled Li|Li;POy4|Li;RuO; cell. Adapted from'19Z
with permission from Elsevier.

tial cycles. Similarly, stability of lithium rich layered Li;RuOj;
cathode with LPS was investigated using XANES measurement
(Fig. ) 197 Tracking O 1s and Ru 3d peaks across cycling for
pristine Li;RuOs3, pristine Li;PO4|Li;RuO3 thin film show no vari-
ation in binding energies indicating a stable interphase between
the cathode and solid electrolyte.

6.3 Nuclear Magnetic Resonance Spectroscopy

NMR spectroscopy is a powerful probe to characterize ion dy-
namics and material imaging at atomic level for battery appli-
cations (Fig. [18p)29L. Impact of material processing and cycling
conditions on ion transport at electrode|electrolyte interfaces in
Li,S-LigPSsBr and Li,S system was investigated by NMR measure-
ments1??. Difference in chemical shift between Li in the cath-
ode and SE phases enable 2D exchange NMR measurements (Fig.
[18b). Results indicate an improved ion transport between the
SE and composite cathode for the nano-sized SE-Cathode com-
posite compared to the micro-sized cathode composite. Based on
experimental results, the exchange current density between the
electrode and electrolyte for the nano-sized composite cathode
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was estimated to be 1 mA cm~? compared to 0.5 mA cm~? for

the micro-sized composite cathode. In addition, charging signif-
icantly modifies the ion exchange characteristics for the system
leading to a less facile ion transport at the solid|solid interfaces.
NMR coupled with MRI enables 3D spatial tracking of metal-
lic filament growth through chemical shift imaging. Li filament
growth through LLZO solid electrolyte was investigated using ’Li
CSI technique”®, Filament growth was observed in the solid elec-
trolyte continuously upon cycling even below the critical current
density (Fig. ). In addition, growth of irregular features at
both interfaces indicate unstable electrodeposition as well as dis-
solution. These results indicated heterogeneity at both interfaces
suggesting formation of local hot spots during electrodeposition
and dissolution. Similar technique was used to investigate het-
erogeneity of Li distribution in LGPS solid electrolytes?%Y, NMR
experiments showed a high Li loss at the Li|LGPS interface upon
electrochemical cycling (Fig. [I8[d). This decrease was found to
be asymmetric with the top interface showing a 40% decrease
while the bottom interface shows a 20% decrease in Li content.
In comparison, a PEO-coated system shows only ~10% decrease
in Li concentration at the interface. This decrease in interfacial Li
content leads to increased interfacial resistance subsequently im-
pacting the filament growth through the solid electrolyte. While
no changes were observed in the bulk Li concentration, homo-
geneity of Li distribution was largely affected after electrochemi-
cal cycling. Similar investigations were carried out for Na-based
SSBs for Na 8-alumina electrolyte?%2, Spin-spin (T,) characteris-
tics for bulk electrode (5-10 ms) and filaments (>12 ms) were ap-
preciably different allowing for resolving dendrite growth in solid
electrolytes. Results indicate presence of dendrite of length-scales
corresponding to 10s to 100s of nm which were otherwise indis-
tinguishable from other meso-scale characterization techniques
(XRT).

6.4 Raman Spectroscopy

Raman spectroscopy is a powerful technique that can provide spa-
tially and temporally resolved information regarding vibrational,
rotation and other low-energy modes of surface molecules (Fig.
19h-b)40. This technique is particularly useful for carbon, oxy-
gen and hydrogen as well as polysulfide surface species. Reac-
tion distribution within composite LCO-LPS was investigated by
Raman spectroscopy?%2, Upon charging of the composite cath-
ode, Raman imaging showed presence of unreacted, low SOC
LCO regions within the composite cathode (Fig. ). Improper
contact between the solid electrolyte and cathode active mate-
rial was identified as the cause of low utilization and heteroge-
neous reaction distribution. Modification of processing protocols
to ensure optimal contact between SE and cathode active mate-
rial was required to achieve high utilization cathodes. Similarly,
Raman spectroscopy of Li|LPS|LCO cells was carried out to assess
the structural change in the cathode??®, Raman measurements
were carried out from front and back surface of the cell where in
intensity and peak changes were observed in the Raman spectra
reflecting the increase in c-axis lattice parameter of LCO. Addi-
tionally, a large hysteresis was observed in the charge-discharge
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maps which was proposed to arise from the diffusion time of Li
ions within the cathode - reflecting the time delay of electrochem-
ical and Raman measurements. Raman spectroscopy was used to
investigate Se|LizPS4|C system294, Raman spectra showcased the
formation of an interphase containing PS; .Sel— species. Dur-
ing charging, Se, chains and PS; ,Se3— undergo different ex-
tent of lithiation as evidenced from Raman mapping, which was
found to be reversible (Fig. ). This electrochemical mech-
anism was distinct from Se mechanisms in conventional liquid
electrolyte systems and was unique to the solid-state system. Ef-
fect of space charge layer in NCM|LizPSsCl|Li was investigated
by Raman spectroscopy2?®. Operando Raman spectroscopy re-
vealed that structural change of solid electrolyte at the interface
was limited to vibration of PS; ™ tetrahedra in the early cycling
stages (Fig. [I9). The stability of the interface was afforded by
the presence of S~ and PS 4 in the solid electrolyte crystal struc-
ture. On Long term cycling, characteristic response of the solid
electrolyte units (PS?{) were observed in the interior of NMC par-
ticles suggesting significant deterioration of the cathode particles
and diffusion of SE into the interior. Similarly, degradation of

LCOILPSCI|Li was investigated by Raman spectroscopy /2. Dur-
ing charging, Raman mapping showcased the formation of inter-
phase in the system with decomposition products comprising of
Li,S, P,Ss and polysulfides.

7 Additional Characterization Techniques

In addition to conventionally known characterization techniques,
several new techniques are being leveraged to study buried in-
terfaces in SSBs. Time-of-flight secondary ion mass spectrom-
eter (TOF-SIMS) is extensively used to assess chemical distri-
bution at nm-level for ion distribution in cathodes, solid elec-
trolytes and interfaces362I02I9  Anode and cathode interfaces
in Na,MnFe(CN)¢|Na3Zr,Si;PO,|Na were investigated by TOF-
SIMS297,  Limited reaction between Na and solid electrolyte
was observed with formation of a thin NaO~ interphase (Fig.
20p). The formation of this interphase was proposed to im-
prove Na metal wettability and promote stable electrodeposi-
tion/dissolution during the working of the solid state battery. At
the cathode interface, products of polymer degradation at high
voltages (3.7 V vs Nat/Na) were observed with MnCN~, FeCN~—,
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NaO~ and CH;0~ species. The interphase at the cathode was
also thin and the decomposition products do not show evidence of
dissolution of transition metal from the cathode indicating protec-
tion of the cathode. Depth profiling of the interface by TOF-SIMS
of an NMC|LPSCI|Li cell highlights that the SEI layer in these sys-
tem comprises of PO, and SO; species (Fig. ) 78 The inter-
phase thickness around the NMC particles was estimated to be
around 10 nm. Microstructural changes in solid electrolytes was
investigated by acoustic characterization methods2%. Acoustic
wave speed in a medium is dependent on the elastic properties
of the medium. On changes to the microstructure of the mate-
rial with formation of cracks/filaments or other lower modulus
defects, the wavespeed through the material decreases measur-
ably allowing to reveal microstructural changes non-destructively.
Acoustic techniques are also useful for determination of mechani-
cal properties of materials?2%, A decrease in the stiffness of LLZO
(reduction in wavespeed) in the minutes prior to failure, with the
rate of stiffness decrease being proportional to the applied cur-
rent density (Fig. -c). The decrease in wavespeed (stiffness)
was correlated to generation of fracture in the solid electrolyte.
Such techniques are proposed to be useful for online battery man-
agement systems to isolate and mitigate failing cells from battery
packs prior to short circuit.

Atomic level chemical resolution for elemental species is
achieved by atom probe tomography (APT) which is recently
being leveraged to investigate local features2%? . Difference in
lithiation of NMC cathodes in solid state batteries were invesit-
gated by APT. A significant variation (~ 15%) was identified in
Li-ion concentrations in different NMC specimens investigated
(Fig. ). These variations were anticipated to arise from poor
solid electrode-cathode active material contact in the composite
cathode. Local Li concentration profiles in Pt|LATP-LAGP|LCO|Au
battery was investigated using elastic recoil detection (ERD) and
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Rutherford backscattering spectrometry (RBS)22l. RBS and ERD
measurements were collected from the surfaces of both Au and
Pt electrodes. Li reduction from LCO to a composition of 0.3
was identified during initial charging while an anomalous reduc-
tion was observed on further positive biasing. Discharging subse-
quently leads to enrichment of LCO over the depth of LCO. Insu-
lating interphase formation between LATP and LCO (1.0 V) dur-
ing initial charging and subsequent concentration gradient forma-
tion leads to counter flow of Li™. Similar study was carried out
on a Pt|LATP|LCOJ|Au thin film battery“%2, A lithium depletion
region of 120+3 nm was identified in the solid electrolyte at the
LATP|LCO interface at the charged conditions. Since the charg-
ing cut-off was lower than the decomposition voltage of LATP,
the depletion region was anticipated in LATP without active de-
composition. Additionally, H presence was detected around both
electrodes which can potentially disrupt Li* transport and rate
capabilities of SSBs.

Electron holography (EH)is a technique that can enable quan-
tification of local electric potential within solid state battery with
nm spatial resolution©22237225  EH study of LCO|LATP inter-
face during charging showed that potential drop was primarily
focused at the interface and the electrolyte bulk potential does
not vary during charging (Fig. [20f). EH showcases the forma-
tion of space charge layer dictated by the Debye length due to the
difference in ion transport properties of electrolyte and the cath-
ode material®. This results in a steep drop of potential at the
electrode|electrolyte interface. APT and EH techniques were com-
bined to investigate the impact of dopant impurities in the grain
boundary of solid electrolytes on the space charge layer forma-
tion®?, Grain boundary in a Sm-doped ceria material was found
to possess a 20 nm thick grain boundary showing a positive space
charge layer with a peak potential of 0.9 V. APT studies of the
grain boundary shows an increased concentration of impurities
like Si, Al, Ca as well as the dopant Sm, compared to the bulk.
Such local hot-spots can drive failure in SSBs by driving preferen-
tial motion of ions through regions of high/low potential.

Thermal analysis of solid-state battery materials is typically car-
ried out using thermal gravimetric analysis and differential scan-
ning calorimetry measurements. These techniques involve heat-
ing the sample in a controlled environment while measuring mass
change and/or heat release from the system. This measurement
can be combined with a gas chromatograph-mass spectroscopy
instrument to analyze the generated gases to identify thermal de-
composition products. In situ heating can also be carried out dur-
ing diffraction/scattering experiments to analyze structure and
phase evolution in solid-state battery materials under different
thermal environments.

8 Experimental Design

Underlying physical phenomena in SSBs occur over cascading
length- and time- scales over several orders of magnitude. The
current review highlights the range of techniques used to probe
individual components and assembly of SSBs in in situ and
operando conditions (Fig. [2Ij, Table [I). These techniques are
employed to investigate specific time- or length- scales in SSBs
which imparts certain restrictions in terms of operating param-
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Na;MnFe(CN)g|Na3Zr,SizPOj2|Na were investigated by TOF-SIMS. Nano-scale interphase formation is evidenced with species like MnCN—, FeCN—,
NaO~ and CH,O". Adapted from297 with permission from Elsevier. (b) Acoustic investigation of Li filament formation in LLZO symmetric cells.
Adapted from298! \yith permission from Elsevier. (c) Atom probe tomography investigations of nano-scale lithiation differences in NMC samples.
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potential variations during charging of a LCO|LATP solid state battery investigated by electron holography. Adapted from8 with permission from

Wiley.

eters of the battery. It is imperative to understand the implica-
tions arising from battery geometries designed for specific in situ
experimentation and their deviation from system-level batteries
(coin-cells, pouch cells). Particularly, of concern in SSB technol-
ogy is the need for stack pressure and operating temperature at
the lab-/system- scale that is difficult to translate to in situ or
operando experiments. The differences in field configurations, op-
erating conditions, electrochemical testing protocols can lead to
misguided interpretation of experimental results from the char-
acterization techniques. Survey of electrochemical performance
metrics (capacity, current density) of in situ/operando measure-
ments highlights this discrepancy (Fig. ). For SSBs to be
technoeconomically competitive with conventional Li-ion batter-
ies they need 5 mAh cm 2 capacity in a single charge/discharge at
> 5 mA cm 2 current density@. Most in situ and operando mea-
surements are performed at one/two orders of magnitude lower
capacities and current density. It is vital to design and conduct
in situ and operando characterization at technologically relevant
conditions in order to probe electro-chemo-mechanical phenom-
ena of interest at conditions as close to actual systems as possible.

Experimental design for in situ and operando characterization
needs to control and optimize in order to ensure representative
studies of materials under investigation (Fig. [2Ik). A wide range
of reports with different solid electrolyte materials have high-
lighted the need for high operating pressures as well as tempera-
ture for effective cycling of SSBs2829B3184 These operating con-
ditions (> 50 °C, 5-20 MPa) are typically significantly different
from conditions of in situ/operando testing (RT, kPa). Operating

pressure and temperature can significantly impact the kinetics,
transport, chemical reaction as well as mechanical response of the
SSBs. Thus, it is of particular interest in SSB to enable pressure
and temperature control during characterization. In addition to
this, the experimental design needs to be compatible with the ex-
perimental setup for characterization and maximize the material
interactions with probe to enable high signal to noise ratios. In or-
der to illustrate this, an example for cell design and parameter op-
timization for X-ray experiment is discussed. Synchrotron sources
provide a near continuous energy spectrum of X-rays that can be
leveraged as a broadband spectrum or a single wavelength can be
selected for experiments (Fig. ). Whilst using a broadband
spectrum, it is necessary to ensure that presence of photons at ab-
sorption edges of investigated material does not adversely effect
the electrochemical performance of the system. For reference,
energy spectrum at 6-BM beamline of Advanced Photon Source
with different filter thicknesses is showcased along with absorp-
tion edges of elements from LLZTO material (Fig. 2Id). Similarly,
probe effects on the sample is of concern when carrying out ex-
periments with probes like electron beams and neutrons which
can cause degradation of investigated materials. Signal-to-noise
ratio and sample size for X-ray experiments is determined by the
attenuation length of the material (Fig. [2If). Accessible X-ray
energy dictates the maximum sample sizes that can be employed
to ensure a minimal required contrast for X-ray imaging. Careful
optimization of such experimental parameters can enable access-
ing data-sets that are otherwise difficult to obtain®%, Finally, the
cell design is also a key aspect that needs to integrate the experi-
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ment design aspects discussed here into a functional cell that can
reliably perform electrochemistry during in situ/operando testing.
It should be noted that universal design criteria for experiment
design are not possible due to the varied nature of techniques em-
ployed for investigation of SSBs. However, the aspects discussed
here are vital to consider while designing and performing in situ
and operando characterization of SSBs.

9 Emerging Characterization Capabilities us-
ing Synchrotron Sources

Many synchrotron facilities around the world are pursuing tech-
nologies that will reduce the emittance of the stored beam thereby
reducing the x-ray spot size and the improving the x-ray coher-
ence, flux and brilliance2267228 1mproved coherence, flux, and
brilliance at these new generation synchrotron sources will enable
a wide range of enhanced capabilities for existing techniques and
provide opportunities to deploy new x-ray techniques that were
previously inaccessible (Fig. 22p). This section outlines emerging
and future capabilities at synchrotron sources relevant for SSBs.
In this section, we focus on developments at the APS which are il-
lustrative of emerging capabilities at synchrotron sources that are
upgrading to a diffraction-limited storage ring. These new capa-
bilities will provide new insight into how SSBs function and fail
and help address technical challenges. X-ray techniques also have
a favorable temporal frame when compared to the processes oc-
curring in batteries. Time-scales of typical x-ray experiments are
ms to minutes which is comparable to cycling rate of a battery
(2 hours for 1C charge-discharge). This allows for operando mea-
surements to assess physical, chemical, and mechanical transfor-
mation occurring in SSBsZ18483l 1n contrast, free electron laser
sources typically are employed for very high temporal resolutions
(fs-ns) over which no appreciable transformations are expected
in SSBs22?. Such sources may be employed for single-particle
kinetic studies for lithiation/delithiation mechanisms.

One of the major experimental challenges in SSB community
pertains to simultaneous characterization of amorphous and crys-
talline materials (Fig[22]c). Crystallinelamorphous interfaces are
expected to be an integral part of SSBs, especially within com-
posite cathodes. Limited characterization techniques of such in-
terfaces in bulk systems are available. Similarly, capturing the
morphological evolution of low-Z and high-Z materials within
proximity of each other in an anode interface is a considerable
experimental challenge®¥. These challenges can be addressed
with novel x-ray detector technologies with unprecedented dy-
namic range and temporal resolution23?, These photon count-
ing detectors are capable of observing both the intense Bragg
peaks and their tails simultaneously. Furthermore, these detec-
tors equipped with scintillation materials sensitive to high-energy
x-rays are already available at synchrotron sources. The combi-
nation of high-energy x-rays and photon counting detectors that
are sensitive to high-energy x-rays means that heterogeneous SSB
systems can be investigated operando using XRD or PDF measure-
ments as well as interface or surface scattering methods. Special-
ized optics components such as conical/spiral slits2#2315233l for x
ray diffraction using monochromatic x-rays or energy dispersive
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diffraction?3#235 can also be leveraged to isolate a specific in-

ternal location in a sample to assess the transformations therein.
The experimental techniques employing these specialized optics
components will be significantly faster in the future.

Novel characterization techniques such as High-Energy
Diffraction Microscopy (HEDM)230237 and Scattering Tomogra-
phy€21238-240/ are capable of providing grain-resolved and grain-
averaged 3D map of SSB systems. Currently, these techniques
are capable of 10 um spatial resolution but require hours of scan
time>24l] Novel detector technologies combined with focusing
optics and improved source characteristics in the fourth genera-
tion synchrotron sources is anticipated to push the spatial reso-
lution of these techniques to sub um scales and reduce the scan
times by orders of magnitude thereby allowing operando and in
situ studies. Box-beam measurements typically provide bulk in-
formation which are instrumental in assessing accurate phase in-
formation with high resolution scattering data. Similarly, full-
field absorption or phase contrast tomographic imaging is always
useful to acquire first order the internal morphology of the sam-
ple. APS-Upgrade (APS-U) is likely to provide improved resolu-
tion for CT techniques (100 nm from 1 m) while retaining the
ability to scan mesoscale objects. It should be noted that re-
gion of interest (highest resolution section) scales with resolu-
tion however the total FoV is unhindered. Diffraction microscopy
will show similar improvements at the new High Energy X-ray
Microscopy (HEXM) beamline which employs a long “source-
sample” distance to improve the focal size and coherence of the
beam resulting in high resolutions and increased Q-space accessi-
bility based on the configuration of the endstation. Current high
energy diffraction microscopy is limited to samples with micron-
level grain size to get grain resolved information with limited
intra-granular information obtainable. With the improved co-
herence, coherence enhanced HEDM techniques wherein HEDM
and Bragg coherent diffraction imaging (zoom-out / zoom-in fea-
ture) can be combined to obtain intra-granular information at
nm length scale. While there is some work done from lower en-
ergy Bragg coherent diffraction imaging (BCDI) looking at bat-
tery material, it is typically not at bulk / functional size scale.
Coherence enhanced HEDM will allow for probing larger sam-
ples which can reach meso-/macro- scale compatible with the
increased instrumentation needed for SSB operation (high tem-
perature, pressure requirements). Such techniques will be cru-
cial for assessing inter/intra- phase boundaries due to the varying
scattering signals emanated from the phase domains and bound-
aries. Scattering tomography, dark field microscopy, HEDM as
well as BCDI can help resolving intragranular information and re-
solve grain boundary evolution in bulk samples. With material
systems with nano-crystalline components (composite cathodes,
hybrid electrolytes), scattering tomography techniques can pro-
vide internal field (spatially heterogeneous phase composition /
spatially heterogeneous orientation distribution / spatially het-
erogeneous internal strains). Faster detectors and increase in flux
with APS-U will improve the availability of these techniques with
the opportunity for in situ / operando work.

Increased lateral focus of the beam (Fig. ) will aid in push-
ing the resolution of imaging techniques to near TEM levels (=~
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5 nm) with new beamlines (ATOMIC, Ptycho, ISN) 242 These
beamlines will employ nano-focused beams to carry out scatter-
ing assisted imaging techniques like ptychography and Bragg co-
herent X-ray imaging to assess particle morphology, phase and
internal strain field. Typically, large acquisition times and need
for nano-scale cell assembly makes these techniques difficult to
probe SSBs that operate at higher pressures. Higher flux of the
beam facilitates instrumentation/assembly required for operando
studies (multi-component system, cell casing, electrical connec-
tions, pressure jigs). Transmission X-ray microscopy can be com-
bined with spectroscopy techniques to provide chemical informa-
tion about the samples. These techniques are crucial towards
operando studies to assess transformation in single/few- parti-
cles within a system. Several reports for BCDI studies of cathode
particles are reported that showcase the ability to assess spatial
distribution of lithiation and strain fields in cathode materials.
Improved coherence of the x-ray beam in the new synchrotron
sources will also allow new in situ and operando imaging tech-
niques. For instance, Bragg coherent diffraction imaging (BCDI)
is currently available at lower energy x-rays. This technique has
been used to map the shape and internal strain field of a nm
length scale particle used in catalysts or batteries. With improved
coherence at higher energy x-rays, BCDI can be used to map in-
dividual particle embedded in a complex system like SSB. In fact,
HEDM combined with BCDI will provide a versatile probe where
mesoscale the 3D map can be attained via HEDM to look for "bad-
neighborhoods" in a SSB and BCDI can be used to study the indi-
vidual particles in the "bad-neighborhood" in finer detail.

For crystalline materials, diffraction techniques at both low or
high energies are available with length scale going from sam-
ple scale (wide angle x-ray scattering, WAXS) to grain-resolved
(inter- and intra-granular) HEDM. Standard WAXS can be used
to characterize the "bulk" behavior - strain / texture / peak width
measurements. Additionally, if the lattice parameter or the fea-
ture of interest is large, high energy small angle x-ray scattering
(SAXS) can be employed which will be available at long beamline
(HEXM). For amorphous materials, high energy X-rays providing
larger q- coverage can be leveraged to capture pair distribution
functions to assess local structure within the materials. Using
point beam measurement approach (Fig. 22{d) 3D spatially re-
solved studies can help resolve crystalline|lamorphous interfaces
in SSBs. Surface as well as buried interfaces can be probed
through low- and high- energy scattering studies in grazing in-
cidence modes, along with techniques like X-ray depth profiling.
It should be noted that this is not an exhaustive list of enhance-
ments/capabilities expected with next generation light sources.
Close interactions of instrument scientists with battery scientists
are expected to yield facile techniques to study a specific aspect of
the material system. Characterization techniques that use X-rays
is anticipated to be integral in investigating operational transfor-
mations in SSBs in the future.

10 Data Analysis and Analytics

In situ and operando characterization typically generate extensive
data-sets that are cumbersome to effectively analyze completely.
Generally, snapshots of the data-sets are used to generate quali-
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tative insight into the mechanism/physics being investigated. A
typical example is of a tomography data-set: while a single to-
mography data-set provides 3D information for regions as large
as 1.2x1.2x1.2 mm?; only a small sub-volume (0.3x0.3x0.3 mm?)
was evaluated to generate quantitative insightZl. This utilizes a
very small fraction of the available data set which can be lever-
aged to generate additional insight into the physics of the inves-
tigated material. This data discrepancy is anticipated to exist in
most imaging experiments where available data-sets are signif-
icantly larger than the fraction used to generate qualitative in-
sight into the mechanism. Combination of data-driven models
and physics-based models is proposed to provide a way to lever-
age large data-sets to generate new insight into the physics of
the material systems (Fig. 23p). The primary requirement in this
context is to enable data-driven quantification that can enable di-
mensionality reduction of the raw data into quantities that can be
correlated to measurable quantities evolving during cycling of the
SSB (viz. capacity, resistance, current, potential, among others).

Damaged area of a LAGP imaged by XRT was evaluated dur-
ing the course of cycling which shows a strong correlation with
the measured cell impedance (Fig. ) 33 Loss of contact with
Li as well as increased tortuosity of the solid electrolyte from
the cracking as evidenced by XRT leads to the increase in the
cell impedance. Heterogeneity in ceramic loading in LLZO-PEO
hybrid electrolytes was investigated by nano-tomography (Fig.
) 86 Spatially resolved particle fraction profiles indicate large
degree of agglomeration on increasing the ceramic loading. This
leads to a loss of accessible particle area for higher loading hy-
brid electrolytes which correlates very well with ionic conductiv-
ity of the hybrid electrolytes. It was proposed that improvement
of ionic conductivity of polymer electrolytes by ceramic addition
occurs through Lewis acid interactions of the surface hydroxides
with EO chains of the polymer leading to a dissociated Li*T with
improved mobility. Increasing loading of the ceramic leads to
a maximum of accessible surface area (highest conductivity) be-
yond which agglomeration leads to loss of accessible area result-
ing in loss of ionic conductivity. The sub-surface heterogeneity of
ceramic particle distribution was correlated to interfacial mechan-
ical properties that dictate electrochemical performance of hybrid
electrolytes (Fig. ) 72, Impact of ceramic particle distribu-
tion of mechanical response was also investigated by CFD simula-
tions which show disparate stress generation in hybrid electrolyte
across the three dimensions due to anisotropic ceramic distribu-
tion (Fig. ). CFD simulations were also used to investigate Li
flux distribution across LLZO sintered at different temperatures
(Fig. 72 Highly anisotropic flux distributions for the tortuous
pore network leads to accelerated failure from filament growth
and lithium nucleation in the pores.

Large data-sets also enable use of advanced computing meth-
ods like machine learning (ML) and image processing®®. ML en-
ables segmentation between low contrast phases of lithium metal
and pores within Li|LLZO|Li cells (Fig. 24p). ML segmented im-
ages enable quantification of both electrodes that clearly show
proof of pore formation within lithium metal during stripping and
pore filling during electrodeposition steps (Fig. [24p). While ex
situ evidence of this mechanism were reported previously28/22,
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Fig. 23 Summary of data analysis and analytics. (a) Schematic diagram motivating the need for advanced data-driven analysis and combining physics-
and data- based models (b) Correlation between damaged area in LAGP solid electrolyte measured by in situ XRT and cell impedance. Adapted with
permission fromB3%. Copyright 2019 American Chemical Society. (c) Spatially resolved particle fraction in LLZO-PEO hybrid electrolytes with varying
ceramic loading. Adapted with permission fromiB8. Copyright 2019 American Chemical Society. (d) Correlation between measured ionic conductivity
of hybrid electrolyte and the normalized surface area of ceramic particles measured by nano tomography. Adapted with permission fromi8. Copyright
2019 American Chemical Society. (e) Sub-surface distribution of ceramic particles in hybrid electrolyte identified by nano tomography. Adapted from™2
with permission from Elsevier. (f) Flux distribution around pore networks for LLZO sintered at different temperatures evaluated using CFD simulations.
Adapted with permission from2. Copyright 2019 American Chemical Society. (g) Heterogenous mechanical response of hybrid electrolyte evaluated
from experimental data obtained from nano tomography. Adapted from™ with permission from Elsevier.

ML and tomography experiments enable meso-scale insight into
Li metal transformations. Interfacial contact of Li and solid elec-
trolytes can also be perceived by intensity maps that enable qual-
itative comparison of the interfacial evolution (Fig. @e). Re-
cently, thickness of Li metal was tracked to provide insight into
charge cycled in symmetric LPS cells and was the variation in
the charge cycled between the two electrodes was correlated to
active Li present in cracks that grow through the thiophosphate
solid electrolytes (Fig. @:). Large-area evaluation of current
density in Li metal was carried out which enabled identification of
hot-spots in the system that could potentially lead to filament for-
mation (Fig. ). These hot-spots were correlated to regions

with disparate microstructure in the underlying solid electrolyte
which were evaluated by mesoscale simulations. Piecewise tortu-
osity simulations of interfacial region of the solid electrolyte also
reflects this behavior showing local variation in tortuosity as well
as modulating tortuosity maps with cycling (Fig. [24).

Material identities are crucial in dictating performance of solid-
state batteries (SSB). As discussed extensively in this review, the
electro-chemo-mechanical processes in SSBs are strongly depen-
dent on the design of component interfaces across multiple length
and time-scales. Combinatorial approach to selecting materials
yields a non-exhaustive set that becomes unfeasible to experi-
mentally evaluate. Data science methods can help in discovering,
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uncovering underlying physics by interpolation / extrapolation of
known data-sets. Multi-modal characterization and simultaneous
electrochemical testing of exemplary solid-state battery materials
is expected to generate an exascale, coupled, multi-dimensional
data-set that can provide the basis of high-fidelity data-driven
models. For example, a material database for solid electrolyte ma-
terials can include modalities/parameters like space group, lat-
tice parameters, elemental composition, ionic conductivity, diffu-
sion parameters, microstructure, grain orientations and sizes, sur-
face mechanical properties, area specific resistance, among oth-
ers. Compiling shared, standardized data-base can accelerate the
solid-state battery research by enabling data-driven design strate-
gies. It is proposed that this data-science driven approach can
help in identifying new material candidates, understanding un-

32 | Journal Name, [year], [vol.], 1

derlying physical processes and develop battery management sys-
tems for solid-state batteries.

11 Outlook and conclusions

In recent years, in situ and operando characterization of SSBs have
provided significant insights into chemical, mechanical and elec-
trochemical transformation in these material systems. SSB tech-
nology has leveraged a large palette of characterization technolo-
gies already to investigate length scales ranging from A to mm
scale and time scales from ns to hours. Currently, most character-
ization techniques are utilized to investigate singular physics of
the material system. Extensive reports have shown strong inter-
dependent interplay of chemical, mechanical and electrochemical
transformation of materials in SSB systems. One aspect for future
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consideration is to enable multi-modal characterization that can
enable probing binary/ternary interactions at a time in order to
accurately characterize the interplay of various physics in SSBs.
This can be carried out by employing novel multi-modal char-
acterization techniques already available (AFM-Raman®®43, AFM-
IR244 XRT-XANES'242 XRD-XRT'48) or designing novel charac-
terization tools (viz. pascalammetry)24°. Additionally, it is vital
to investigate material systems under cascading length and time
scales in order to extrapolate scientific insight from model inves-
tigation systems to actual battery packs.

Several fundamental challenges regarding underlying physics
of solid-state batteries are still unsolved. A key challenge is in-
terrogating and probing Li metal processes: in terms of reaction
kinetics, mass transport and mechanics: at the physical dimen-
sions relevant to practical solid-state batteries (<100 um thick-
ness) are not understood well. Stable electrodeposition and elec-
trodissolution of anode at these relevant physical dimensions re-
quire a strong understanding of these fundamental mechanisms
of Li metal. Interplay of mechanics and transport in bulk solid
electrolytes is expected to contribute significantly to degradation
mechanism and needs dedicated study. Similarly, the nature of
electric field distribution within the solid electrolyte is an open
question that needs to be resolved to understand filament for-
mation mechanisms in materials like garnet solid electrolytes.
Optimization of composite cathode architecture will require as-
sessing of stability, reaction kinetics and transport across three-
phase boundaries within the cathode. While only limited phe-
nomena are highlighted here, it is understood that SSBs offer
a rich ground for developing targeted research questions aimed
to elucidate fundamental processes and mechanisms occurring
therein. These studies are anticipated to generate bottom-up de-
sign criteria for stable, high energy density SSBs. Additionally,
studies that look at end-to-end of the battery production line,
from synthesis, processing and integration of battery components
in a scalable fashion are needed.

It is evident from the discussion here that each method requires
careful experimental planning and sample preparation. Based on
individual material properties, some techniques are more con-
ducive for certain materials than others and assessing this be-
havior can help efficient experiment design. Design and sharing
of range of experimental set-ups, conditions and protocols can
promote standardized testing and lead to consistent, repeatable
results. An important factor that needs to be considered during
in situ and operando experiment design, is to take into account
technologically relevant benchmarks for SSBs in order to facilitate
characterization in conditions as close to ideal as possible. Lever-
aging advanced computational techniques and combining data-
driven and physics-driven modelling approaches are expected to
generate new insight into the coupled physics of solid-state bat-
teries.
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