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(a) Greenhouse gas emissions in the United States in 2018 distribution
by sector. Transportation contributed to 28% of total greenhouse gas
emissions at 1869 Mt CO, eq. (b) Distribution of green house gas emis-
sion in transportation sector by vehicle type. Light duty vehicles (LDVSs)
contribute signi cantly to the transportation sector GHG emissions with
59% (1103 Mt CO, eq.). (c) Agency reports on potential of electri cation
based on the sectors. Across multiple studies, transportation shows an
average electri cation potential of 61%. (d) GHG emission saved and
emitted in transitioning from internal combustion engines (ICE) to elec-
tric vehicles. Data for these graphs were sourced from International En-
ergy Agency (IEA), Environmental Protection Agency (EPA), and Amer-
ican Council for an Energy-Ef cient Economy (ACEEE). . . . . . ... ..
(a) Schematic diagram showcasing difference in architectures of conven-
tional Li-ion batteries and solid state batteries. Schematic diagram high-
lighting differences in (b) range and (c) safety of Li-ion batteries and
solid state batteries. . . . . . .. . ...
(a-b) Radar plot highlighting differences in material properties for key
solid electrolyte material alternatives. Note that the ionic conductiv-
ity values are on a linear scale thus showcasing a large difference be-
tween sul des and the other material alternatives. All values are nor-
malized to unity for representation. It should be noted that the repre-
sentation is purely qualitative in nature. (c) Gravimetric energy density
calculations for LLZO, polymer and hybrid electrolytes at 10 mg/cm
cathode loading. (d) Volumetric energy density calculations for hybrid
electrolytes with different cathode loadings. Li metal-NCA chemistry is
assumed. Cathode composition is assumed to be 96:2:2 for active ma-
terial:binder:C. State of the art (SOA) is assumed to be Graphite-NCA
based battery system. . . . . .. ... L
(a)Key challenges in solid state batteries outlined w.r.t. the different com-
ponents of the SSB. (b) Spatial and temporal distribution of the chal-
lenges. . . .
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Li deposition in bulk LLZO evidenced by NDP (Han et al. (2019)). (d)
Filament growth in symmetric Li jLLZO]Li cells (Kazyak et al. (2020)).
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5.5 (a) State of the art (SoA) characterization for Li metal. Ex situ SEM
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Chapter 1

Introduction

1.1 Global Warming and Electri cation

The Paris Agreement mandates the participating countries to "hold the global average
temperature increase well below 2 C ...and to pursue efforts to limit the temperature
increase to 1.5 C....to achieve a balance between anthropogenic emissions by sources
and removals by sink of greenhouse gases in the second half of this century” (United Na-
tions (2015)). Over the years, anthropogenic contributions to particulate matter emissions,
greenhouse gases and other human endeavor has led to a sustained increase in average
global temperatures (Schleussner et al. (2016); Jacquet & Jamieson (2016)). Climate change
is already causing signi cant stress on the world's ecosystems, and unless curbed, can
lead to unrecoverable damages like rising sea levels, altered weather patterns, differences
in geo- and hydro-chemistry which can signi cantly impact local ecosystems leading to
species decline and even extinction (Rogora et al. (2003); Berner & Berner (2012); Harley
(2011)). Capturing and mitigating greenhouse gas emissions arising from dangerous an-
thropogenic interference’ (DAI) is crucial to achieve a long-term temperature goal (LTTG)
outlined in the Paris agreement (Schleussner et al. (2016); Jacquet & Jamieson (2016)). In
this regard, climate change is one of the most complex collective action problems that re-
quires addressal at various levels from policy and law making, economic aspects as well
as from a technological viewpoint (Bolsen et al. (2014); Ahman et al. (2017); Huang et al.
(2017)). Of this, the chief technological challenges are linked with decarbonization as well

as carbon capture and storage (Jackson et al. (2018); Schiffer & Manthiram (2017)).

Almost all the greenhouse gas emissions are a result the energy sector (Jackson et al.
(2018)). Transportation accounts for 28% of greenhouse emissions of 2018 of 1869 mil-

lion metric tons of CO , equivalent, followed by electricity generation, and industry in the



Figure 1.1: (a) Greenhouse gas emissions in the United States in 2018 distribution by
sector. Transportation contributed to 28% of total greenhouse gas emissions at 1869 Mt
CO; eq. (b) Distribution of green house gas emission in transportation sector by vehi-
cle type. Light duty vehicles (LDVs) contribute signi cantly to the transportation sector
GHG emissions with 59% (1103 Mt CO5, eq.). (c) Agency reports on potential of electri ca-
tion based on the sectors. Across multiple studies, transportation shows an average elec-
tri cation potential of 61%. (d) GHG emission saved and emitted in transitioning from
internal combustion engines (ICE) to electric vehicles. Data for these graphs were sourced
from International Energy Agency (IEA), Environmental Protection Agency (EPA), and
American Council for an Energy-Ef cient Economy (ACEEE).

United States (Fig. 1.1a, Agency (2020)). Internal combustion engines in light duty vehi-

cles contribute nearly 59% of greenhouse gases emissions from the transportation sector
in United State in a year (1103 million metric tons of CO , equivalent) (Fig. 1.1b). Pri-
mary cause for greenhouse gas emissions across sectors occurs through burning of fossil
fuels. Electri cation of the transportation sector is crucial in order to achieve the emis-

sion goals set in place by the climate change agreement (Needell et al. (2016)). Theoreti-



cal analyses predict a high electri cation potential for transportation amongst industrial,
commercial, and residential sectors. Typically, such analysis incorporates cost and perfor-
mance perspectives to understand how the electri cation of sectors can affect quantities
like greenhouse gas emissions over time. A bottom-up stock taking toolkit for infrastruc-
tures that consume, produce, delivers/converts energy is utilized. The average electri -
cation potential for the transportation sector as predicted across modeling forecasts from
ve agencies (National Renewable Energy Laboratory (NREL), Rocky Mountain Institute
(RMI), American Council for an Energy-Ef cient Economy (ACEEE), Electric Power Re-
search Institute (EPRI) and Natural Resources Defense Council (NRDC)) is 61% (Fig. 1.1c,
Billimoria et al. (2018); Nadel & Ungar (2019); Gowrishankar & Levin (2017); Mai et al.
(2018); Howard (2018)). Enabling and implementing sustainable development policies

can enhance the reduction in emissions arising from electri cation(Fig. 1.1d).

Figure 1.2: (a) Schematic diagram showcasing difference in architectures of conventional
Li-ion batteries and solid state batteries. Schematic diagram highlighting differences in
(b) range and (c) safety of Li-ion batteries and solid state batteries.

Electric vehicles are primarily classi ed as following: (a) battery electric vehicles (BEVSs),
(b) plug-in hybrid electric vehicles (PHEVS), (c) range-extended electric vehicles (REEVS)
and (d) PHEV utility vehicles (Thielmann et al. (2013)). Each EV category require spe-
ci ¢ battery technology in terms of gravimetric and volumetric energy density as well

as capacity and rate performance. Adoption of electric-mobility alternatives are contin-
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gent on the range offered, durability, charging times and safety. Over the recent years,
introduction and diffusion of electric vehicles in the automotive market has steadily in-
creased from around 0.7 million EVs in 2015, to approximately 7 million EVs in 2019
(Mohn (2018)). Current EVs have a battery capacity between 5-95 kWh and ranges up to
300 miles. These EVs employ conventional Li-ion technology which typically employs a
(Nickel Manganese Cobalt Oxide) NMC/ (Nickel Manganese Aluminium Oxide) NCA
cathode, graphitic anode, and liquid electrolyte (Fig. 1.2a,Lgvvik et al. (2019)). DOE's Ve-
hicle Technology Of ce (VTO) projects 750 Wh/L cell packs ( > 1000 mAh/g anode, > 300
Wh/g cathode, >5 YV cell voltage) for next generation electric vehicles (EVs) (Boyd (2018);
Howell et al. (2016)). Technology roadmaps emphasize that these next generation energy
storage systems will need to leverage high energy density anodes, like Li metal (high
theoretical capacity (3860 mAh g 1) and low density (0.54 g cm 3), as well as multiva-
lent cation chemistries to achieve the required performance metrics (longer vehicle range,
long life, production costs, safety; Lgvvik et al. (2019); Thielmann et al. (2013)). How-
ever, lithium metal is incompatible with liquid electrolytes leading to dendrite formation
that can cause catastrophic failures of the battery (Fig. 1.2c, Frenck et al. (2019)). Solid
electrolytes (SEs) offer a promising route towards realization of these chemistries due to
their wide electrochemical stability window as well as propensity to mitigate dendrite
formation (Janek & Zeier (2016)). Additionally, high voltage cathodes (S, NCA) can be
integrated with solid electrolytes to achieve higher energy densities. To this end, solid-
state batteries are envisioned as a key technology for enabling metallic anode resulting
in high energy density batteries that can lead to an extended range of EVs coupled with

safer operations.



Figure 1.3: (a-b) Radar plot highlighting differences in material properties for key solid
electrolyte material alternatives. Note that the ionic conductivity values are on a linear
scale thus showcasing a large difference between sul des and the other material alterna-
tives. All values are normalized to unity for representation. It should be noted that the
representation is purely qualitative in nature. (c) Gravimetric energy density calculations
for LLZO, polymer and hybrid electrolytes at 10 mg/cm 2 cathode loading. (d) Volumet-
ric energy density calculations for hybrid electrolytes with different cathode loadings. Li
metal-NCA chemistry is assumed. Cathode composition is assumed to be 96:2:2 for active
material:binder:C. State of the art (SOA) is assumed to be Graphite-NCA based battery
system.

1.2 Solid State Batteries

1.2.1 Solid Electrolytes: A Brief Introduction

Conventional Li-ion battery systems have retained their basic architecture and material
systems since they were introduced in the 1970s (Fig. 1.2a). These systems use a host
material (e.g. graphite anode) to reversibly insert ions (Li+) within their matrix during

charging and discharging. Transitioning from a host material to using lithium metal can



lead to almost a 3x increase in energy density extending the range capabilities of end-use
systems. However, conventional electrolytes are unstable against lithium metal and can
lead to catastrophic failures. All solid-state batteries have gained a lot of traction due to
their potential to work with Li metal and high voltage cathode along with inherent safety.
ASSBs employ a solid ion conductor that has comparable ion conduction properties, su-
perior ion transference properties and high mechanical strength that can facilitate the use
of lithium metal directly. These systems offer potential pathways to achieving high range,
durable and safe energy storage systems that can be used for electro-mobility applications

in the next decade.

Solid ion conductors are synthesized in a wide range of chemistries (Fig. 1.3a-b, Zheng &
Hu (2018)) that are chie y divided into three different categories (a) organic, (b) inorganic
and (c) hybrid. lonic conductivity of several material families are comparable to conven-
tional liquid electrolyte conductivities. Notably, room temperature conductivity of thio-
LISICON type solid electrolyte (Li 10GeP,S;2) is 1.2 x 10 2 S cm 1, with a low activation
energy of 0.25 eV (Quartarone & Mustarelli (2011)). Argyrodites, perovskites, sul des,
anti-perovskites, NASICONs and oxides have all shown mS cm 1 range ionic conduc-
tivities (Famprikis et al. (2019); Fan et al. (2018); Zheng & Hu (2018); Zhang et al. (2018);
Keller et al. (2018); Kerman et al. (2017)). Additionally, most inorganic solid ion conduc-
tors show very high ion selectivity re ecting a transference number of nearly 1. This
nulli es concentration gradients inside the battery and improves the rate performance of
the system. In comparison, polymer and hybrid electrolytes show comparably lower ionic
conductivity (10 ®Scm Lforpolymerand 10 4Scm I for hybrid) and transference
numbers ( 0.1-0.5; Keller et al. (2018)). Electrochemical stability is typically higher for
solid-state electrolyte (SSEs) due to their chemical af nity to lithium and stability against
high voltage cathode material. Garnet oxides are typically most stable against lithium
metal, while materials like sul des and polymers generally undergo reduction reactions

against lithium metal. Similarly, oxides are generally more stable against high voltage



cathodes compared to other electrolyte materials. Inorganic solid electrolytes typically
have signi cant processing costs due to multi-step and high temperature processing (Ker-
man et al. (2017)). Polymer and hybrid type SSEs have lower processing and integration
cost due to available commercial benchmarks for polymer manufacturing. Several other
characteristics like mechanical properties (Young's modulus, fracture strength), electronic
and ionic area speci c resistance, thermal stability that dictate the electrochemical perfor-
mance of the system show differences based on material family (Manthiram et al. (2017)).
Garnet type (A 3B2(X0y4)3) SSEs possess high conductivity and stability against Li-metal
electrode (Liu et al. (2018)) and are one of the most promising SSE material system. These
ceramics have a shear modulus of > 50 GPa, which is signi cantly larger than the shear
modulus of Li metal. Monroe and Newman predicted that a shear modulus exceeding 8.5
GPa is suf cient to inhibit dendrite formation through the electrolyte (Monroe & New-
man (2005)). A large series of garnet oxides have been developed as SSE of which one
notable composition is Li 7LazZr,04, (LLZO; Tan & Tiwari (2012)). This material exhibits
two structures: a low temperature tetragonal symmetry with low ionic conductivity and

a high temperature cubic structure which has a high ionic conductivity (Sun et al. (2015)).
Aliovalent substitution into this matrix can help stabilize the cubic phase at low temper-
atures (EI-Shinawi et al. (2017)). Limited reaction with lithium metal and relative ease of

handling make this an ideal material to undertake fundamental studies.

Design and engineering of solid state batteries are strongly dependent on the material
under consideration. To illustrate this, a comparison of theoretical energy density of SSB
with polymer, hybrid and garnet oxide- solid electrolyte is carried out (McCloskey (2015)).
The garnet ceramic system shows high ionic conductivities and transference numbers.
However, to achieve comparable or better performance than state of the art graphite
based battery systems extremely compact form factors with thickness  50nm need to be
achieved (Fig. 1.3c-d). Processing these ceramics with high densities in these form factors

at scale is challenging. The hybrid electrolytes have an inferior electrochemical perfor-



mance, but they can be scalably manufactured using existing infrastructure. This makes
them an attractive material system for large scale systems. Further, the hybrid electrolytes
can be scalably processed for a wide range of thicknesses ( 50-150rm) enabling higher
performances compared to the state-of-the-art graphite-based battery systems. These cal-
culation highlights the need for holistic development of solid electrolytes from synthesis

to device integration is required to achieve high density energy storage systems.

1.2.2 Current Challenges in Solid State Batteries

Material families that can meet ion transport criteria comparable to the state-of-the-art
liquid electrolytes are identi ed for solid ion conductors (Fig. 1.3a-b), but their integra-
tion into high-performance battery packs is still far from realization. The primary lim-
itation in this regard is their poor performance which partly arises from side reactions
and poor reversibility for which there is a lack of fundamental understanding, speci -
cally at the electrode|electrolyte interfaces. Unfavorable chemo-mechanical behavior at
the solid|solid interface leads to non-optimal material utilization and poor ion transport.
These phenomena transcend several orders of magnitude in time- and length- scales, are
poorly understood (Fig. 1.4). Characterizing and diagnosing these responses are pivotal
towards design of high-performance energy storage system. A fundamental understand-
ing of interfacial design with regards to these physical processes is needed to rationally

engineer a high performance ASSB in terms of driving range, safety and durability.

Solid-state batteries rely on the ability to work with high energy density anodes (Li metal)
to achieve techno-economic feasibility. Speci cally, morphology control of Li metal dur-
ing electrodeposition and electrodissolution at the Li jSE interfaces is imperative in order
to achieve high energy density batteries. However, achieving the required performance
metrics of 5 mAhcm 2of reversible cycling capacity at 5mA cm 2 plating current den-
sity with high coulombic ef ciency is far from realization (Randau et al. (2020)). The

primary concern with Li metal is its propensity to form laments that grow through the



Figure 1.4: (a)Key challenges in solid state batteries outlined w.r.t. the different compo-
nents of the SSB. (b) Spatial and temporal distribution of the challenges.

electrolyte thickness causing cell failure (Wang et al. (2019); Kasemchainan et al. (2019);
Kazyak et al. (2020)). Filament formation can signi cantly limit the rate performance,
power density as well as coulombic ef ciencies of the solid state batteries (Hatzell et al.
(2020); Shara et al. (2016)). In addition to lament formation, side reactions of Li with

SE can lead to ionically insulating products, as well as formation of dead lithium, both of
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which cause unrecoverable capacity loss (Tippens et al. (2019); Lewis et al. (2019); Singh
et al. (2020)). Interfacial kinetics of Li metal with solid electrolyte is still a signi cant chal-
lenge limiting the high rate performance of the SSBs. High rate electrodissolution from
the Li metal can lead to formation of pores that can cause onset of failure (Kasemchainan
et al. (2019); Spencer Jolly et al. (2020)). Mass transport within the Li metal is also a key
challenge and understanding creep and ow behavior of Li is necessary to tune the per-

formance of the system (Wang & Sakamoto (2018); LePage et al. (2019)).

A wide range of solid electrolyte materials are investigated in order to maximize ionic
conductivity, transference number and critical current density of the materials (Fan et al.
(2018); Lau et al. (2018); Keller et al. (2018)). However, electro-chemo-mechanical degra-
dation of the solid electrolyte still remains one of the key concerns with solid electrolytes
(Ma et al. (2018); Lewis et al. (2019)). Operational stresses generated in the system from
electrodeposition/dissolution of Li metal (Mistry & Mukherjee (2020b)) and/or with the
composite cathode volume modulation (Koerver et al. (2018)) can lead to signi cant de-
terioration of the solid electrolyte. Primary concern with solid electrolytes is consistent
with the Li metal and concerns lament propagation (Pervez et al. (2019); Ke et al. (2020a);
Jana & Garcia (2017); Frenck et al. (2019)). Mechanical strength of the solid electrolytes
generally does not counter the propagation stresses of lament and can lead to fracture
and catastrophic failure of the material. In general, an improved understanding of ion
transport within the solid electrolyte and the chemo-mechanical response to cycling is

necessary for high performance systems.

Composite cathodes also offer signi cant challenges towards realization of high energy

density solid state batteries (Tian et al. (2020)). Literature indicates the need for high ac-
tive material loading cathode (>70 %) with areal capacities of 5 mAh m 2 are required
(Randau et al. (2020)). Primarily, the composite cathode architecture for the necessary

three-phase boundary within the cathode is largely unresolved. In contrast to conven-
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tional cathodes, wherein pores are lled with an ionically conducting liquid electrolyte,

the composite cathode needs to function with a solid electrolyte with pores acting as ion
blocking domains (Dixit et al. (???7?)). Interfacial transport and kinetics of these solid jsolid
interfaces are largely unexplored. Integration of high voltage cathode with solid elec-
trolytes can lead to formation of space-charge layers that can impede ion motion through
the electrodejelectrolyte interfaces. Chemo-mechanical response of a dense composite
cathode is still not clear and the impact of operating conditions (stack pressure, tempera-

tures) needs to be ascertained.

Whilst signi cant work is carried out in the eld of solid state batteries in the recent
years, several fundamental challenges need to be resolved. Chemo-mechanical response
of individual components are largely unresolved. Speci cally, stable electrodeposition
and electrodissolution of anode and stable cycling of high voltage cathodes are required.
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. The wide range
of spatial and temporal physical phenomena underlie these challenges. Understanding
and diagnosing these phenomena at these varied time- and length- scales is important
to rationally design and engineer high performance solid state batteries. As discussed
here, anode and cathode interface transformations and electro-chemo-mechanics there-of
sign cantly impacts the cell performance, durability as well as safety. Characterization
of buried electrode jelectrolyte interfaces in solid state batteries is an experimentally chal-
lenging task. Physical location of the solid|solid interfaces, relevant spatial and temporal
scales for physical phenomena (compared to technique resolutions) as well as the operat-
ing environment are the chief obstacles limiting the studies of solid jsolid interfaces. Dy-
namic interfacial tracking of electrode jelectrolyte interface as well as interfaces within the
same phase (grains, grain boundaries, etc) require the use of sophisticatedex situ, in situ,
and operandaharacterization tools. Additionally, accessing 'buried' interfaces within the

ASSBs require signi cant effort towards designing systems to access the electro-chemo-
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mechanical transformations. Fundamental insights obtained through such characteriza-
tion technigues can help enable high energy density solid state batteries. The following
section provides a brief summary of the key characterization studies of ASSBs divided
into sections on electrolyte failure, anode interface and transformations and cathode in-

terface and transformations.

1.3 Literature Review

Most of the chemo-mechanical degradation mechanisms that limit performance of the
solid state batteries occur at the electrodgelectrolyte interfaces. These solidsolid inter-
faces are dif cult to probe experimentally and are thus referred to as 'buried interfaces'. In
order to assess and diagnose the operational chemo-mechanics in solid state batteries, it
is imperative for advanced characterization of these buried interfaces. Various characteri-
zation techniques are leveraged with respect to the spatial and temporal characteristics of
the phenomena they are probing. Additionally, constraints regarding sample geometry
and working environments dictate what techniques can be leveraged to study particular
phenomena. Over the years, signi cant advancement has been made in characterizing
physical and chemical transformations at solid jsolid interfaces (Fig. 1.5a). Characteriza-
tion of Li JSE interfaces has progressed from optical images to chemical speci ¢ imaging

with Li chemical shift imaging and neutron depth pro ling (Hatzell et al. (2020)).

Some of the earliest work on in situ observation of lament growth in Li metal systems
involved optical cells coupled with microscope and CCD camera to enable simultaneous
measurement of concentration gradients and polarization growth (Brissot et al. (1999)).
Subsequently, optical/scanning electron microscopy techniques have been extensively
used for imaging of the solid state battery systems (Ren et al. (2015); Aguesse et al. (2017);
Lewis et al. (2019); Porz et al. (2017); Kazyak et al. (2020)). The optical cell can be used
for planar/sectional imaging of the solid state battery and can resolve nm-scale features

in the nm scale sharply. Primarily these studies are aimed to provide visual evidence
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Figure 1.5: (a) Timeline of imaging and characterization of Li-metal|SE interfaces. Opti-

cal techniques and X-ray tomography reveal morphology of Li laments at a polymer SE
interfaces. Ex situ scanning electron microscopy revealed subsurface deposition in inor-
ganic electrolytes. Transmission electron microscopy experiments reveal structural trans-
formation at LLZO interfaces in contact with Li metal. Optical techniques demonstrate
dendritic growth of -Li 3PS5 polycrystals . Lithium metal extruding out of intergranular
regions in LLZO and microstructural representation of Li metal forming in pores from
X-ray tomography experiments. Large mechanical fracture of LAGP solid electrolyte and
evidence of lithium penetration across a LLZO electrolyte imaged with NMR. Neutron
depth pro ling enabling tracking of lithium at subsurface regions in a SE. Figures are re-
produced from Brissot et al. (1999); Harry et al. (2014); Porz et al. (2017); Shen et al. (2018);
Tippens et al. (2019); Aguesse et al. (2017); Marbella et al. (2019); Wang et al. (2017); Ren
et al. (2015); Cheng et al. (2017b). (b) Schematic diagram showcasing accessible length
scales by key characterization techniques for solid state battery characterization as well
as the key synchrotron techniques.
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for lament growth within the system and no other information is accessed (Ren et al.
(2015); Aguesse et al. (2017); Lewis et al. (2019); Porz et al. (2017)). Additionally, syn-
chronizing electrochemical signatures during cycling to operandmptical microscopy can
provide insights into growth and morphology of Li laments (Fig. 1.6d,Kazyak et al.
(2020)). Speci cally, three different morphologies of Li laments, reversibility as well as
onset mechanisms are identi ed based on the operandaesults. Optical cells are gener-
ally easier to construct and are economical. However, optical studies require the material
to be transparent/translucent in the visible light spectrum which is not always possi-
ble. Nanometer and atomic level investigations are pursued by transmission electron
microscopy (Ma et al. (2016)). TEM, SEM, and optical microscopy cover a wide range of
spatial length scales from atomic to macroscopic. The access to these instruments is read-
ily and economically available making them ideal tools for characterization. Coupling

of SEM with tools like energy dispersive spectroscopy (EDS; Cheng et al. (2014) ) and
focused ion beam milling (FIB; Ebner et al. (2013)) can provide additional elemental and
three dimensional information regarding the sample. However, the latter is a destructive
technique and cannot be employed for in situ or operanddests. TEM can also be coupled
with EDS as well as other analytical tools like selected area electron diffraction (SAED;
Chen et al. (2020)) or electron energy loss spectroscopy (EELS; Wang et al. (2016)) that
can provide additional information about structure and chemical moieties of the sam-
ple over and above the morphological information. The key challenge with microscopy
studies is developing a technique compatible with an operandsolid state battery cell. Pla-
nar and sectional batteries, as well as, particle-scale electrochemical cells are investigated
with optical as well as scanning electron microscopy. In situ and operandatudies on TEM
are carried out on thin Im batteries as well as using custom built biasing cells. Adequate
care needs to be taken in design of ASSB systems for microscopy studies to ensure that the
eld pro lesinthe in situ cells resemble the anticipated eld patterns in a laminar battery

cell. Edge and surface effects at the electrodg¢SE interface can signi cantly alter the local
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eld con gurations dictating the observed electrochemical performance. Neutron depth
pro ling has seen tremendous use in the solid state battery community recently (Whit-
ney et al. (2009); Oudenhoven et al. (2011)). Thermal neutrons are bombarded on a planar
sample, and the charged particles emitting from the interaction of neutron with  °Li (a and
3He) are detected and energy discriminated. Between production and detection, the emit-
ted charge particles lose energy due to interaction with the sample. Sample knowledge
and stopping power can be used to computationally obtain depth pro le density with the
obtained energy spectrum with nm precision. However, there are limited number of ther-
mal neutron sources with end-stations capable of NDP measurements making this tech-
nique harder to pursue. Additionally, no in-plane information regarding Li distribution

can be ascertained from this method. Nuclear magnetic resonance is a non-destructive
technique that is extensively used in battery research to provide quantitative chemical
species identi cation, and information regarding local symmetry, electric eld gradients,
interatomic distances and atomic connectivity (Pecher et al. (2017); Wiemers-Meyer et al.
(2019)). NMR experiments can also be extended to 2D maps allowing to assess metallic

lithium growth within the solid electrolyte (Marbella et al. (2019)).

X-rays interact with materials proportionally to the electron cloud density resulting in
minimal interaction with low Z- elements and strong interactions with high Z- elements
(Willmott (2011)). Depending on the sample con guration and X-ray energy, photons
can either be transmitted, absorbed or scattered by the probed material. This results in
three typical con gurations of X-ray experiments: (i) imaging, (ii) scattering, and (iii)
spectroscopy (Fig. 1.5b, Lin et al. (2017)). Traditional X-ray imaging typically leverages
absorption and phase contrast mechanisms to enable reconstructions of three dimensional
structures of the probed material (Leahy et al. (2009)). Depending on the X-ray energy,
ux and optics: resolution from mmShen et al. (2018) to nm range (Dixit et al. (2020);
Zaman et al. (2019)) can be obtained. Leveraging energy selection facilities available at

synchrotrons (monochromator) allows to carry out absorption edge- or XANES imaging
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that can provide elemental information in addition to the morphological information ob-
tained from X-ray imaging (Kimura et al. (2020)). Scattering methods typically probe
materials and yield structural information in reciprocal space. X-ray diffraction is a scat-
tering technique that probes the Bragg re ection peaks for ordered, crystalline materials
within the system and provides information regarding structure and phase of the mate-
rial investigated (Li & Johnson (2019)). XRD at synchrotrons can provide spatially and
temporally resolved information within the samples (Paxton et al. (2015)). Diffraction to-
mography can also be leveraged to assess three dimensional phase distribution within
the investigated materials (Finegan et al. (2020)). X-ray spectroscopy is widely used to in-
vestigate the local coordination environment of materials using absorption, orescence or
photoelectron spectroscopy (Kirshenbaum et al. (2015); Matsuyama et al. (2016); Freiberg
et al. (2018); Bak et al. (2018)). Hard x-ray spectroscopy is typically preferred for heavier
elements with absorption edges > 5 keV while soft and tender X-rays are used for lighter
elements (Bak et al. (2018)). By studying the signal from the sample emanating few eV be-
low absorption edge to approximately 50 eV above (XANES) insight into oxidation state,
site symmetry and bond strength. While signals from 50 ev to 1 keV above the absorption
edge (EXAFS) can provide information regarding short-range local structure, coordina-
tion number, bond distances and nearest neighbor atom identities. XPS, similarly can
provide insight into surface composition, near surface variation composition, and oxi-
dation state (Shutthanandan et al. (2019)). While some soft X-ray spectroscopy requires
UHV conditions, there is a potential for studying materials in near ambient conditions

with a variety of environments with ambient pressure XPS (Lu et al. (2012)).

Hitherto, key characterization techniques that are leveraged in understanding and di-
agnosing the chemo-mechanical deformations in solid state electrolytes are described
briey. In the following subsections, key results that discuss electrolyte failure, anode
transformations and Li jSE interface, as well as composite cathode and operational chemo-

mechanics are discussed.

16



Figure 1.6: Summary of solid electrolyte chemo-mechanical degradation investigations.
(a) Cycled LPS shows higher concentration of X-ray transparent regions (Seitzman et al.
(2018)) (b) Radial and circumferential crack generation in LAGP solid electrolytes (Tip-
pens et al. (2019)). (c) Isolated Li deposition in bulk LLZO evidenced by NDP (Han et al.
(2019)). (d) Filament growth in symmetric Li jLLZO]|Li cells (Kazyak et al. (2020)). (e)
Metallic lithium growth in LLZO evidenced by  ‘Li chemical shiftimaging (Marbella et al.
(2019)). (f) Crack formation in Na b-alumina observed by XRT (Haas et al. (2019)). (g) Hy-
dration of Na 3SbS, characterized by spatially resolved X-ray diffraction Tian et al. (2019).
(h) Impact of pressure on Li gPSBr electrolyte microstructure (Kodama et al. (2020)). (i)
Effect of cycling on structural integrity of LGPS solid electrolyte evaluated by XRT (Zhang
et al. (2017a)). (j) TXM-XANES maps of self-forming NASICON solid electrolyte (Zhang
et al. (2017a)). (k) XRT and diffraction study of impact of high pressure cycling on struc-
ture of Li gPSCI (Doux et al. (2020)).
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1.3.1 Solid Electrolyte Failure

Stresses coupled with volume changes of electrodes can lead to mechanical degradation
in solid electrolytes (Fig. 1.6). Signi cant studies have focused on characterizing the bulk
microstructural changes in the solid electrolyte in response to electrochemical cycling. X-
ray tomography is a powerful tool that is extensively used to investigate microstructural
transformations in bulk solid electrolyte. Li jLPS system was studied using XRT to assess
the morphological changes in the anode as well solid electrolyte (Fig. 1.6a,Seitzman et al.
(2018)). Comparison of cross sectional images from the reconstructions at different cycles
showed a decreasing thickness of lithium foil. Pristine cell showed Li thickness of 100
nm which reduced to 10-15 nm on the rst cycle and was indistinguishable from LPS for
subsequent cycles. Lithium insertion into the porous electrolyte matrix is proposed to
modify the LPS material signi cantly giving rise to an increased concentration of dark
gray, rounded features (lower density) at the Li jLPS interface compared to the pristine
cell. Operanddmaging further showcases monotonic increase of dark features identi ed
as grain boundaries of LPS. The monotonic increase of the line features is 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, coupled with sig-
ni cant X-ray scattering limit the extraction of physical descriptors (porosity, tortuosity)

of the LijLPS cell. This study showcases morphological changes occurring both in the
Li metal as well as solid electrolyte during electrochemical operation. Similar study was
carried out on Li jLAGP|jLi system (Fig. 1.6b,Tippens et al. (2019)), NaNa- b aluminajNa
(Fig. 1.6f, Haas et al. (2019)), IfLi,oGeP,S;5jLiCo0, (Fig. 1.6i, Zhang et al. (2017a)) and
LijLigPSCIjLi (Fig. 1.6k,Doux et al. (2020)). An extensive crack network growth was
observed in the cell extending through the thickness of the LAGP pellet (Tippens et al.
(2019)). 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. The crack volume is found to correlate with the cell
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impedance with impedance rising from approximately 2.81 k W cm 2 to 256 kW cm 2.
The authors indicate that mechanical fracture can be the source of the electrochemical
failure of the cell. Fracture initiation was linked to the edges of the Li jLAGP contact
area which was evidenced from the tomography reconstructions as well as simulations.
Overall, the results indicated that the structure and morphology of the Li metal driven in-
terphase formation dictated failure in LAGP. In addition to interphase morphology, solid
electrolyte microstructure can also in uence cell degradation. A large crack in the Na- b
alumina SE was proposed to act like a nucleation site for Na dendrite formation and even-
tual short-circuiting and failure of cell (Haas et al. (2019)). Crack formation was assumed
to occur due to electrochemical stress arising from electrodeposition/electrodissolution
of Na at the interface. Synchrotron radiography over long-term plating/stripping show
electrode thickness change and SE displacement consistent to the amount of Na cycled
(Zhang et al. (2017a)).A tilt in the SE is observed that is anticipated to lead to stress gener-
ation in case of long-term stripping/plating due to uneven contact with the cell housing.
Tomography results showed a densi cation of the Li 10GeP,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. Mea-
sured height uctuations of the cell are consistent with the densi cation mechanism with

a signi cant asymmetric change in cell height observed in the initial cycles. In addition,
the charged cell shows a signi cant bending indicating a strong pressure build up at the
electrodejelectrolyte interfaces. The cells are assembled in absence of stack pressure and
thus re ect the change in the shape of the cell re ects the mechanical forces acting on
the cell during charging. The solid state battery showed bending towards the cathode
side due to higher volume expansion at the anode. Further, cracking of the SE was ob-
served at the edges of the charged cell. For LgEPSCI, tomography measurements show
the presence of low density region within the bulk solid electrolyte consistent with den-

drite formationDoux et al. (2020).
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Ex-situ imaging of solid electrolytes can also provide relevant information. High pres-
sure, laboratory in situ XRT study of Li §PSBr solid electrolyte was carried out to elucidate
the in uence of microstructure on ion transport properties of the solid electrolyte (Fig.
1.6h, Kodama et al. (2020)). lonic conductivity of LPSBr increased from 0.2 mS c¢m !
to 0.8 mS cm ! on increasing the pressure from 10 to 100 MPa. XRT images showed
porosity decreased while the particle jparticle contact increased on increasing the pressure
from 8.4 to 100.3 MPa. Densi cation of the solid electrolyte measured by the decreasing
thickness of the electrolyte showed a non-linear behavior with strain increasing rapidly
between 0-30 MPa, but more slowly between 30-100 MPa. Mechanical breakdown of the
LPSBr particles is expected at 25 GPa (Young's Modulus) which accounts for the large
increase in strain. The results highlight the in uence of microstructure on ion transport

properties of solid electrolytes.

Neutron depth pro ling has been extensively employed to understand distribution of low

Z- element, speci cally Li in solid state batteries. Monte carlo simulation models in com-
bination with NDP energy pro les are used to generate Li concentration depth pro les
to generate further insight into the battery mechanisms (Danilov et al. (2020)). Validation
of the proposed methodology on available data enables identi cation of Li accumulation
in the LiIPO 4 (LPO) electrolyte as the origin of aging mechanism in thin Im ASSBs. This
mechanistic origin identi ed by combining MC models with the measured energy pro les
correlates very well with the electrochemical results. Li enrichment zone at garnet surface
and adjacent depletion zones are identi ed in LLZO garnets undergoing ALD coating of
Al,0O3 by NDP (Han et al. (2017)). Surface Li reaction with ALD precursor trimethyl
alumina (TMA) and water generate a Li-Al-O layer adjacent to the Al ,03 layer which is
observed as a sub-nm region in SAEED images. AlLO3 coated LLZO is shown to contain
higher concentration of Li in the surface region compared to bare LLZO. Li loss in LLZO
due to high-speed thermal pulse treatment process was identi ed by NDP(Wang et al.

(2019)). NDP identi ed surface loss of Li on the high temperature pulse to be 1.59 0.14%
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and no change to the bulk composition. Lithium deposition in bulk solid electrolytes was
investigated by time resolved, operanddDP (Fig. 1.6c,Han et al. (2019)). LCQLiPON jCu,
LijJLLZO|Cu and LijLPSCu are 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 mm) and LPS sample shorted at 2 mA cm 2 after a cumulative charge of
1.2 mAh cm 2 (6 mm). Operandovisualization of NDP energy pro les indicate nucleation
and growth of Li dendrites inside LLZO and Li 3P$;. High electronic conductivity of these
materials is identi ed as the cause of lithium deposition in the SEs. Chemical shift imag-
ing show dense Li microstructures grow into electrolyte prior to apparent electrochemical
signature of shorting as well as metallic lithium growth into the electrolyte at current den-
sities lower than the critical current densities suggesting it is a continuous process (Fig.

1.6e,Marbella et al. (2019)).

Ex situ spatially resolved XRD was carried out for Na jNazSbSjNa cells to characterize
the NajSE interface (Fig. 1.6g, Tian et al. (2019)). The work investigated the in uence of
hydration of Na 3SbS, solid electrolytes and its impact on stabilization of the Na jSE in-
terface. XRD results show presence of decompsition products like NaH, Na >0 as well as
Na3SbhS.8H,0 in the layers closest to Na metal. Layers further in the bulk of the sam-
ple shows presence of combination of the hydrated solid electrolyte with pristine Na 3Sb$
and only the pristine solid electrolyte is found in the bulk. Hydrated solid electrolyte mit-
igates degradation of the Na metal anode against the Na3Sb$S solid electrolyte. Further,
presence of Na metal was validated highlighting the protection of Na metal by hydration

of the electrolyte. Similar study with coupled, ex situXRT and diffraction measurements
of pristine and cycled Li jLigPSCIjLi 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.
1.6k,Doux et al. (2020)). Diffraction from the pristine bulk solid electrolyte shows only
the presence of LigPSCl while the cycled sample shows evidence of presence of numer-

ous phases like LiCl, Li»S, and reduced phosphorous species. Li dendrite growth through
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the solid electrolyte bulk introduces fresh Li jSE interfaces where SEI generation can lead
to formation of decomposition products identi ed by the XRD results. Additionally, the
impact of pressure on the performance of Li jLigPSCljLi cells is investigated. High stack
pressures > 25 MPa were shown to accelerate failure due to Li creep through electrolyte
pores. An optimal stack pressure of 5 MPa was identi ed for the Li jLigPSClj (Lithium
Niobate) LNO-coated NCA system that enabled long-term cycling with 80.9% retention

at 100 cycles.

TXM-XANES imaging was used to determine the elemental distribution of self-forming
Nai+nZroSinP3 hO12(0  n 3) NASICON electrolyte (Fig. 1.6, Zhang et al. (2017a)). La
addition to NASICON-type Na 14+ nZr2SinP3 nO12(0 n  3), can improve ionic conduc-
tivity of NASICONSs by inducing a concentration variation of mobile ions in the pristine
phase, enhancing the density of the composite electrolyte and by creating faster grain
boundary conduction pathways. TXM images of the two-phase solid electrolyte showed
a heterogeneous distribution of the secondary phase (NaszLa(PO,),) with considerable
size disparity. La, P, Zr and Si elemental mapping was also carried out over smaller sub-
volumes which showed a correlation of La distribution with the P distribution spatially.
This indicates a higher concentration of P in the secondary phase which is consistent with
the anticipated stoichiometry of the secondary phase. Zr and Si spatial distributions are
anti-correlated with the La and P distributions con rming that Zr and Si both belong to

the primary phase.

1.3.2 Anodej Solid Electrolyte Interface and Anode Transformations

Controlling the morphology of electrodeposited and electrodissoluted metallic anode is
crucial to achieving high coulombic ef ciency batteries. Inherent interfacial resistance,
slow kinetics as well as chemical decomposition at the SEjanode interface leads to non-
uniform electrodeposition of Li metal. Signi cant work is carried out on ameliorating

interfacial resistance by active (interlayer coating, surface preparation) and passive ap-
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Figure 1.7: Summary of investigations on anode]SE interface and anode transformations.
(a) Porosity in Na electrode during cycling measured by synchrotron XRT (Spencer Jolly

etal. (2020)). (b) Sn structure transformation and oxidation state measured during electro-

chemical cycling by TXM-XANES (Wu et al. (2019)). Operandd\DP studies investigating

Li plating in (c) Cu jHSEjLi (Liu et al. (2020)), (d) LijLLZO|Li (Wang et al. (2017)) and (e)
LiCoO,jLi3P0,4jSi Chen et al. (2018). In situ TEM studies on (f) LPSjLi (Singh2020), (g)
SijLi (Basak et al. (2020)) and (h) LiLAGP (Lewis et al. (2019))systems. (i) Transformation
in Li metal anode observed by ex situ SEM (Krauskopf et al. (2019)) for LijLLZOjLi and

XRT (Kasemchainan et al. (2019)) for LjLigPSCIjLi.

proaches (doping). Polishing in inert atmospheres (garnet oxides) Shara et al. (2017),

ALD coating of Al ,03 (garnet oxides, Han et al. (2017)) and Si coating have been re-
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ported to mitigate this issue (garnet oxides, Luo et al. (2016)). LLZO is reactive with
H,0 and CO, on exposure to atmosphere affecting their ionic conductivities as well as
interfacial resistance against Li metal (Cheng et al. (2015); Shara et al. (2017); Cheng
et al. (2014); Wang & Sakamoto (2018)). LiF addition to LLZO prior to sintering can in-
hibit these parasitic reactions (Li et al. (2017)). Engineering electrolyte microstructure
and electrodejelectrolyte interface is crucial for achieving high rate-performance systems.
This requires understanding the underlying ion transport and failure mechanisms asso-

ciated with the anode jSE interfaces.

Morphological changes in composite Sn anode material in InLi xjLPSSn solid state bat-
tery were tracked using operandasynchrotron TXM studies (Fig. 1.7b, Wu et al. (2019)).
The solid-state battery was charged and discharged between 2 and 0.1 V. A strong cor-
relation in the observed lateral strain in the working electrode is observed compared to
the theoretical expansion of equivalent quantity of Sn. This indicated a strong in uence
of volume change of active material on macroscopic deformations of the electrode. Mor-
phological evolution of the active material showed a strong spatial heterogeneity with
the Z- axis showing preferential expansion (up to 90 %) compared to X- or Y- directions
(approximately 10%). The preferential expansion might arise from cell constraints as well
as electrode aspect ratio. Topological analysis of Sn particles indicated a core-shell evolu-
tion of the lithiation process. Furthermore, a reaction gradient is 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 observed in the working electrode that showed a cyclic behavior during cycling.
Lithiation caused an increase in the crack density, while delithiation caused the cracks to
disappear. Horizontal cracking is 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. NajNa b-Al,03 interface was characterized using operanddab-scale

XRT measurements (Fig. 1.7a,Spencer Jolly et al. (2020)). Na metal anode showed poros-
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ity at the pristine interface in the tomography scans. Void number density as well as sizes
increases during stripping while a complementary behavior is observed during plating.
The interfacial contact between Na and SE shows a consistent decrease with increasing
cycles with the total void volume showing a system increase during cycling. In addi-
tion, pore size distribution during cycling shows persistence of smaller pores even during
plating cycles which suggests a partial lling of larger pores during the electrodeposition
step. Persistence of the smaller pores indicate the mechanism for void growth and accu-
mulation at the interface during cycling. Loss of active contact area of Na|SE can lead
to increased local current density that can cause lament formation and cell short. These
results highlight the morphological variations in anode |SE interface and its impact on

failure mechanisms.

Similarly, impact of ZnO ALD layers on lithium metal electrodeposition stability on cop-
per with a PEO-LAGP based hybrid solid electrolyte (HSE) was investigated by NDP
(Fig. 1.7c,Liu et al. (2020)). OperandoNDP results show a that for the bare copper cur-
rent collector, the average Li density, as well as the thickness of the deposits, rapidly
increase upon cycling, re ecting buildup of inactive lithium- metal and Li-species at the
HSE side. Introduction of ZnO layer on the current collector, results in improved af nity
between the Li metal with the ZnO-covered current collector leading to a reduced ac-
cumulation of dead Li metal deposits. Additionally, integration of the observed density
pro les allows for calculating plating/stripping ef ciency which is approximately 45%

for Cu current collector and 80% for ZnO@Cu current collector. Similar measurements
to investigate electrodeposition stability at anode interfaces were carried out to under-
stand plating/stripping behavior of Li in solid state battery working with Ti and carbon
nanotube interlayers in Li jLLZO jLi (Li & Johnson (2019); Wang et al. (2017), Fig. 1.7d) as
well as for LCO jLi3POy4jSi thin Im batteries (Fig. 1.7e,Chen et al. (2018)). TijLLZTO|Li
cell was cycled up to a cummulative charge passed of 600 mAh (Li & Johnson (2019)).

NDP energy pro les as well as tting results suggests Li preferentially deposits within

25



the holes of the patterned Ti electrode as opposed to the TijSE interface. This architecture
can signi cantly reduce interfacial stress due to electrode volume change and mitigate
dendrite formation. Li plating behavior at the electrode jelectrolyte interface is evaluated
for Li jLi symmetric and Li JCNT asymmetric cells by NDP (Wang et al. (2017)). NDP en-
ergy pro les indicate the formation of a reversible layer near the SE jCNT interface that
shows reversible cycling. Plating in excess of this region is left behind and accumulates
in the CNTs. At low current density (100 mA cm 2) net change in charge passed in LijLi
symmetric cells and the integratred NDP counts turn out to be near zero at end of cy-
cle indicating reversible plating/stripping behavior. At higher current density (200 and
400 mA cm 2) no accumulation of Li at end of each cycle is observed until failure indi-
cating complete reversibility. After short circuit, inner layers show an increase in counts
indicating Li accumulation in garnet pellet. During the initial two formation cycles in
LCOJjLi3POy4jSi thin Im batteries, the intensity pro les follow expected trends with re-
spect to lithiation and delithiation (Chen et al. (2018)). However, high lithium content
cathode and Li- free anode are not realized after the rst two cycles indicating presence
of immobilized Li in the anode. In addition, an immobilized interlayer is also identi ed at
the anodejelectrolyte interface. Operandd\DP 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 concen-
trated immobilized Li containing interlayer at the anode jelectrolyte interface is identi ed.
NDP map of the discharged cell over the cycling duration show consistent behavior. Si-
migration to the solid electrolyte is identi ed as the cause of generation of the Li rich
interlayer 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.

Signi cant work on understanding the chemical transformations at SE janode interfaces

is carried out with in situ SEM and TEM measurements. Dendrite formation and delam-
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ination of Li metal against LPS electrolyte was recently showcased (Fig. 1.7f,Singh et al.
(2020)). LPS forms a reactive interphase with Li metal that leads to interfacial degrada-
tion. Addition of Li halides is shown to stabilize the interphase and enable higher rate
performance. Operandol EM results highlight the local redistribution of Li during cycling
(Fig. 1.7g,Basak et al. (2020)). Results indicate that over a length scale of few hundred nm-
s, contact of active material with electrolyte is not necessitated. Facile lithium redistribu-
tion is shown between interconnected active particles. Generation of reactive interphase
is visualized by TEM measurements for LAGP jLi system (Fig. 1.7h,Lewis et al. (2019)).
Interfacial delamination and pore formation in Li metal at high stripping current density

is visualized by ex situ SEM and XRT measurements (Fig. 1.7i-j,Krauskopf et al. (2019);

Kasemchainan et al. (2019)).

Studies on anode transformations, anodejSE interface and solid electrolyte failure high-
light lament formation as one of the key issues with solid state batteries. Over the years,
several mechanisms/pathways are proposed for dendrite nucleation and growth in solid
electrolyte (Fig. 1.10). Earliest lament growth mechanisms in Li metal were outlined
for solid polymer electrolytes (Brissot et al. (1999)). At high current density, ion con-
centration at anode drops to zero at Sand's time. However, a different behavior for the
anionic and cationic species leads to an excessive concentration of positive charges at
the anode. This results in a local space charge associated with a large electric eld that
leads to instabilities like lament formation (Brissot et al. (1999)). However, most of the
inorganic solid electrolytes discussed here are single ion conductors eliminating concen-
tration gradients within the system.The general consensus for dendrite growth and nu-
cleation follows these steps: (1) Limited mass transport within the metallic anode creates
a mass transport imbalance at the anodgSE. (2) This causes formation of pores/voids
at the SHanode interfaces resulting in poor or delaminating-type contact at the interface
(3) improper contact leads to high interfacial resistance that results in localized genera-

tion of hot-spots of current densities (3) high local over-potentials in this regions can lead
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Figure 1.8: Summary of mechanisms for lament onset and growth in solid electrolytes
in the literature.

to nucleation and preferential growth of lithium through these sites. This mechanism is
proposed by several studies (Wang et al. (2019); Krauskopf et al. (2019); Kasemchainan
et al. (2019)). However, limited experimental evidence is available for this hypothesis.
Li deposition in bulk solid electrolyte due to trace electrons is an alternative hypothesis
proposed by modelling (Aguesse et al. (2017); Tian et al. (2018)) as well as experimental
studies (Han et al. (2019); Shen et al. (2018)). Grain boundaries, grain sizes and orien-
tation have been investigated for their impact on dendrite mitigation with contradicting

results (Shara et al. (2017); Cheng et al. (2015)). DFT studies shows grain boundaries
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have 50% mechanical properties of the bulk material (Yu & Siegel (2018)). This results
in initial plating along GB which further reduces the mechanical properties along which
dendrites grow. The model considers homogenous Li distribution, unlike other models
which assume the presence of high ion- ux hot-spots. Instead, the model predicts Li
will preferentially migrate to grain boundaries via interfacial diffusion leading to Li pro-
trusions. These protrusions would have locally stronger electric elds that can lead to

dendrite growth.

’Li chemical shift imaging provide evidence of continuous lament growth at current
density below the critical current density (Marbella et al. (2019)). In contrast, random
current spikes observed in the operation of the symmetric cell suggests a sharp den-
drite propagation event termed 'dendritic arc' as opposed to continuous dendrite growth
through the whole electrolyte (Aguesse et al. (2017)). The arc-ing induces stresses in the
electrolyte that leads to fracture and eventual shorting of the cell. The reaction of solid
electrolyte with lithium involves (electro)chemical reduction of the SSE to form a non-
conducting interphase. During this process, the solid electrolyte can undergo volume
expansion that induces mechanical stress that can induce fracture. Nonuniform growth
of the reacted interphase occurred within the bulk of the solid electrolyte at higher cur-
rent density can cause localized stress concentrations and accelerate mechanical failure
(Singh et al. (2020); Lewis et al. (2019); Tippens et al. (2019)). Moreover, dendrite growth
is also reported for single crystal solid electrolytes (Porz et al. (2017)). This suggests that
while grain size and boundaries play a role in poly-crystalline solid electrolyte, the fun-
damental reason for can be due to Grif th-like fractures induced from inherent defects in

the crystals.

Signi cant work is carried out in understanding anode transformation and stabilizing the
anodejSE interfaces in solid electrolytes. However, the ability to track transformations

in low Z- element anodes as well as characterizing the intra-material interfaces (grain
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boundaries, pores) and inter material interfaces (electrodejelectrolyte) are essential to un-
ravel the exact mechanisms for instabilities at the anodejelectrolyte interface. Fundamen-
tal understanding of interfacial kinetics, anode transformations and chemo-mechanics of
solid electrolytes can enable engineering of systems with controlled electrodeposition and

electrodissolution of metallic anodes at the required capacity.

1.3.3 Composite Cathodej Solid Electrolyte Interface and Cathode Chemo-Mechanics
Electrochemical potentials of typical cathode materials are quite different from that of the
bulk solid electrolytes. The difference in electrochemical potentials and underlying sta-
bility window of the cathode material can lead to signi cant chemical decomposition of

the cathode and electrolyte (Vardar et al. (2018); Wang et al. (2016); Choi et al. (2019); Ya-
mamoto et al. (2010); Sakuda et al. (2010); Koerver et al. (2018, 2017)). Investigation into
the generation, nature and impact of this cathode electrolyte interphase (CEI) is crucial
towards development of high performance solid state batteries. Local lithium concen-
trations in the electrolyte and electronic structure of cathode material and electrolyte at
the interface dictate the stability windows of the cathode-electrolyte interface. Addition-
ally, during operation cathode active materials undergo volume expansion that leads to
signi cant chemo-mechanical stresses on the cathode as well as the electrolyte (Koerver
et al. (2018)). High strain in the cathodes can lead to fracture, delamination and/or loss
of active material leading to poor battery performance. Characterization and diagnosis
of cathode microstructure transformations and interfacial charge transfer dynamics are

crucial for rational design of high performance batteries.

Many of the techniques used in investigation of anode|electrolyte interfaces can be uti-
lized for studying the cathode electrolyte interphase (CEI). Speci cally, SEM and TEM
have been extensively used to study the cathode electrolyte interphase. Imaging results
show that particles of the active material lose contact with the solid electrolyte due to

the prolonged cycling and associated structural changes (Fig. 1.9a-b,Koerver et al. (2017,
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Figure 1.9: Summary of cathode chemo-mechanics and cathodgSE interface studies by
microscopy techniques. (a) Delamination of cathode particles from solid electrolytes

observed for LPSJNCM system by ex situ SEM imaging (Koerver et al. (2017)). (b) Mi-
crostructure variation in composite cathode for Liln jJLPSCJS system observed byex situ
SEM imaging (Ohno et al. (2019)). Interphase formation between cathodes and solid elec-
trolyte visualized by TEM for (c) LCO |Li»S-P.S5 (Sakuda et al. (2010)), (d) LCQLLZO
(Vardar et al. (2018)), and (e) LIPONjLCO (Wang et al. (2016)).

2018); Ohno et al. (2019))OperandoX-ray diffraction showed the crystallographic volume
change of single materials (Koerver et al. (2018)). Electro-chemo-mechanical FEM simu-
lations suggest that fracture is prevented if electrode-particle's expansion is lower than
7.5% (Bucci et al. (2017)). Microstructural inhomogeneities, such as particle-to-particle
misalignment and particle asperities are suf cient to cause tensile and shear stress in the
solid electrolyte matrix that can lead to fracture. Additionally, the loss of three-phase
contact leads to capacity fade in these systems. Cathodegelectrolyte interface shows a
presence of a highly resistive interphase in the cathode which is formed by oxidation
of the SE during the charging periods which is evidenced by TEM measurements (Fig.
1.9c-e,Vardar et al. (2018); Sakuda et al. (2010); Wang et al. (2016)). Mutual diffusion of
transition metals from the cathode to the electrolyte are observed highlighting the chem-

ical instability of the interface. Addition of interlayers can help in mitigating the reaction
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Figure 1.10: Summary of cathode chemo-mechanics and cathod¢SE interface studies by
neutron and X-ray techniques.(a) Energy shift in XANES spectra for LCO jLPSPt system
with and without Li 3PO, interlayer (Chen et al. (2018)). (b) NDP studies of Li distribu-
tion in LCO JLiPON thin Im batteries (Oudenhoven et al. (2011)). (c) Crystal trucation
rod pro les evaluated at LNMO |SrTiOg3 interface (Kawasoko et al. (2020)). (d) Lithiation
distribution and reaction front propagation in composite LCO cathodes based on load-
ing differences visualized by TXM-XANES (Kimura et al. (2020)). (e) Chemo-mechanical
effects and SoC distribution of NCA cathode was investigated using ex situXANES imag-
ing (Besli et al. (2019)). (f) Energy dispersive XRD and tomography for InLi JLSPLi»S
system (Sun et al. (2018)).

layer formation and stabilize the interface (Fig. 1.9f,Chen et al. (2018)).

Lithium concentration in a thin ImLCO jLiPON jCu battery was investigated by neutron
depth pro ling (Fig. 1.10a, Oudenhoven et al. (2011)). The thin Im battery is charged at
10mA( 0.3C)to4.2 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 between cathode and elec-

trolyte is observed during passive hold between fabrication and testing (one week). Upon
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charging a signi cant decrease in intensity at the cathode is observed consistent with de-
pletion of Li from the cathode. In addition, the depletion is stronger at the SE jcathode
interface which is proposed to arise from SLi migration from cathode to solid electrolyte
as well as the charging reaction. Similar analysis was carried out on LMO jLiPON jLNO
thin Im battery (Fig.1.10b, Tomandl et al. (2020)). NDP scans were take for fully charged
and discharged battery. Comparison of the two scans indicate that most change in lithium
concentration is observed in the two electrodes (approximately 14-16%) with minimal
change in the electrolyte (0.1%). 31% of the total calculated lithium concentration is esti-
mated to participate in the redox reactions. Spatial 2D imaging of NDP pro le indicates
inhomogeneous distribution of Li in the ASSB with Li being concentrated near the center
of one half of the sample (28% of lithium in 8% the total cell area). These results high-
light the need to understand spatial distribution of lithium migration within solid state

batteries.

Atomic level LPO jLNMP interface characterization was carried out by synchrotron X-ray
crystal truncation rod scattering analysis (Fig. 1.10c, Kawasoko et al. (2020)). LNMO (111)
epitaxial thin Im growth is veri ed by the CTR pro les and introduction of LPO amor-
phous solid electrolyte does not damage the cathode thin Ims. LPO introduction lowers
the cubic lattice constant of the LNMO from 8.23  0.02 Ato 8.18 0.01 A. Lower lattice
constant for LNMO without LPO deposition arises from lithium de ciency (30%) which
gets slightly replenished on LPO deposition. Further quantitative analysis of the CTR
pro les indicate an atomically sharp interface between LNMO and LPO that can facili-
tate Li* transport. Comparing LPO jLNMO(11) interface to LPO jLNMO(001) interface,
spontaneous migration of Li was lower for the (111) system. Additionally, anisotropy in
the interface is observed with (111) system interface showing 5x larger resistance than
the (001) interface. Similar study was carried out on the interface of LPO jJLCO system
to understand the origin of the resistance (Shiraki et al. (2018)). Two samples were eval-

uated corresponding to different LPO deposition rates 105 nm/h at 5 Hz repetition rate
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and 450 nm/h at 20 Hz repetition rate. Impedance spectroscopy results show the 20
Hz-LPO|jLCO system has a signi cantly (33x) higher interfacial resistance than the 5 Hz-
LPOjLCO system (5.5Wcm 2). The origin of the high interfacial reistance is attributed to
a dead layer in the 20 Hz-LPOjLCO system with low crystallinity at the interface. These
results highlight the need for tailoring the cathode jelectrolyte interface with atomic pre-

cision to facilitate Li * transport through the solid jsolid interface.

InLi jJLSPSLi»S cell was investigated by operand@nergy dispersive X-ray diffraction and
tomography (Fig. 1.10f,Sun et al. (2018)).The cell was cycled at 1C, 0.5C, 0.25C and 0.1C
during the operandaneasurement. During charge process, principle diffraction line of In
disappears with the appearance of InLi diffraction peak. Additionally, volume change in
the electrode cause build-up/release of stress at the electrode|electrolyte interface caus-
ing mechanical degradation. In situ X-ray diffraction is used to study Bi jLIPON|Li thin
Im solid state batteries (Goonetilleke et al. (2018)). Diffraction data indicates 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
LijLisYClgiLCO cell (?). The cell was operated between 3.6-1.9 V at 135mA cm 2 (0.1
C). LCO diffraction peaks show behavior similar to those observed in conventional liquid
electrolyte systems with the (003), (006), and (104) peaks shi ting to lower angle while the
(101) peak shifting to higher angle. No variation in the signal from LYC solid electrolyte

indicated absence of side reactions within the system.

X-ray diffraction was proposed as an indirect measure for state-of-charge (SOC) of ASSBs
(Bartsch et al. (2019)). IjLigPSCIJNMC was assembled and cycled between 2.3 and 3.8 V
at C/20 rate. Uncoated as well as LINbO 3 coated NMC is evaluated using operandas well
as ex situ measurements of SSB as well as conventional liquid electrolyte cells. LiNbO3

coated NMC delivered higher speci ¢ charge capacity and coulombic ef ciency (165 mAh
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g 1, 81%) compared to the uncoated NMC (154 mAh g 1, 72%). High charge transfer re-
sistance for the uncoated NMC due to side-reactions and partial contact loss with SE can
lead to lower capacities for the initial cycles and poor coulombic ef ciency. Presence of
inactive cathode active material is identi ed by comparing ex situand operanddliffrac-
tion patterns of SSBs with conventional liquid electrolyte cells. Re nement of the XRD
considering the inactive phase leads to estimation of SOC of the coated and uncoated
materials as 173 and 162 mAh g ! which are consistent with the experimental results.
These results indicate that XRD is a potential tool for reliably assessing SOC of SSBs and
to investigate 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 materials (Ko-
erver et al. (2018)). Unit cell volume reduction of 4-6% is observed for NCM and NCA
electrodes, while a non-monotonic response ( 2%) is observed for LCO material. Cath-
ode expansions identi ed by XRD experiments are correlated to chemo-mechanical stress

generation in ASSBs.

Exothermic reactions of LPS solid electrolyte with LINbO 3 coated NMC111 were investi-
gated by in situ high temperature synchrotron XRD (Tsukasaki et al. (2019)). Composite
cathode consisting 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 2q range of 5 -25 between temperatures of 20 -500 C. In N, atmosphere, CoNi»S,
LizPOg4, MnS, b-LisPS, and Li »S phases appears after 300C with a reduction in the NMC
phase peaks indicating exothermic reactions between LPS and NMC between 300 -500
C. In contrast, no reaction products are observed for the temperature study in vacuum.
In particular, the formation of the LPO oxide phase is 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.
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Impact of loading on active material utilization in composite cathodes was investigated
by XRT-XANES imaging (Fig. 1.10d,Kimura et al. (2020)). LiCoO, (LCO) was used as
cathode active material and Li» 2Cq gBo 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 speci ¢ dis-
charge capacity of 57 mAh g 1 (48% theoretical capacity) while the 5:5 cathode composi-
tion cell showed a speci ¢ discharge capacity of 85 mAh g 1 (70% theoretical capacity).
XRT-XANES results for both cells observed no reaction distribution in the through plane
direction of the electrode indicating a ion-diffusion limitation. However, a heterogeneous
distribution of in-plane active amterial utilization is observed. In particular, the 8:2 sys-
tem shows larger active material aggregates with the central regions of these aggregates
showing a lower degree of lithiation. In comparison, 5:5 system showed lower aggre-
gation due to the reduced active material loading leading to smaller aggregates and a
more homogeneous reaction distribution within the active material aggregates. Similar
studies are caried out for NCA jPEQjLi (Fig.1.10e, Besli et al. (2019)), NMGLTAP system
(Li et al. (2018)). The NCAJPEQjLi ASSBs showed a signi cant drop in capacity over 20
cycles from 180.36 mAh g 1 to 83.09 mAh g 1. The cathode materials were harvested
from pristine, single-charged and cycled cells. TXM cross-sectional images for secondary
particles from the cathode show presence of irregular patterns throughout the particles
ascribed to the cracking of the secondary particles. This cracking is concentrated in the
center of the secondary particles. XANES imaging of 2D cross sections over the Ni K-
edge indicated presence of domains containing discharged cathode material even though
the samples were harvested from a charged cell. 2D XANES imaging shows a heteroge-
neous utilization of the secondary particles with isolated, discharged domains that seem
electrochemically inaccessible. Additionally, 3D-TXM-XANES images show a correlation
between morphological cracking of the particle and the inactive domains identi ed in

the 2D XANES maps. The results indicated loss of electrochemical activity in the core of
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the particle driven by loss of ionic diffusion pathways due to cracking of the particle. Ex
situ TXM study of LTAP jNMC composite cathode was carried out to understand spatial
distribution of the individual phases and identify transport bottlenecks in the structure

(Li et al. (2018)).Geometric analysis showed poor three phase interface between the com-
ponents that is 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. These results highlight the need for careful design of the composite cath-
ode to ensure high utilization and rate capabilities in ASSBs. XRF imaging was used to
investigate the Zr and Mn distribution of NMC in ltrated LLZO scaffolds (Shen et al.
(2019)). Complementary distribution of Mn and Zr is observed indicating that NMC has

in Itrated the voids present in the LLZO scaffold. Lab-scale XRT was used to image
LPS based composite cathodes which were used for microstructure-resolved simulations
(Neumann et al. (2020)). Visual analysis of the reconstructed cathodes indicated uctua-

tions in in the in-plane composition.

1.4 Research Questions and Expected Outcome

Next generation energy storage systems will use solid state electrolytes to achieve high
energy and power densities. Advances in material synthesis, production as well as de-
vice engineering will be needed to achieve these goals. The literature survey included
here focuses speci cally on characterization of solid state batteries and components. Ma-
jority of the degradation is happening at the buried solid jsolid interfaces and in the bulk
of the solid electrolyte. Understanding the transport and failure mechanisms that occur at
the buried solid jsolid interfaces and bulk solid electrolytes is a challenging experimental
task. The underlying hypothesis of this work is that the knowledge of structure-function
dependence in solid state batteries can be leveraged towards engineering of high per-
forming systems. Processing-structure-function relationships investigated in this thesis

refer to the interplay of electrolyte microstructure and electrode jelectrolyte interfaces on
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transport and kinetic bottlenecks that limit the performance of the system.

Figure 1.11: Schematic diagram highlighting the research methodology and investigated
research questions.

The key research question addressed will be evaluation of the internal structure of the
state batteries and transformations of the components during electrochemical cycling
(Fig. 1.11). Experimental evaluation of these buried interfaces and interior bulk of
the solid electrolytes necessitate the use of advanced characterization techniques. Syn-
chrotron X-rays offer a high energy source with the capability of accessing these regions
experimentally. Synchrotron experiments allow for extended range of spatial and tempo-
ral characterization capabilities that are crucial to understand the underlying fundamen-
tal processes of transport, failure and mitigation in battery systems (Pietsch et al. (2017);
Hapuarachchi et al. (2018); Mcbreen (2009); Tripathi & Hwang (2018); Li et al. (2017))
which will be leveraged for this purpose. The second research question addressed will be
correlating the microstructure of solid electrolytes with their performance. Electrochemi-
cal testing as well as modeling will be carried out to evaluate these relations. Furthermore,
operandatudies are proposed to evaluate evolution of structure in ASSBs as a function of
their performance. The third research question to be addressed is leveraging the informa-
tion derived from the previous studies to engineer high performance electrolyte systems.
Emphasis will be put on development of scalable production methods that can tailor the
structure during processing for manufacturing high performing solid electrolytes. The
overarching goal of the proposed research is aimed at understanding the fundamental

processing-structure-function correlations in solid state electrolytes. The results of these
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studies are expected to inform rational design of next generation of solid state battery
systems. Further, the proposed research will contribute towards enabling scalable pro-
duction of high performance solid electrolytes and contribute towards commercialization

of these systems.

39



Chapter 2

Methods and Technique Fundamentals

This chapter offers a broader understanding of the key synchrotron techniques leveraged
and the underlying fundamentals for those techniques. Details regarding material syn-
thesis and processing methods used in this thesis are included in subsequent chapters for

the speci ¢c materials and methods used for those studies.

2.1 Electrochemical Testing

The primary aim of the solid electrolyte is to shuttle ions and offer electrical insulation
between the two electrodes. In this regard, there are a few measurements that are exten-
sively used for characterization of solid electrolyte materials. The details of these proper-

ties and their standard measurement protocols are described here.

2.1.1 lonic Conductivity Measurements

Figure 2.1: (a) Typical experimental measurement for ionic conductivity. The AC
impedance measurement is carried out on solid electrolyte sandwiched between two
blocking electrodes. Bulk resistance is estimated by equivalent circuit tting (solid line) of
the experimental data (markers). (b) Typical experimental measurement for transference
number. Experiment is run on a symmetric Li jSESE cells. AC impedance measurements
are carried before and after long term polarization. This method is only used for solid
electrolytes showing both anion and cation transport. (c) Concentration gradients within
the solid electrolyte during the transference number measurement.

The ionic conductivity of a material, s is directly proportional to the concentration of the

40



mobile charge species and their mobilities (Famprikis et al. (2019)), given as

S = 601 N G Uj (2.1)

where @ us the charge of the ionic species,u; is the mobility of the ionic species and n;
is the number of the charged species. lonic conductivity is traditionally measured by

AC impedance measurements of electrolyte sandwiched between blocking electrodes. In
this con guration, the cell acts like a resistor with a speci ¢ bulk resistance R, with an
interfacial capacitance Cgy;. The bulk resistance is related to the ionic conductivity of the

electrolyte s by the following relation:

S= —— (2.2)

where, | is the thickness of the electrolyte and A is the interfacial surface area. The bulk
resistance value (Ryp) is generally identi ed by tting the impedance response to an equiv-
alent RC-circuit (Fig. 2.1a). Typically these measurements are carried out over a range of
temperatures to estimate the activation energy of ion motion through the solid electrolyte.

Typically, Arhennius behaviors are observed for the solid electrolytes under study.

2.1.2 Transference Number Measurements

Transference number is de ned as the fraction of the total current carried by a specic
charge carrier. Thus, by de nition the sum of transference numbers is 1 and transference
number is between 0 and 1. In the limit of low ionic concentrations, the Nernst-Einstein
equation relates the partial conductivities, and the diffusion coef cients and the transfer-

ence number is typically given as:

ms S+ D+
ty = = = 2.3
TTm+m sy +s D: +D (2.3)
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where, mis the mobility of the speci ¢ charge carrier, s is the speci c ion conductivity,
and D is the diffusion coef cient. High transference numbers are generally preferred
for batteries to minimize concentration gradients within the system. Bruce and Vincent
method is the most common method for measurement of transference numbers of solid
electrolytes (Bruce & Vincent (1993)).This method involves polarization of a symmetric
cell by a small potential difference to induce a concentration gradient within the system

until a steady state is reached (Fig. 2.1c).

The initial current owing through the system can be given as,
S
lo= —DV (2.4)
k
where k is the cell constant (ratio of inter-electrode distance and surface area of elec-
trodes). At steady state, the concentration gradient does not change with time; that is

ion motion through migration under electric eld is compensated by the diffusion due to

concentration gradient. Thus, the steady state current can be given as

_ tss
lss= X (2.5)
which is simpli ed to,
{, = iss (2.6)

The initial and steady state currents at very low polarization ( < 10 mV) are measured
experimentally (Fig. 2.1b). However, interfacial resistances from contact resistance and
charge transfer resistance can modify the initial and steady state currents. AC impedance
spectra are obtained before and after the long term polarization (Fig. 2.1b). The initial

and steady state current formulations are suitably modi ed as follows:

DV
o= — 2.7
0= Tev Rop (2.7)
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and
DV

= 2.
k/ St+ + prss ( 8)

Iss

Combining the initial and steady state current equations, we obtain the formulation for

transference number as given by the Bruce-Vincent method:

_Isg(DV  1gRp0)

"7 1o(DV  1gRps9 (9)

It should be noted that this measurement is only useful for conductors that show anion
and cation transport. Lack of concentration gradients in single ion conductors make this
measurement fundamentally inapplicable. In case of single ion conductors, transference

numbers are estimated from the ration of electrical to total conductivity.

2.1.3 Critical Current Density Measurement

Another key metric for solid electrolytes reported generally is called the critical current
density. Generally, critical current density is de ned as the current density above which
lament growth through the solid electrolyte occurs (Hatzell et al. (2020)). This current
density offers the upper bound of operating currents with the solid electrolyte thereby
dictating the rate performance of the solid electrolyte in a solid-state battery. Typically,
critical current density is identi ed by galvanostatic cycling of a symmetric Li  jSHLI at

increasingly higher current density until lament growth is observed.

2.2 Synchrotron Techniques

Chemo-mechanical degradation in solid state batteries occurs at the buried solid jsolid
interfaces and within the electrolyte bulk. Synchrotron X-ray sources have high energy
and brilliance making them an ideal probe for solid electrolytes under relevant operat-
ing conditions. X-ray transmission is necessary for experimentation, thus, while typical

lab experiments employ a solid electrolyte with a diameter around 10 mm, synchrotron
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Figure 2.2: (a) Schematic diagram and actual experimental station at 1-ID beamline at
Advanced Photon Source at the Argonne National Laboratory. (b) Schematic diagram
showing end-station con gurations for the synchrotron X-ray techniques employed in
the thesis as well as the expected information from the technique. (c) Cross-section view
of the proposed in situ cell. Key structural elements are shown. Additional control and
measuring devices for pressure and temperature will be incorporated. 3D rendering of
the proposed in situ electrochemical cell for synchrotron studies on all solid-state batteries
is also shown.

experiments may require a diameter closer to 2 mm for effective imaging of high den-
sity polycrystalline materials (Fig. 2.4a). This is orders of magnitude of larger than other
lab-based characterization techniques (TEM), where sample dimensions need be on the
micron scale. Synchrotron experiments also benet from excellent spatial resolutions
(microns) which makes it ideal for tracking meso-scale transformations. The versatil-
ity offered by a beamline in terms of in situ and operando electrochemistry is extremely
valuable and is typically not possible with laboratory X-ray /electron sources due to the

vacuum environments (Fig. 2.4a).

X-rays exhibit three principle interactions with matter: a) absorption/attenuation, b) scat-
tering/diffraction and c) transmission. Designing an in situ x-ray cell requires geome-
try optimization to maximize the signal/noise ratio. A key undertaking to assess the
operando transformations in solid-state batteries was to build an electrochemical cell ca-
pable of in situ imaging and diffraction (Fig. 2.4b). X-ray imaging relies on absorption
contrast to generate three-dimensional reconstructions of the sample. To ensure enough
absorption contrast the transmitted intensity should be at least 1/e of the incident en-

ergy. The length of sample across which the intensity of the X-ray falls to 1/e of its initial

44



value is called the attenuation length. The attenuation length for LLZTO for 30 keV X-
raysis 1.5 mm. Incident X-ray energy is xed based on the diffraction experiment and
is typically much higher (typically 70-80 keV). Sample size of 1.5 mm will yield good
transmission intensity for imaging experiments at these energies. Correspondingly for
diffraction experiments the X-ray absorption ( nR) between 1-5 is obtained in the 70-80
keV range for LLZTO (f= 1.5 mm). Sample size in uences acquisition times, data-set
sizes and data analysis complexity. Considering these factors, a sample size of 1.5 mm

is proposed for the in situ cell.

During imaging and diffraction microscopy experimentation, the electrochemical cell ro-
tates 360 in small step sizes (typically 0.1-0.5 ). A tubular design is ideal for in situ exper-
imentation which requires a constant electrical connection. The developed design which
contains two vertically aligned stainless steel rods that enable electrochemical connection
and rotation (Fig. 2.4c). Polyether ether ketone (PEEK) has a low absorption to X-rays and
is easy to manufacture and was used as thein situ cell encasement. The solid-state battery
resides in the PEEK encasement between two stainless-steel current collectors. An addi-
tional spring element is placed on one side in the in situ cell to apply a constant pressure
on the battery. The pressure value is dependent on the spring constant and the area of the
battery investigated. The key limitations of this cell is the limited stack pressure it allows
during operation ( kPa) is signi cantly lower than the typical stack pressures used in
solid state battery systems (5-10 MPa). Additionally, assembling small aspect-ratio cells
is a signi cant experimental challenge. In spite of these limitations, this cell can enable
proof-of-concept measurements as well as generate new insight about chemo-mechanical

degradations within the solid-state system.

2.2.1 X-Ray Tomography
In a typical tomography experimental setup (Fig. 2.4a-b), X-rays pass through the sample

where they are partially absorbed based on the density distribution inside the sample.
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Figure 2.3: (a-b) lllustration depicting the Fourier slice theorem which forms the basis of
tomography measurments. (@) lllustration showing a sample with attenuation co-ef cient
distribution ( m(x,y)) penetrated by a parallel X-ray beam. The corresponding projection
at an angle Q is also shown (PQ(z)). (b) 2D Fourier transform of attenuation coef cient
distribution (colored map) and 1D Fourier transform of the projection through the ori-
gin of the coordinate system orthogonal to the X-ray beam direction. According to the
Fourier slice theorem, it is possible to tomographically reconstruct nm(x,y) from the set of
projections Po(z)o g p- (¢) Schematic diagram showing a 3D pellet with a sample of the
projection images recorded during a tomography scan and the resultant reconstruction
slices. Figure adapted from Pietsch et al. (2017).

The transmitted X-rays are converted to visible light by a scintillator which can be opti-
cally magni ed and capture with a camera (CMOS, CCD detector). An image taken at a
xed-angle of rotation yields a so-called projection which provides information regarding
the absorption of sample through the transmission thickness at that orientation. The sam-
ple is then rotated and projection images are acquired over small intervals. In principle,
X-ray tomography can be employed to any interaction between the material in the sample
and X-rays. This physical quantity can be the X-ray attenuation co-ef cient (as described
here) or it can be diffraction patterns (diffraction tomography), real part of X-ray refrac-
tive index (phase contrast tomography). The fundamental principle that is leveraged in

reconstruction is the Fourier slice theorem which is described brie y here.

A parallel X-ray beam propagating in the X-Y plane in direction s penetrates a sample
with a given attenuation coef cient distribution ( n(x,y)) at an angle of incidence Q. At

each point along the orthogonal direction to beam propagation (Z), the X-ray intensity

46



	DEDICATION
	ACKNOWLEDGMENTS
	LIST OF TABLES
	LIST OF FIGURES
	Introduction
	Global Warming and Electrification
	Solid State Batteries
	Literature Review
	Research Questions and Expected Outcome

	Methods and Technique Fundamentals
	Electrochemical Testing
	Synchrotron Techniques

	The Effect of Pore Connectivity on Li Dendrite Propagation Within LLZO Electrolytes Observed with Synchrotron X-Ray Tomography
	Introduction
	Experimental Section
	Results and Discussion
	Conclusions

	Tortuosity effects in Garnet-type Li7La3Zr2O12 Solid State Electrolytes
	Introduction
	Experimental Methods
	Results and Discussion
	Conclusions

	Synchrotron Imaging of Pore formation in Li Metal Solid State Batteries Aided by Machine Learning 
	Introduction
	Experimental Methods
	Results and Discussion
	Conclusion

	Chemo-Mechanical Transformations in All Solid State Batteries Studied by Combined Synchrotron Energy Dispersive X-Ray Diffraction and X-Ray Tomography
	Introduction
	Experimental Methods
	Results and Discussion
	Conclusion

	 In situ Investigation of Interphase and Microstructure Effects on the Chemo-Mechanics of Thiophosphate Solid Electrolytes
	Introduction
	Methods
	Results and Discussion
	Conclusion

	Scalable Manufacturing of Hybrid Solid Electrolytes with Interface Control
	Introduction
	Experimental Methods
	Effective Mean Field Theory
	Results and Discussion
	Conclusion
	Statistical Data

	Conclusions
	All Data Analysis Codes
	Tomography Reconstruction
	Machine Learning Training
	Machine Learning Segmentation
	Crack Segmentation Code
	Crack Volume Estimation
	Porosity Map
	Tortuosity Maps
	RoI Calculator
	Interface Map
	Current Density Map
	EDD Analyser Loop
	Peak Fitting of Energy Dispersive X-Ray Diffraction Dataset
	EDD Strain Calculator

	REFERENCES

